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Abstract


A flavohaemoprotein (FHP) from Ralstonia eutropha, obtained in a pure and active form, has been entrapped in a film of methyl cellulose on
the electrode surface and gives a stable and reproducible electrochemical response at pH 7.00 when subject to cyclic voltammetry using a glassy
carbon electrode. To our knowledge, no previous direct electrochemistry had been achieved with a bacterial flavohaemoglobin, which possess
both a FAD and a haem. A single couple is observed which is assigned to the haem moiety of the protein, since the same result is obtained with a
semi-apo form of the protein deprived of FAD (semi-apo FHP). The data collected were further confirmed by potentiometry with a platinum
electrode, and the homogeneous electron transfer rate estimated by double potential step chronocoulometry at a bare glassy carbon electrode in the
presence of methyl viologen (MV). The presence of FAD in the holoprotein is easily confirmed by UV–Vis spectrophotometry, but its expected
electron relay role remains elusive. The protein activates the reduction of dioxygen by about 400 mV, the reduction current being proportional to
the concentration of dioxygen up to 10% in volume in the gas mixture.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


The flavohaemoprotein (FHP) from Ralstonia eutropha
(formerly Alcaligenes eutrophus) [1,2] is a 43 kDa bacterial
haemoglobin whose existence was first mentioned in the 1970s
[3,4]. Like all the haemoglobins found in Nature, it possesses a
haem moiety that reversibly binds dioxygen (O2) when in its
reduced state (i.e. when the haem iron is in the +2 oxidation
state) [2,4]. This may easily be checked by UV–Vis
spectrophotometry, since the oxidised haem Soret band at
395 nm shifts to 436 nm upon reduction, and is finally found at
414 nm and more intense when reduced haem binds dioxygen
[4]. The UV–Vis spectrum of the oxidised FHP has several
bands: apart from the Soret band at 395 nm, the ferric haem
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group gives rise to two more bands, indicative of a high spin
iron, at 486 and 645 nm [4]. The band at 456 nm has been
assigned to flavine adenine dinucleotide (FAD), which is
noncovalently bound to the protein [4]. Finally, there is a band
at 277 nm, which is characteristic of the aromatic amino acid
residues of any protein, particularly tryptophan and tyrosine [5].


The existence of a haem iron that interconverts between the
oxidation states +2 and +3 has several implications regarding
the binding affinity of the FHP towards ligands such as nitric
oxide (NO•), dioxygen (O2) and carbon monoxide (CO).
Indeed, while nitric oxide coordinates to haem irrespective of
the oxidation state of the iron, dioxygen and carbon monoxide
bind just ferrous haem [6].


The determination of the primary sequence [7], composed of
403 residues, and then of the crystal structure of the protein at
1.75 Å resolution confirmed the presence of a haem (axially
coordinated to the imidazole of His-85) and of a FAD per
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molecule [8] (Fig. 1). The former is embedded in a hydrophobic
crevice, while the latter is partially exposed to the solvent [8].
The shortest distance between the haem and the FAD is 6.3 Å,
allowing direct electron transfer between the two sites [8–10].
Apart from these two prosthetic groups, the FHP has been
shown to possess a phospholipid adjacent to the haem, and
therefore susceptible of modulating the haem's biochemical
properties [11].


Even if the biological function of bacterial haemoglobins has
not been unambiguously established, they are thought to be
NO• dioxygenases (NOD), which render the bacteria resistant
to NO• toxicity by converting it into nitrate (NO3


−) in the
presence of O2 as co-substrate and with the participation of
reduced nicotinamide adenine dinucleotide (NADH), according
to the following equation [6]:


2NO• þ 2O2 þ NADH→2NO−
3 þ NADþ þ Hþ ð1Þ


In Eq. (1), the natural reductant, NADH, may in principle be
replaced by another source of electrons, which may be another
chemical species or an electrode. In the latter case, the
biochemical reaction catalysed by the FHP will be modulated
by the potential at which the electrode will be poised, provided
no complications arise (e.g. electrode fouling, protein denat-
uration, non-effective electron transfer pathways) [12–15].


Successful protein electrochemistry has been achieved by
confining the biomolecule to a space delimited by the electrode
surface and a biocompatible film that retains the protein in its
native, active state. Films may be made of lipids [16–18],
cellulose derivatives [19–22], silica sol–gels [23], collagen
[24], surfactants [25–28], TiO2 and SnO2 nanoparticles [29,30],
polyelectrolytes [31–35], polystyrene latex beads [36], Eastman
AQ® [37] and Nafion® [37,38].

Fig. 1. 3D structure of the FHP from R. eutropha (PDB entry code: 1CQX): the
haem is shown in black on the left, with the lipid above it in grey, and the FAD,
which partially protrudes from the surface, appears towards the upper centre, in
black.

In this work, a methyl cellulose film was used to confine the
protein to the vicinity of the electrode surface, and the FHP/
methyl cellulose modified electrode was studied by cyclic
voltammetry. Potentiometry and double potential step chrono-
coulometry data were also gathered from experiments involving
the FHP.


2. Experimental


2.1. FHP purification


The purity of the protein sample is an essential requirement
for any attempt of obtaining meaningful data from electro-
chemical experiments, and quite often the sole way to aim at
getting a good reproducibility. A slightly improved purification
method, partially influenced by previous contributions [4,39], is
now well established, giving several millilitres of pure samples
whose concentration in FHP can reach a few hundreds of
micromolars. The purity of each sample was checked by SDS-
PAGE, which revealed a single band corresponding to the
expected molecular weight of the FHP, and further confirmed by
UV–Vis spectrophotometry [4]. The FHP solutions used were
prepared by buffer exchange with PD-10 columns filled with
Sephadex G-25 M (Amersham Pharmacia).


2.2. Materials


Potassium di-hydrogen phosphate, di-potassium hydrogen
phosphate, sodium dithionite, safranine, phenazine methosul-
fate (PMS) and methyl viologen (MV) were from Acros
Organics; potassium 1,4-naphtoquinone-2-sulfonate (NQSP)
was from Eastman; sodium anthraquinone-2,6-disulfonate
(AQDS) was from Ega Chemie; potassium ferricyanide and
potassium chloride were from Prolabo; dimethylformamide
(DMF) was from Aldrich; methyl cellulose was from Sigma;
99.995% argon and the mixture 80% dinitrogen/20% dioxygen
were from Air Liquide. The reagents were used without further
purification.


All experiments were done in 50 mM potassium phosphate
buffer, 100 mM potassium chloride, pH 7.00. All solutions were
prepared with pure water obtained from a Milli-RiOs 8 unit
followed by a Milli-Q academic purification set (water
resistivity: 18.2 MΩ.cm), and were either thoroughly de-
oxygenated with argon or set at a desired dioxygen concentra-
tion by sparging for 30 min with a convenient mixture of pure
argon and 80% dinitrogen/20% dioxygen prior to the
experiments.


2.3. Electrode modification, electrochemistry and UV–Vis
spectrophotometry


Glassy carbon electrodes were conveniently polished [40] on
polishing cloths of different roughness with diamond paste
(Struers), and thoroughly cleaned with a wet tissue. Cyclic
voltammetry and double potential step chronocoulometry were
carried out in a three-electrode cell comprising a glassy carbon
working electrode, a platinum counter electrode and a saturated
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Fig. 2. Cyclic voltammograms obtained in 50 mM potassium phosphate buffer,
100 mM potassium chloride, pH 7.00, at 2 mVs−1: a) blank; b) 300 μM FHP.
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Fig. 3. Cyclic voltammograms obtained in 50 mM potassium phosphate buffer,
100 mM potassium chloride, pH 7.00, at 100 mVs−1 with a differently methyl
cellulose-modified glassy carbon electrode: a) no protein in the film; b) FHP in
the film; c) semi-apo FHP in the film.


187P. de Oliveira et al. / Bioelectrochemistry 70 (2007) 185–191

calomel reference electrode (SCE). All potentials quoted refer to
SCE. The electrodes were connected either to an EG&G PAR
Model 273A potentiostat or to an Ametek PAR BiStat
potentiostat, both of which were computer-controlled (M270
or EC-Lab software). In the case of cyclic voltammetry, the
modified working electrode was prepared by applying a 10 μL
drop of a mixture containing 15 μL of a 0.2 gL−1 methyl
cellulose in water, 5 μL DMF and 20 μL 100 μMFHP in 50 mM
potassium phosphate buffer, 100 mM potassium chloride, pH
7.00. The drop was allowed to dry in air for several hours. For
double potential step chronocoulometry, a bare glassy carbon
electrode was used in a solution containing roughly 500 μM
FHP and 5 μM MV.


Spectroelectrochemistry experiments, in which potentiome-
try measurements were coupled with UV–Vis spectrophoto-
metric analysis (Lambda 19 UV/VIS/NIR spectrophotometer,
Perkin-Elmer), were carried out with a bare platinum electrode
and a SCE reference electrode connected to a potentiometer
(MVN 83, Tacussel) and inserted in a 1 cm optical path cell
under an argon atmosphere. A mediator cocktail was used,
consisting of 5 μM each of NQSP, PMS, AQDS and MV.


3. Results and discussion


3.1. Direct, un-mediated cyclic voltammetry with the FHP free
in solution


All efforts to obtain an unambiguous direct, un-mediated
electrochemical response of FHP free to diffuse in solution from
which reliable data could be extracted have not been successful
so far. When the protein is relatively concentrated ([FHP]>
150 μM), a rather drawn out reduction wave is observed at
around −0.900 V, which may be preceded by another one close
to −0.600 V, particularly noticeable at scan rates smaller than
10 mVs−1, Fig. 2. This poor electrochemical response is not
surprising, despite that the FAD is partially exposed to the
solvent, according to the crystal structure [8] (Fig. 1). Indeed,
the well-behaved electrochemistry of this flavine in aqueous
solution has been described in detail [41], but a similar response
is not necessarily observed when the FAD is incorporated in a

far more complex structure like a protein. In certain cases, its
presence in a protein could never be guessed from the
electrochemical behaviour of the system, even when directly
attached to another easily detected electroactive group [42]. In
fact, nothing guarantees that the flavine in the FHP effectively
interacts with the electrode surface for electron transfer to
ensue, nor that it participates in the main electron transfer
pathway leading form the protein surface to its active site, i.e.
the iron atom of the haem, when the electron donor is the
electrode. Nevertheless, the presence of what seems to be an
NADH binding domain interacting through van der Waals
contacts with the adenine moiety of the FAD [8], in conjunction
with the fact that NADH spontaneously reduces the haem of
oxidised holoprotein FHP when they are put together in solution
[4], hints that FAD may play a role in the electron transfer in
vivo. Important evidence that FAD does participate in electron
transfer was gathered from spectrophotometric studies carried
out with an FAD-deprived form of FHP (semi-apo FHP) (G.
Ollesch and U. Ermler, unpublished work): the semi-apo FHP,
unlike the holoprotein form, was not reduced by NADH, but it
was reduced by sodium dithionite, a more effective reductant.


3.2. Direct, un-mediated cyclic voltammetry with the FHP
entrapped in a film


The FHP gives a stable, reproducible response in cyclic
voltammetry when confined to the vicinity of the electrode
surface in a film of methyl cellulose (Fig. 3), either as holo-FHP
or as semi-apo FHP. In addition, modified electrodes are stable
in air at room temperature for several weeks. The E0′ value is
estimated at −0.320±0.010 V for a scan rate of 0.100 Vs−1


(ΔEp=0.090 V). This result is very close to the response
obtained with myoglobin and haemoglobin (−0.298 and
−0.312 V, respectively), both penta-coordinate haem-contain-
ing proteins like FHP, in similar experimental conditions [19]. It
seems, then, that the FAD has no influence whatsoever in the
electrochemical behaviour of the FHP, assuming that the protein
keeps its native conformation and remains in an active form in
the methyl cellulose film. Obviously, the integrity of the protein
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Fig. 4. Plot of the function E= f(log([FHPOx] / [FHPRed])) obtained from
spectroelectrochemical data.
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Fig. 5. Cyclic voltammograms obtained at 2 mVs−1 in 50 mM potassium
phosphate buffer, 100 mM potassium chloride, pH 7.00, with a methyl cellulose-
modified glassy carbon electrode having either no protein (dashed lines) or FHP
entrapped in the film (solid lines). The amount of dioxygen in the gas mixture
used to saturate the buffer solution was: a and e) 0%; b and f) 0.5%; c and g)
1.0%; d and h) 2.0%.
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is essential in order to obtain meaningful results. Several
research groups have resorted to spectroscopic analysis of both
adsorbed protein films and cellulose film-entrapped proteins to
ascertain that the biomolecules gave rise to the same spectra, an
indication that their chromophores were present in a similarly
folded protein backbone in all circumstances [19,21,22]. The
UV–Vis spectra of the FHP solutions containing methyl
cellulose and DMF as described in the experimental section,
recorded over several hours, coincided with that of a pure FHP
buffered solution. This confirms that, in solution, the protein is
stable in the presence of methyl cellulose and DMF. However,
the falling out of the FAD moiety when the film forms on the
electrode surface cannot be ruled out at the present stage. If this
were to be the case, it would not be surprising to observe exactly
the same behaviour for the holo-FHP and the semi-apo FHP
entrapped in a methyl cellulose film, since the protein would be
in its semi-apo form in both cases.


3.3. Potentiometry coupled to UV–Vis spectrophotometry
(spectroelectrochemistry)


It is interesting to compare the abovementioned E0′ value
(−0.320±0.010 V) obtained with the entrapped protein with
another one arrived at by spectroelectrochemistry, in which the
FHP freely diffuses in the solution. The potential of a dithionite-
reduced FHP solution was increased by adding small aliquots of
a ferricyanide solution and measured by potentiometry with a
bare platinum electrode. A redox mediator cocktail was added to
the FHP solution in order to attain equilibrium more rapidly.
Redox mediators are electroactive species that shuttle electrons
between the electrode surface and the protein [43]. The cocktail
consisted of 5 μM each of NQSP (E0′=−0.090±0.010 V), PMS
(E0′=−0.380±0.010 V), AQDS (E0′=−0.430±0.010 V) and
MV (E0′=−0.690±0.010 V). The ratio between oxidised and
reduced protein was easily calculated by spectral analysis, since
the haem Soret bands of oxidised and reduced FHP are well apart
(395 vs. 436 nm, respectively). A plot of E= f(log[(FHPOx) /
(FHPRed)]) gives a straight line from which E0′ is immediately
obtained [44], (Fig. 4): E0′=−0.390±0.010 V. This result is
close to the one obtained by cyclic voltammetry (−0.320±
0.010 V), an indication that the FHP has probably retained its

integrity when entrapped in the methyl cellulose film. In
addition, the slope of the straight line is close to 0.060 V per
decade, consistent with a one-electron redox process, as
expected for haem iron that interconverts between the oxidation
states +2 and +3. It is not unusual to see a difference between
results obtained with different techniques: for example,
horseradish peroxidase, a haem-containing enzyme roughly of
the same size as FHP, has an E0′=−0.349 Vwhen entrapped in a
methyl cellulose film and an E0′=−0.511 V when free to diffuse
in solution [20]. It seems, then, beyond doubt that the E0′ values
obtained may be assigned to the haem moiety of FHP.


3.4. Dioxygen reduction activation


The reduction peak of dioxygen, found at −0.630±0.010 V
at a methyl cellulose-modified glassy carbon electrode in the
present experimental conditions, shifts to −0.240±0.010 V
when the protein is entrapped in the film (Fig. 5). This
behaviour is expected for iron and copper-containing perox-
idases and oxidases [45–47], but the overpotential decrease for
the reduction of dioxygen is particularly pronounced (roughly
0.400 V) in the present system. Indeed, it performs even better
than bilirubin oxidase, a rather effective enzyme system for
dioxygen reduction, for which the decrease in the overpotential
was estimated at 0.350 V [46]. In addition, the cathodic current
corresponding to the reduction of dioxygen obtained with a
FHP/methyl cellulose-modified glassy carbon electrode is
directly proportional to its concentration up to 10% in volume
in the gas mixture used to sparge the buffer solution (Fig. 6).
Last but not least, the entrapped protein and the film remain
stable after oxygen activation, the whole process being
reproducible with the same modified electrode.


3.5. Mediated cyclic voltammetry and double potential step
chronocoulometry


Another strategy to try to address the redox active sites in
freely diffusing FHP implies the use of redox mediators in
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100 mM potassium chloride, pH 7.00.
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transient-state techniques like cyclic voltammetry. Fig. 7 shows
an example of an effective electron transfer mediation by
methyl viologen (MV): in the presence of oxidised FHP, the
reduction wave of the mediator at −0.730±0.010 V is preceded
by a wave at −0.620±0.010 V (i.e. before that of MV) for small
γ values, γ being the concentration ratio γ=[FHP] / [MV]. This
wave becomes the dominant and finally the sole one at −0.660±
0.010 V as γ increases from 0.5 to 7, and its current magnitude
increases linearly with γ (Fig. 7, inset). This has an immediate
implication: the E0′ of the FHP redox group that is reduced in
the mediation process is more positive than that of MV, i.e.
higher than −0.690±0.010 V. Other mediators have been tried,
and the outcome matches the abovementioned value arrived at
by potentiometry (i.e. E0′=−0.390±0.010 V): a mediation
wave was observed in the presence of safranine (E0′=−0.530±
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Fig. 7. Cyclic voltammograms obtained with a solution containing FHP and MV
in 50 mM potassium phosphate buffer, 100 mM potassium chloride, pH 7.00, at
2 mVs−1. The conditions are: a) blank; b) [MV]=31.5 μM, [FHP]=0 μM, γ=0;
c) [MV]=30.5 μM, [FHP]=14.5 μM, γ=0.5; d) [MV]=29.5 μM, [FHP]=
29.5 μM, γ=1; e) [MV]=27.6 μM, [FHP]=55.3 μM, γ=2; f) [MV]=24.7 μM,
[FHP]=98.7 μM, γ=4; g) [MV]=21.2 μM, [FHP]=148.5 μM, γ=7. Inset:
dependence of the cathodic peak current (corrected for the background current)
of a solution containing both FHP and MV in 50 mM potassium phosphate
buffer, 100 mM potassium chloride, pH 7.00, obtained at 2 mVs−1, on the
concentration ratio, γ=[FHP] / [MV].

0.010 V), while NQSP (E0′=−0.090±0.010 V) failed to shuttle
electrons from the electrode surface to the protein (not shown).


The kinetics of the mediation phenomenon was studied by
double potential step chronocoulometry, after a methodology
previously described in detail [48]. Briefly, the second order rate
constant, k, for the homogeneous one electron transfer reaction


MVRed þ FHPOxYMVOx þ FHPRed ð2Þ
is given by


k ¼ b2=ð2½FHPOx�Þ ð3Þ
where β2 is a pseudo-first order rate constant valid for γ≥10,
and [FHPOx] is the concentration of oxidised FHP. Values of β2


may be readily calculated with a homemade software which
relies on the charges consumed during the forward and the
backward scans, Qf⁎ and Qb⁎, respectively, corrected for their
electrode–electrolyte double layer capacitance charges. These
charges are obtained in a straightforward way with the M270
software from curves like the one shown in Fig. 8, which led to
k=(8±2)×103 M−1 s−1. This is roughly three orders of
magnitude smaller than the hydride transfer rate from NADH
to the FAD moiety of the closely related bacterial haemoglobin
protein (HMP) from Escherichia coli, which was estimated at
k′H=15×10


6 M−1 s−1 [49,50]. The difference between these
two values may be explained by a larger activation energy barrier
for electron transfer from MV to the FAD in FHP, which would
not be a surprise if NADH were to be undoubtedly confirmed as
the natural reductant of the protein, since one would expect this
process to be optimised by Nature, and therefore to be
particularly performing. Other complications may arise, though,
from the fact that MV, unlike NADH, is not involved in hydride
transfer as such nor in protonation/deprotonation reactions. FAD
takes two electrons and two protons from its immediate
surroundings upon full reduction. If protons are not available
nearby and have to come from the medium close to the surface of
the protein, it is normal that the overall process slows down. It
will be interesting to check the effectiveness of other mediators,
eventually participating in acid/base reactions, as far as the
electron transfer rate to the FHP is concerned.
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Fig. 8. Double potential step chronocoulometry curve obtained with a bare
glassy carbon electrode in 50 mM potassium phosphate buffer, 100 mM
potassium chloride, pH 7.00, containing 557 μM FHP and 6 μM MV; τ=0.2 s.
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4. Conclusion


A flavohaemoprotein (FHP) from R. eutropha in an active
state has successfully been confined in a film of methyl
cellulose on a glassy carbon electrode surface. The protein gives
rise to a stable, reproducible electrochemical response in cyclic
voltammetry, allowing the E0′ value of its haem site to be
estimated. This has been confirmed to a reasonable degree by
potentiometry coupled to UV–Vis spectrophotometry
(spectroelectrochemistry).


The reduction of dioxygen is activated by the FHP/methyl
cellulose-modified glassy carbon electrode by 400 mV, render-
ing it a rather performing system. The modified electrode
remains stable after oxygen activation and may be used again
several times.


A first attempt at obtaining an estimation of the homoge-
neous electron transfer rate between the FHP and MV has been
made by double potential step chronocoulometry. Although the
results are several orders of magnitude smaller than others
calculated from stopped-flow data using the assumed natural
reductant NADH, the outcome of future studies with different
mediators is awaited with interest.
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Abstract


Cell-based biosensors, bioelectronic portable devices containing plant living cells have been used for monitoring some physiological changes
induced by pathogen-derived signal molecules called flagellin. The screen-printed electrodes have been adapted for preparation of biosensors. The
proton-sensitive thick films have been printed using composite bulk modified with edition of RuO2. Obtained disposable electrodes were made
possible to measure the pH change with well sensitivity and reproducibility. Tobacco cells attached to the electrode surface, cell-based biosensor,
can be used for the detection of flagellin, the virulence factor of bacterial pathogen. We culture tobacco cells on the surface of such
electrotransducer for several weeks and monitor of potential of cells under flagellin stimulation. The detection of the electrochemical proton
gradient across the plasma membrane serves as the analytical signal. The electrode response depended upon H+ concentration in extracellular
solution. It can be conveniently observed on the surfaces of biosensors. Suitable stability and the good response time of constructed biosensors
were observed. Future development of these cell-based biosensors could draw advances in selective monitoring of microbial pathogens and other
physiologically active components. Moreover, this new method is much faster compared with the traditional microbial testing.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Cell-based biosensors; Screen-printed electrodes; Bacterial elicitors; Flagellin; Cell–pathogen interaction

1. Introduction


We live in the era of expanding microbial-diagnostic op-
portunities in which the development of sensitive and specific
methods for the detection of pathogen will play a major role in
the prevention of human, animals and plants epidemics. Progress
in the biosensor technology provides simple, sensitive and eco-
nomic determination methods for molecular analysis of DNA
and proteins [1–3]. Recently, cell-based biosensors have been
considered for new application in molecular diagnostics. A
variety of cell types, such as bacteria, yeast, plants, immune cells
and neurons, have been used previously to fabricate different
devices [4,5]. By using living cells as sensitive elements, the
biosensors are able to respond to many biological active agents
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[6]. In addition, such cells are highly sensitive to environmental
conditions and this fluctuation can elicit cellular responses
contributing to the electronics signals in the biosensor assay [7].
Therefore, the characterization and control of extracellular fac-
tor, such as proton gradient across the plasma membrane, is
critical in pathologic pathway. Physiological and biochemical
studies have suggested that the plasma membrane H+-ATPase
controls this aspect, and can be used for detection of fast res-
ponse of plant cells to pathogens or pathogen-derived signal
molecules called elicitors. Numerous plant and animals species
have been known to respond to pathogen attacks through the
interaction with bacterial elicitors [8]. Awell-characterized elic-
itor is bacterial flagellin, which induces changes in cellular
concentration of H+ and the accompanying plasma membrane
depolarization [9]. The interaction of this molecule with specific
receptor is the first step of a complex intracellular signalling
pathway that involves the activation of a mitogen-activated
protein kinase (MAPK) and the rapid alkalinization of the ex-
tracellular matrix of cells. This pathway in plant cells exhibits
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some analogies to the inflammatory response in human and
animals' cells [10].


The extracellullar alkalization in response to flagellin in
tobacco suspension cultures was the basis for the development
of new biosensor system that led to identification and charac-
terization of the bacterial pathogen. The main application of this
device is a fast analysis of functional response of cells upon
receptor stimulation. Furthermore, cellular responses might be
usefully employed as parameters to obtain biochemical infor-
mation for both signalling and biosensing in cells culture.


Recent advances in thick film technology and electronics
have accelerated the development of new generation of bio-
sensors with applications in a wide range of disciplines in
clinical diagnostics, environmental monitoring and the pathol-
ogy [11]. Such DNA biosensors and immunosensors can be
applied to detection and identification of microbial pathogens
[12,13]. Attractive features of this technology include a simple
approach, single use sensor and low cost. Recently, the structure
of the screen printing electrodes applied to biosensors has been
considerably improved [14]. This technology is especially re-
commended as a simple and fast method for large-scale pro-
duction of microelectrodes. In addition, this new device can be
implemented for a number of applications ranging from neuron
culture analysis to molecular genomic and proteomics.


In this study, a suspension of tobacco cells was attached to the
screen printed electrodes and used for detection of flagellin
isolated from pathogenic bacteria. The cultured cells on such
modified electrodes were applied to monitoring flagellin-con-
taining bacteria. Measurement of the electrochemical proton
gradient across the plasma membranes serves as the analytical
signal. Thus, prepared cell-based biosensor can be useful for
detection of purified flagellin or of crude extract of bacteria. The
results demonstrate that this kind of device has potential to
monitor changes in living cell over a long term and to evaluate
bioactive components of pathogens. Therefore, the objective of
the presented research has been to develop a rapid procedure for
detection of other bacteria or viruses. This design is expected to
be used in future for such detection in the automated procedures.


2. Experimental


2.1. Plant and bacterial materials


Wild-type tobacco plants (Nicotiana tobaccum) were propa-
gated from seeds for 14–16 days under 17 h of light
(300 μEm−2 s−1) at 24 °C and 8 h of dark. Tobacco suspension
cells were maintained in Murashige and Skoog medium as pre-
viously described [15]. Agrobacterium tumefaciens and Escher-
ichia coli references strains were obtained from the laboratory
collection of the Institute of Plant Genetics, PAS. The bacteria
strain was grown by shaking in LB broth at 24 °C overnight.


2.2. Apparatus and reagents


The electrodes were produced using a semi-automatic screen-
printer Presco, Model 564 (USA). Potentiometric experiments
were performed on an analyzer Autolab PGSTAT (Eco Chemie,

The Netherlands) with the system made of screen printed
electrodes and an Ag/AgCl (1 M KCl) reference electrode
(Mineral, Poland). All media for plant cells cultures were from
Sigma-Aldrich Co. (USA). Commercially available pastes: sil-
ver-based paste (product no. 7145) and protective UV-cured
paste (product no. 5018) both from DuPont (USA) was em-
ployed for fabrication of conductive circuit and encapsulation,
respectively. Graphite-based paste (Electrodag 412 SS) was
from Acheson (The Netherlands). Chemicals used for prepara-
tion of supporting electrolytes were from Sigma-Aldrich Co.
(USA). Other reagents were of analytical grade and were ob-
tained from POCh (Poland). In all experiments, sterile doubly
distilled water was used.


2.3. Preparation of screen-printed electrodes and potentio-
metric measurements


Recently developed procedure for screen printed electrodes,
has been adapted for preparation of biosensors. The proton-
sensitive thick films were screen-printed using carbon ink based
on RuO2. The optimum composition of the films was 60% of
ruthenium dioxide and 40% of matrix material. All pastes were
printed through 68Tmesh polyester screenswith 20μmmasking.
The fabrication process of the pH electrodes consists of three steps
of consecutive printing of silver track (internal contact), modified
carbon film and protecting layer (insulation) on the polyester
substrate in the form of flexible foil. The silver and carbon layers
were cured at 130 °C for 5 and 30 min, respectively. Insulating
films were cured for 15 s byUVirradiation using Philips HOK20/
100UV lamp (2000W). The sensorswere produced in 5 cm×5 cm
sheets of 24 electrodes. The size of single electrodes was
4 mm×24 mm and the working area of the carbon film was
1.5 mm×1.5 mm. The thickness of the carbon film was around
15–25 μm. The structure of the electrodes' surface was char-
acterized with a scanning electron microscope (SEM). The cali-
bration of the electrodes with the range of H+ concentration from
pH 4–9 was made using a standard solution. All potentiometric
measurements were performed in stirred solutions, at room
temperature without special thermostating. The results were used
for the investigation of the dynamics of the electrode response and
for preparation of calibration graphs. The optimalization of the
procedure was performed by reading out in buffer solution (1 M
Tris–HCl, pH 5.2). The reproducible results with an RSD of less
than 5% (n=12) were obtained.


2.4. Cell cultures and alkalization assays


Suspension cells were maintained in no buffered MS me-
dium. Instead, the medium was adjusted to pH 5.6 with KOH.
For routine maintenance, 2 ml of a 1-week-old culture was
transferred into 50 ml of medium in 250-ml flasks and main-
tained on an orbital shaker at 100 rpm in dark at 24 °C. A 2-ml
aliquot of cells was transferred into each well of 12-well tissue
culture plates (Corning, USA) and allowed to equilibrate on an
orbital shaker at 100 rpm for 1 h. Fraction (5 μl) purified flagellin
or crude bacterial elicitor extract were added to the cells and
changes in pH of the medium were measured every 15 s for
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20 min using a Elmetron pH meter with pH minielectrode
(Elmetron, Poland).


2.5. Flagellin purification


Flagella from E. coli or A. tumefaciens were prepared as
described previously [9]. The cells were collected by centrifu-
gation (5000×g, 20 min) and resuspended in 150 mM NaCl (pH
7.0) in 20 ml polypropylene centrifuge tubes. The flagella were
detached from the cells by vortexing for 1 min. Cells bodies and
cell debris were removed by centrifugation 3 min at 12000×g
and flagella were collected by high-speed centrifugation (2 h at
100000×g). The pellet was resuspended in water and the pH
was lowered to 2 by glycine–HCl to dissociate the flagella.
After removal of insoluble material by centrifugation (1 h at
100000×g), the supernatant containing the dissociated flagellin
molecules was adjusted to pH 7.0 with NaOH. The peptides
were transferred to a fresh tube and used directly in experiments
or stored at −70 °C for several days. Crude bacterial elicitors
were prepared by boiling the suspension for 10 min and re-
moving bacteria debris by centrifugation (5 min at 14000×g).


2.6. Biosensors construction


The cell-based biosensors were constructed under sterile
conditions by immobilizing tobacco cells at the surface elec-
trodes. Tobacco suspension cells were centrifuged (10 min at
800 rpm) and then the solution was repeatedly blown out of
pipette and doubly washed in MS medium. After cell detach-
ment from the liquid culture, the cells at the density (approx-
imately 100 cells/μl) were mixed with a 0.5% (w/v) low melting
point agarose solution in no buffering MS medium at 40 °C. In
all cases, the solution was transferred into the surface of a screen
printed electrode on the working space of 2.25 mm2. The
electrodes containing components of immobilized living cells in
gel-matrix volume 10 μl were obtained. Then, the biosensors
were kept in sterile condition in polypropylene centrifuge tubes
in MS medium (excluding buffer) at pH 5.2 for several days.

 


 


cell  transduce
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ligand


Fig. 1. Scheme of cell-based biosensor u

2.7. Experiment design


The sample studied (a solution containing 25 μM of purified
flagellin or 10mg/mL crude bacterial elicitors) and blank control
solution (H2O) were applied on the biosensors. In this appli-
cation, each individual measurement was performed out at room
temperature on the set of 10 biosensors. Potentiometric exper-
iments were controlled by the GPES 4.8 software (Fig. 1).


3. Results and discussion


3.1. Screen printed electrode preparation


New screen-printable carbon-epoxy electrodes were devel-
oped. To assemble metal oxide electrodes, several experiments
were performed in order to obtain reliable electrodes. Good pH-
response of this type electrode has been previously observed
and electronics transducers based on them have been reported
showed high and reproducibly sensitivity [16]]. The reaction
mechanisms of these pH electrodes are discussed elsewhere.
The carbon-based ink plays the main role of an electric contact
and binds the metal oxide. Other authors have used various
metal oxides as sensitive materials [17]. Using the electrode
fabrication method presented here, good results were obtained
with RuO2. The pH-response and reproducibility were satis-
factory and this was the main reason for the use of these
electrodes in biosensor construction. The screen-printed devices
obtained were characterized by electrochemical methods and
the optimal graphite content and RuO2. The use of commercial
carbon inks with various levels of RuO2 (approximately from
20% to 60%) gives similarly sensitive electrodes. Sensitivity of
the carbon surfaces was much more stable than that of those
based on glass membranes. In addition, the carbon surface
electrodes exhibited nearly the same standard potential (mV)
and (mV) sensitivity. Thick-film carbon sensors were more
readily available and inexpensive compared with glass com-
ponents of proton-selective membranes. Calibrations were per-
formed without any conditioning of the sensors before use. The
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Fig. 3. The scheme of the single cell-based biosensor with gel-matrix.
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RSD obtained for 12 electrodes was in fact lower than 5%. In
the case of metal oxide electrodes, a linear, reproducible re-
sponse with a sensitivity of around 50 mV/pH was obtained
(Fig. 2). Moreover, in the course of 2 days immersion of tested
electrodes in the plant grow solution (containing living plant
cells), no changes in the electrode characteristics were observed.
The electrode retained these analytical parameters after several
days in wet condition. Good pH-response of these electrodes
was previously observed by other authors [16]. The thin-film
technology used in this work was characterized by high re-
producibly and sensitivity and the electrodes with living cells
tested exhibited a fast and linear response to protons in range of
4 to 9 pH. Moreover, the electrodes exhibited nearly the same
standard potential and sensitivity (mV) and the drift of the
analytical signal was not observed. It was found that the po-
tential of the screen-printed electrode is a linear function of pH
in the control buffer solution. The electrodes tested in com-
mercial buffers solution exhibited a fast and linear response to
protons in the range of concentrations from 4 to 9 pH. (Fig. 2).
The electrodes investigated are useful for construction of cell-
based biosensors.


3.2. Cell-based biosensors performances


A basic set of procedures necessary to determine the exper-
imental set-up is introduced here. The practical and theoretical
background of immobilization of plant cells was extensively
discussed in everywhere [18,19]. The entrapped cells were
produced by first mixing a cell suspension with a liquid gel
solution. Then the produced solution was transferred onto the
surface of the electrodes where the cell growth could start.
Immobilization methods in biosensors construction require high
cell viability after these procedures. Common immobilization
material used in this study was agarose. The concentration of
the gel material was from 0.5% to 1%. Solid gel materials were
formed on the surface of the electrodes (Fig. 3). Some elements
in the design are crucial for the final result. Immobilization of
the cell suspension for biosensors requires the thickness of gel-
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Fig. 2. The electrode tests in range of 4–9 pH. Data are means S.D. (n=12).

matrix to be between 0.5 and 2 mm. The microscopic obser-
vation confirmed that the tobacco cells were attached to the
electrodes' surfaces. To obtain the same total number of cells
attached to a given electrode surface, their number was counted
under a microscope. The working area of the electrode covered
with a approximately 100 cells was 2.5 mm2. Measurements
can be performed at the molecular level. It has also been con-
firmed that the cell surface characteristics change over the
several days of storage (data not shown). This means that the
plant cells as particles having stable features during the attach-
ment process start growing on the carbon electrode surface.


3.3. Detection of microbial pathogens by the biosensors


The flagellum is an important virulence factor for bacteria
pathogenic to animals and plant [8]. Moreover, many important
aspects of plant physiology, including interaction of flagellin
with plant cells, seem to be controlled by the proton-pumping
ATPase of the plasma membranes. Inactivation of the pump is
one of the earliest responses to bacterial flagellin, the resulting
external alkalinization (outside of the cell) corresponds to the ”
peptide-receptor interaction’ induced by flagellin, which trig-
gers the cellular response [20]. The well-known extracellular
elicitor from pathogenic bacteria used in this study was the
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Fig. 4. Extracellular pH alkalinization inducing activity of flagellin isolated from
Agrobacterium tumefaciens in tobacco cell suspension. Effect of (▵) 100 nM
flagellin and ( ) control (H2O).
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Fig. 5. The cell-based biosensor response to bacterial extract (A) and flagellin (B).
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flagellin. Moreover, this peptide is known to elicit a rapid K+


efflux and concomitant medium alkalization as well as an oxi-
dative burst when added to suspension-cultured plant cells [9].
Tobacco cells used in this study worked as a sensitive and
selective chemoreception system for a conserved peptide do-
main of flagellin. We used medium alkalization to test the
effects of flagellin from the bacteria (E. coli or A. tumefaciens)
on suspension-cultured tobacco cells. The alkalization (Δ pH)
of the medium begins in the first 5 min in response to the
100 nM flagellin in the range 5.2 to 6.2 pH (Fig. 4). This was
similar to the results obtained previously by other authors
[9,20]. To further delineate the flagellin determinant perceived
by tobacco cells, cell-based biosensors were assayed for activity
using purified flagellin and crude bacterial extracts. Cell-based
biosensors containing suspension cultures of tobacco show a
detectable response to both-flagellin and bacterial extracts
(Fig. 5). These results demonstrate that tobacco cells grown on
the electrode surface have the highly sensitive perception sys-
tem for bacterial flagellin (as in culture media). In another
experiment it has also been confirmed that the biosensor was

sensitive to crude bacterial extract (containing flagellin) but the
potential shift was smaller by about 40 mVand the extracellular
alkalization was more stable in 30 min (Fig. 5A). The change
potential (Δ mV) derived from the cell-based biosensors treated
by flagellin was similar to the result obtained for the cells
cultured in a liquid medium −50 mV (Fig. 5B). The first and
most important reason to use the plant living cells for biosensor
construction is to obtain analytical information. In its simplest
form, it tells us whether bioactive peptides are present in sol-
ution (Fig. 5). Cells with a specific type of receptors can be
considered as sensors of ligands, with a sensitivity determined
by the binding constant of that receptor/flagellin combination.


4. Conclusions


This paper reports the design of a new device for detection of
flagellin employing the specific strain of tobacco cells. The cells
have been immobilized on the surfaces of graphite electrodes by
gel. The results have shown that plant cells might be immobilized
on the electrode surfaces and can interact with the peptide virulent
factors from bacteria. Changes in the local pH environment of cell
membranes can be detected by potentiometric screen-printed
electrodes. Ligand–receptor interactions make it possible to de-
tect the cell response by means of a simple measurement pro-
cedure. The suspension cultured tobacco and arabidopsis cells
had been earlier used by other authors for flagellin detection. The
screen-printed cell sensor presented here is expected o improve
the molecular diagnostics in plant pathogen detection. This thin-
film technologywas shown to bewell reproducible and cheap and
it can replacemore complicatedmethods used in biotechnology. It
is evident from this study that the integrated standard immobi-
lization procedure with electrochemical detection of proton gra-
dient across the plant membrane is less time consuming and more
sensitive than the methods usually employed in suspension cul-
tured cells. Additionally, the method proposed needs lower
amounts of the samples to be studied and is less time consuming
than conventional diagnostics procedures for the detection of A.
tumefaciens. Finally, the results from this study may lead to the
development of rapid and routine tests for monitoring other
infectious bacteria. Future work in our laboratory will be focused
on direct electrochemical detection of bioactive peptides such as
systemin, which bind with a specific receptor and inactivated H+-
ATPase. A wide range of new cell-based biosensors are thus
expected to reach the market in the coming years. The detection
system using screen-printed electrodes and the simple methods of
immobilization of plant cells is hoped to be successfully applied
for other bacteria and viruses.
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Abstract


The electroenzymatic reactions of Trametes hirsuta laccase in the pure organic solvent dimethyl sulfoxide (DMSO) have been investigated
within the framework for potential use as a catalytic reaction scheme for oxygen reduction. The bioelectrochemical characteristics of laccase were
investigated in two different ways: (i) by studying the electroreduction of oxygen in anhydrous DMSO via a direct electron transfer mechanism
without proton donors and (ii) by doing the same experiments in the presence of laccase substrates, which display in pure organic solvents both the
properties of electron donors as well as the properties of weak acids. The results obtained with laccase in anhydrous DMSO were compared with
those obtained previously in aqueous buffer. It was shown that in the absence of proton donors under oxygenated conditions, formation of
superoxide anion radicals is prevented at bare glassy carbon and graphite electrodes with adsorbed laccase. The influence of the time for drying the
laccase solution at the electrode surface on the electroreduction of oxygen was studied. Investigating the electroenzymatic oxidation reaction of
catechol and hydroquinone in DMSO reveals the formation of various intermediates of the substrates with different electrochemical activity under
oxygenated conditions. The influence of the content of aqueous buffer in the organic solvent on the electrochemical behaviour of hydroquinone/
1,4-benzoquinone couple was also studied.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Laccase; Electroenzymatic reaction; Anhydrous organic solvent; Dimethyl sulfoxide

1. Introduction


The interest in the combination enzymology and electro-
chemistry in anhydrous organic solvents, has increased during
the last 15–20 years [1–9]. Enzymatic reactions in organic
solvents have certain advantages compared with those in
traditional aqueous based media. These include an increased
solubility of organic substrates, reversion of hydrolytic reac-
tions, and the possibility to influence the reaction mechanism
[10]. Some factors influence the enzymatic reactions in non-
aqueous solutions, such as the nature of the organic solvents and
amount of water in the system [11–14]. The buffer composition
can also be of principal importance for free radical enzymatic
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reactions. In the total absence of water the enzymes lose their
catalytic activity since the hydration layer is essential for
maintenance of the biocatalytic properties of the enzymes. The
amount of water per enzyme molecule depends on the nature of
the enzyme [10,15]. On the other hand electrochemical (non-
enzymatic) reactions in aprotic media differ from their equiv-
alent reactions in aqueous solutions. For example, in an aqueous
medium the electrochemical reduction of oxygen at different
electrodes materials results in the formation of hydrogen
peroxide or water. In this case fast chemical reactions proceed
the first electron transfer step. As a result only one stable
intermediate, viz. hydrogen peroxide (or peroxide anion in basic
solution) is formed in the reaction. If this reaction occurs in
aprotic solvents superoxide anion radicals (O2


•−) will be the
product [4,5,16]. The addition of protons (or proton donors) into
the system leads to the formation of various intermediates and
allows studying the stage of protonation in the reaction
mechanism [4].
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Laccase (benzenediol: oxygen oxidoreductase, EC 1.10.3.2), a
blue multicopper oxidase, contains four copper ions and catalyses
a four-electron reduction of dioxygen to water with concomitant
oxidation of various organic and inorganic compounds [17].


It has been shown previously that carboneous electrodes with
immobilised laccase catalyse the electroreduction of oxygen in
aqueous buffer solutions directly to water without the interme-
diate stage of hydrogen peroxide formation [18–22]. In this case
the electrode replaces the electron donors in the enzymatic
reaction and four protons from the buffer solution take part in the
direct oxygen electroreduction to water catalysed by laccase. In
this context the following question is of great interest: in what
process does the electroenzymatic reaction of oxygen reduction
transform in an anhydrous solvent in the absence of protons?


At the present time, there is only very limited information
concerning the electroenzymatic reaction in anhydrous organic
solvents (in this context an anhydrous organic solvent means that
it contains below 0.02% water), whereas in numerous papers the
operation of electroenzymatic systems based on different
enzymes, such as laccase, tyrosinase, and peroxidase, has been
described in organic/aqueous buffer media, containing 2–20%
of water [7,8,23–28]. It has been shown that an elaborated
composite enzyme electrode consisting of laccase-Nafion re-
tained its bioelectrocatalytic activity to a higher concentration of
the organic component compared with that of the activity of the
enzyme in aqueous solution, and it could be used to construct a
bioelectrochemical sensor for determination of water-insoluble
compounds [28].


The principal goals of the present investigation were the
following:


(1) To accomplish oxygen electroreduction at graphite and
glassy carbon electrodes without laccase, in an anhydrous
organic solvent (DMSO), and in the absence of any
organic proton donor.


(2) To study oxygen electroreduction at glassy carbon and
graphite electrodes modified with adsorbed laccase in
aprotic DMSO solutions through direct electron transfer
between the electrode and the enzyme and without any
proton donor, i.e., in the absence of laccase substrates.
The results were compared with those obtained for elec-
trodes modified with thermodenaturated laccase.


(3) To elucidate the mechanism of oxygen reduction on bare
glassy carbon electrodes in anhydrous DMSO in the pres-
ence of a phenolic compound, i.e., a laccase substrate, e.g.,
hydroquinone, which is a weak acid in pure organic
solvents.


(4) To investigate the electrochemical reactions with oxygen
on laccase-modified electrodes in the presence of laccase
substrates (hydroquinone and catechol).


2. Experimental


2.1. Materials


Fungal laccase (EC 1.10.3.2) from Trametes (Coriolus,
Polyporus) hirsuta (hirsutus) was purified as described

previously [29] and it had a specific activity of 100 U/mg
measured in 0.1 M Na-citrate-phosphate buffer, pH 5.0 using
10 mM catechol as substrate. The physico-chemical, biochem-
ical, and kinetic properties of the enzyme have previously been
studied in detail [29,30].


Tetrabutylammonium perchlorate (TBAP) was purchased
from Sigma (St. Louis, MO, USA) and was dried before use.
Catechol and hydroquinone from Merck (Darmstadt, Ger-
many) were used after distillation. Dried dimethyl sulfoxide
(DMSO) from Merck contained a maximum of 0.02% water.
All chemicals used were of analytical grade. The buffers were
prepared using water (18 MΩ) purified with a Milli-Q system
(Millipore, Milford, CT, USA). Laccase was denatured at
100 °C for 20 min in deionised water. The deionisation of
laccase was performed by dialysis against deionised water
(Milli-Q system).


2.2. Instrumentation


Rods of glassy carbon (outer diameter of 3 mm, type v.10, Le
Carbone, Lorraine, France) and rods of spectroscopic graphite
(outer diameter of 3.05 mm, type RW0, Ringsdorff–Werke
GmbH, Bonn, Germany) were press fitted into Teflon holders
and were then used as working electrodes. The end of the glassy
carbon electrode was first polished with 0.25 μm alumina Stuers
AP-paste (Copenhagen, Denmark), then sonicated and thor-
oughly washed with ethanol and deionised water. The end of the
spectroscopic graphite rod was first polished on wet fine emery
paper (Tufback Durite, P1200) and then with wet filter paper
followed by washing with ethanol and deionised water. Before
use in the electrochemical experiments laccase was dialysed
against deionised water to remove buffer components that could
influence the electrochemical reactions. Adsorption of the
enzyme was accomplished by placing 6 μl aliquots of a 10 mg/
ml stock solution of laccase on the surface of the working
electrode followed by drying in the air at ambient temperature.
The working solution of DMSO contained 0.1 M TBAP as
supporting electrolyte.


Cyclic voltammetry was performed in a three-electrode elec-
trochemical glass cell. The reference and counter electrode were
a saturated calomel Radiometer K-901 electrode (SCE) for
organic media (Copenhagen, Denmark) and a platinum net,
respectively. The experiments were carried out using a home-
made potentiostat connected to an X–Y recorder Omnigraph
2000 (Houston, TX, USA). All experiments were performed at
room temperature. Anaerobic conditions were obtained by
saturating the bulk solution with nitrogen (AGA Gas AB,
Sundbyberg, Sweden) for at least 20 min before use. The
solubility of O2 at 1 atm pressure and 25 °C in DMSOwas taken
to 2.1 mM [4]. All the potentials in the graphs and in the text are
consistently referred to SCE.


3. Results and discussion


It is well known fact that various bare carbonaceous elec-
trodes are sufficiently inactive for direct electroreduction of
oxygen at neutral pH. However, below −0.2 V vs. SCE, oxygen







Fig. 1. The effect of native T. hirsuta laccase (a, b) compared with thermo-
denatured laccase (c) adsorbed on glassy carbon (a, c) and graphite (b) electrodes
on oxygen electroreduction in anhydrous DMSO. (a1−a4), (b1−b3) and (c1−c4)
successive potential scans with oxygen on electrodes modified with T. hirsuta
laccase. a1; b1; c1 — first potential scans. Conditions: all solutions contained
0.1 M TABS as supporting electrolyte; sweep rate, 100 mV/s; 5 μl of the
preparation of laccase dialysed against deionised water and containing 10 mg
protein per ml were placed on the top of the glassy carbon electrodes and then
dried for 60 min at room temperature; (+) — indicates the start potential.
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electroreduction at bare carbonaceous electrodes results in the
formation of hydrogen peroxide and water [19]. Adsorption of a
fungal laccase on the surface of carbon electrodes significantly
facilitates the electroreduction of molecular oxygen. The
electrode modified with T. hirsuta laccase efficiently catalyses
the oxygen electroreduction in the potential range between +0.7
and −0.2 V vs. SCE [19,21,22]. It was previously shown using
a rotating ring-disk electrode that laccase catalyses the oxygen
electroreduction on a carbon electrode directly to water without
forming any intermediate hydrogen peroxide [18]. At the same
time the electroenzymatic redox reactions with oxygen on
laccase-modified electrode in anhydrous organic solvents are
depended on various factors such as the nature of the electrode
material and organic solvents, the water content supporting the
hydrated layer of the enzyme, presence of proton donors or
metal ions in the reaction medium, and the nature of the buffer
components. Using cyclic voltammetry the possible effect of
each of these parameters was investigated and determined.


3.1. Oxygen electroreduction on bare glassy carbon and
graphite electrodes in DMSO


Cyclic voltammograms of the electroreduction of oxygen on
bare glassy carbon and bare spectroscopic graphite electrodes in
DMSO were recorded. The peak potentials for the cathodic
formation and anodic oxidation of O2


•− were −0.83 V and
−0.65 V for glassy carbon and −0.80 V and −0.68 V for
spectroscopic graphite, respectively. The separation between the
cathodic and anodic peaks for both electrode materials was
practical identically and found to be −0.18 V. These data are
very close to those previously reported for oxygen electro-
reduction in DMSO on glassy carbon [4,5]. It should be taken
into account that some difference between our and the literature
data could be explained by the use of different reference
electrodes. The amount of water up to 0.1% w/w did not affect
the electrochemistry of oxygen electroreduction in anhydrous
DMSO.


3.2. Oxygen electroreduction at laccase-modified glassy
carbon electrode in anhydrous DMSO in the absence of proton
donors


In an aprotic solution such as dry DMSO there are only two
components of the electroenzymatic reaction of oxygen re-
duction present compared with when carried out in an aque-
ous buffer, viz. the electron donor (electrode) and oxygen
(electron acceptor) and a lack of protons necessary to form
water (or hydrogen peroxide). Therefore, the shape of the
cyclic voltammograms in DMSO registered for the laccase-
modified electrodes dramatically changed compared with the
ones obtained without laccase on bare glassy carbon elec-
trodes. Fig. 1a illustrates the oxygen electroreduction at suc-
cessive potential scans on the laccase-modified glassy carbon
electrode in pure DMSO. In the presence of laccase the
cathodic peak potential of oxygen electroreduction was
shifted about 100 mV in the negative potential range as
compared with the corresponding bare electrode. It seems as

though the reduction of oxygen at the electrode is a totally
irreversible process (first scan) but after a few scans the
electrode reaction is partially restored to reversibility in the
O2/O2


•− reaction. Increasing the amount of T. hirsuta laccase
deposited on the electrode surface in the range from 0.01 to
0.06 mg enhanced the suppressing effected in the reaction
forming O2


•−. Similar results were received on laccase-modi-
fied graphite electrodes (Fig. 1b). These results strongly cor-
relate with data obtained by pulse radiolysis in homogeneous
phase with laccase in the reaction with O2


•− obtained in
aqueous buffer [31]. This method permits to observe in real
time the change in concentration of O2


•− generated after ra-
diolysis of the solution. Laccase decreased the concentration
of O2


•− in the system and did not exert any kinetic influence
on the decomposition of the O2


•−. To study the influence of the
water content of the enzyme layer experiments were carried
out drying the enzyme on the electrode surface for various







Fig. 2. Cyclic voltammograms for: (a) 11 mM hydroquinone on a glassy carbon
electrode in anhydrous DMSO deaerated with nitrogen, (b) in the presence of
10 mM hydroquinone in DMSO containing 10 v/v % of 0.05MNa-acetate water
buffer at pH 5.0 in nitrogen atmosphere, (c) in oxygen saturated (1 atm) pure
DMSO in the presence of 11 mM hydroquinone. Conditions: 0.1 M TBAP was
used as supporting electrolyte; sweep rate 100 mV/s; (+) indicates the start
potential.
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times (from 20 to 120 min) at room temperature. After 25 min
of drying the responses of the laccase-modified electrodes
were practically identical and laccase immobilised on the
electrode suppressed the formation of O2


•− at the electrode in
anhydrous DMSO. The shape of the cyclic voltammograms
with thermodenatured laccase is very close to the ones ob-
tained with native enzyme (Fig. 1c). The main problem of the
bioelectrochemical phenomenon of oxygen electroreduction
with laccase in anhydrous organic solvent is the following:
what is the electrochemical reaction observed at the surface of
the laccase-modified electrodes in an oxygenated environ-
ment? It was reported previously that laccase forms transient
adducts with O2


•− [31]. In this connection comparing the
results obtained in the present investigation with literature data
it is proposed that the oxygen O2


•− reacts with a limited
number of sites on the polypeptide chain, e.g., the Thr, Cys,
Tyr, Phe, His amino acid residues of laccase. Therefore, it is
possible to observe a decreasing effect of the formation of O2


•−


on the surface of laccase-modified electrode. However, with
time the cyclic voltammograms of the laccase-modified elec-
trodes start to look like those registered for naked electrodes
indicating that the possible sites of the enzyme that O2


•− can
react with are consumed.


3.3. Oxygen electroreduction in DMSO in the presence of weak
acids (hydroquinone and catechol) without the enzyme


Initially, the electrochemical behaviour of hydroquinone
was studied on a bare glassy carbon electrode in a nitrogen
atmosphere in anhydrous DMSO. A typical cyclic voltammo-
gram of hydroquinone is shown in Fig. 2a. The asymmetric
and irreversible anodic (maximum peak potential of 0.88 V
vs. SCE) and cathodic (maximum peak potential of −0.03 V
vs. SCE) peak couple is displayed in this figure. It should also
be noticed that a cyclic voltammogram of 1,4-benzoquinone
on the glassy carbon electrode in anhydrous DMSO shows
two cathodic and two anodic peaks (not shown in Fig. 2).
Thus, the mechanism of the electrooxidation reaction of hy-
droquinone differs from the mechanism of electroreduction of
1,4-benzoquinone in pure DMSO. After addition of small
amounts of aqueous 0.05 M Na-acetate buffer, the shape of the
cyclic voltammograms of hydroquinone in DMSO saturated
with nitrogen dramatically changed (cf. Fig. 2a and b). In this
case the cathodic and anodic peaks were split as a result of
protonation of the intermediates in the electrochemical reac-
tions of hydroquinone. The same results were obtained with
another week acid, catechol. The cathodic and anodic peak
potentials and the ratio between the peak currents very
strongly depended on the concentration of aqueous buffer. On
the one hand, increasing the concentration of the aqueous
buffer the shape of the voltammograms approaches the one
registered in pure aqueous buffer (no splitting effect). On the
other hand, no visible splitting effect (only a shift in peak
potential) was observed for concentrations of aqueous buffer
less then 0.5 w/w %. Similar effects were found using two
other aqueous buffers, namely Na-phosphate and Na-citrate.
Thus, in the present investigation the preparation of T. hirsuta

laccase was dialysed against deionised water before used to
modify the electrodes.


Fig. 2c displays the oxygen electroreduction at a bare glassy
carbon electrode in DMSO in the presence of 11 mM
hydroquinone acting as a weak acid. At the same time the
electrochemistry of hydroquinone under anaerobic conditions is
presented in Fig. 2a. The addition of hydroquinone caused the
appearance of a new irreversible redox process on the cyclic
voltammogram with an anodic peak at a potential of about
−0.33 Vand an increase in the cathodic peak height at −0.83 V
(Fig. 2c). The redox couple at −0.03 V and +0.88 V
corresponds to the electrochemical redox transformation of
hydroquinone. Thus, O2


•− formed on the bare glassy carbon
electrode can react with hydroquinone and lead to a change of
the shape of the cyclic voltammograms of hydroquinone in
contrast to when registered at anaerobic conditions.







Fig. 3. Evolution of cyclic voltammograms during successive potential scans
obtained on the laccase-modified glassy carbon electrode in oxygen saturated
DMSO solution in the presence of 11 mM hydroquinone. (1) indicates the first
potential scan. Conditions: supporting electrolyte, 0.1 M TBAP; sweep scan,
100 mV/s; (+) indicates the start potential.
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3.4. Electrochemical reactions of oxygen with T. hirsuta
laccase deposited on the electrode in the presence of laccase
substrates, such as hydroquinone and catechol


As mentioned above, hydroquinone and catechol can serve
both as laccase substrates (electron donors in the enzyme
reaction) as well as being weak acids in aprotic organic solvents.
Using cyclic voltammetry it is possible to detect intermediates
formed in the enzymatic reaction in anhydrous DMSO. Fig. 3
displays the change of the appearance of the cyclic voltammo-
grams registered after successive potential scans corresponding
to the products of the enzymatic reaction of the oxidation of
hydroquinone catalysed by laccase in pure DMSO under oxy-
genated conditions. Comparing the voltammograms recorded in
the presence of laccase on the electrode in oxygen saturated
DMSO with hydroquinone and with those without enzyme (see
Fig. 2c) shows one more redox couple in the presence of the
enzyme. The appearance of a pair of new cathodic (at a potential
of about −0.38 V) and anodic (at a potential of about +0.53 V)
peaks can be explained by the electrochemical transformation of
intermediates in the enzymatic reaction. After a few potential
scans these peaks disappeared and the shape of the voltammo-
gram became identical to the one recorded on bare glassy
carbon electrode without the enzyme (see Fig. 2c). It seems as
though it occurs as a result of the loss of the hydrated layer of
the laccase and its following inactivation (denaturation) in pure
DMSO during repeated potential scans.


The following conclusions can be drawn from the results
presented in this work. (i) Laccase adsorbed on a carbonaceous
electrode surface modifies the mechanism of oxygen electro-
reduction in an anhydrous organic solvent without proton donors
compared with oxygen electroreduction at a bare electrode,
namely it prevents formation of O2


•−. (ii) Some electroactive
intermediates formed in the enzymatic reaction of hydroquinone
and catechol (laccase substrates) are oxidised by oxygen in pure
DMSO. In both cases laccase loses its activity after a few
potential scans due to the dehydration of the protein globule and
the cyclic voltammograms become the same as when recorded
on a bare electrode. (iii) The investigation of the electrochemical
transformation of the hydroquinone/1,4-benzoquinone redox
couple in DMSOwith a low content of aqueous buffer shows the
formation of intermediates. The extent of the formation of these
intermediates was shown to depend on successive additions of
an aqueous buffer, causing protonation steps having different
activity in the electrochemical reaction. In the presence of
aqueous buffer added to DMSO the cyclic voltammograms of
hydroquinone and its oxidised form were distorted. Increasing
the amount of water in DMSO (without buffer components) lead
to a shift of the redox couple of the diphenols in the negative
potential range without modification of the shape of the cyclic
voltammograms. These factors are of great importance for the
development of amperometric biosensors operating in organic-
buffer media and when investigating the catalytic mechanism of
some oxidoreductases in organic solvents. It should be taken into
account that the catalytic parameters of the enzymatic reaction
carried out via free radicals can be dependent on the percentage
of aqueous inorganic buffer media not only due to various

hydration steps of the enzymes but also due to the formation of
several types of protonised intermediates of the enzymatic
reaction, having different enzymatic and electrochemical ac-
tivities in these solutions.


The data obtained in the present investigation are important
to understand what processes take place in a biological system
in the presence of oxygen, O2


•− and different organic com-
pounds including proteins.
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Abstract


LL-37 is an α-helical antimicrobial peptide of human origin. It is a 37 residue cathelicidin peptide. This paper explores the use of
electrochemical methods to investigate the interaction of LL-37 with phospholipid and lipid A monolayers on a mercury drop electrode.
Experiments were carried out in Dulbecco's phosphate buffered saline at pH ∼7.6. The capacity-potential curves of the coated electrode in the
presence and absence of LL-37 were measured using out-of-phase ac voltammetry. The frequency dependence of the complex impedance of the
coated electrode in the presence and absence of LL-37 was estimated at −0.4 V versus Ag/AgCl 3.5 mol dm−3 KCl. The monolayer permeability
to ions was studied by following the reduction of Tl(I) to Tl(Hg) at the coated electrode. LL-37 shows no significant interaction with DOPC.
However, LL-37 shows a small interaction with DOPG and lipid A within a DOPC monolayer where the monolayer permeability is marginally
increased and the zero frequency capacitance (ZFC) is marginally decreased in both cases. LL-37 shows a significant interaction with a lipid A
monolayer thereby decreasing the ZFC by 30%. The results concur with the known membrane active properties of LL-37 and establish this
electrochemical approach as a key technique for screening peptides.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Antimicrobial; LL-37; Phospholipid; Lipid A; Impedance; Mercury

1. Introduction


Antimicrobial defence systems are required on a daily basis
in nature as animals and plants are constantly under attack by
harmful agents such as bacteria and viruses. There are fewer
numbers of bacterial infections that can be treated by prescribed
antibiotic medicines as a result of the number of multi-drug
resistant bacteria increasing worldwide [1–7]. The development
of a new class of antibiotic is of prevalent need today. Antimi-
crobial peptides are part of the innate immune system and have
the ability to fight infection [8,9]. It has been demonstrated that
some antimicrobial peptides are able to differentiate between
types of cells due the membranes being of different lipid
compositions [10–12]. This property allows antimicrobial pep-
tides to disrupt bacterial membranes whilst leaving eukaryotic
plasma membranes unaltered. These properties make antimi-

⁎ Corresponding author. Tel.: +44 113 6409; fax: +44 113 6452.
E-mail address: andrewn@chem.leeds.ac.uk (A. Nelson).
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crobial peptides and their mimics great potential therapeutic
agents and viable alternatives to conventional antibiotic drugs.
However, one of the major drawbacks in designing pharma-
ceutical antimicrobial peptides and peptide mimics is the lack of
a molecular level understanding of their interactions with mem-
brane lipids and mechanism of action.


Eukaryotic and bacterial membranes are composed of dif-
ferent lipid components, with the former comprising mainly of
phosphatidylcholine (PC), sphingomyelin and cholesterol,
whereas the latter contains substantial amounts of negatively
charged phospholipids, such as phosphatidylglycerol (PG), car-
diolipin or lipopolysaccharides (LPS). This work models the
outer leaflet of the human red blood cell (RBC) membrane and
different layers of the Gram-positive and Gram-negative bac-
terial outer cell membranes with a monolayer composed of
phospholipid molecules at the mercury solution interface.
Zwitterionic dioleoyl phophatidylcholine (DOPC) is used to
simulate the RBC and negatively charged dioleoyl phosphati-
dylglycerol (DOPG) and lipid A are used to imitate the external
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layer of the bacterial membrane. Lipid A is a major component
of lipopolysaccharides isolated from the E. coli outer cell mem-
brane. In this paper, membrane interactions of LL-37, the only
human α-helical antimicrobial peptide from the cathelicidin
family, are studied. LL-37 (LLGDFFRKSKEKIGKEFKRIVQ
RIKDFLRNLVPRTES [13]) is composed of 37 amino acid
residues and was originally isolated from neutrophil-specific
granules but is also found at the mucosal linings in the body and
skin [14,15]. LL-37 has been found to have antimicrobial
properties [16–18] as well as having other abilities relating to
the innate immune system such as induction or modulation of
chemokine and cytokine production and inhibition of proin-
flammatory responses of host cells to bacterial components [19].


This study was carried out to specifically look at the ap-
plicability of electrochemical techniques including electro-
chemical impedance spectroscopy to investigate the interaction
of LL-37 with phospholipid monolayer coated electrodes. Elec-
trochemical techniques have been applied to study lipid–pep-
tide interactions only relatively recently [20–24]. Research has
mainly been carried out on the phospholipid dioleyl phospha-
tidylcholine (DOPC) and the pore-forming peptide gramicidin
A [20,21,23–25]. The aim of this study is to probe the question
of LL-37 selectivity between prokaryotic and eukaryotic cells
and to assess whether these techniques form a scientific basis
for the development of routine screening systems for membrane
active peptides.


2. Experimental


2.1. Apparatus and materials


Two distinct measurements were carried out using the elec-
trochemical apparatus. The first series of measurements focused
on impedance measurements in which no Faradaic process is
involved. These experiments concentrated on capacitive ele-
ments [21,25,26]. The second series investigated the transport
of Tl+ ions in which a Faradaic process is involved [20]. The
rationale for using Tl+ as a probe is the following: (1) Tl+ is
isoelectronic with K+ and thus is an effective probe for this ion's
behaviour and the alkali metal ions in general [23]. (2) Tl+


undergoes a rapid reversible redox reaction on the mercury
surface with a reduction potential at about −0.42 V vs Ag/AgCl,
3.5 mol dm−3 KCl, which is in the potential domain of the low
capacity and ion impermeable region of the DOPC monolayer
[23]. As a consequence, in the presence of the DOPCmonolayer
the electrochemical reduction of Tl+ is suppressed because Tl+ is
denied access to the mercury surface. When the DOPC mono-
layer becomes permeable a reduction current of Tl+ is observed.
The results of both impedance and voltammetric measurements
are considered in the analysis of the properties of the phos-
pholipid and peptide modified phospholipid monolayer.


AnAutolab PGSTAT30 interface (Ecochemie,Utrecht, Nether-
lands) was used to measure capacitance–potential curves of the
coated electrodes. An Autolab system, FRA and PGSTAT 30,
controlled with Autolab software, was used in all the impedance
versus frequency measurements of the coated electrodes. The
PGSTAT 30 connected to a MacLab acquisition board and soft-

ware (AD Instruments Ltd) was used in the sampled current
voltammetry experiments to measure the reduction of Tl+. The
experiments were performed in a standard three electrode cell. An
Ag/AgCl, 3.5 mol dm−3 KCl reference electrode, with a porous
sintered glass frit separating the 3.5 mol dm−3 KCl solution from
the electrolyte served as reference, and a platinum bar served as a
counter electrode. The electrodes were located on either side of the
working electrode respectively. All potentials are quoted in this
paper versus the Ag/AgCl, 3.5 mol dm−3 KCl reference electrode.
In the impedance–frequency measurements, a solution resistance
of around 280–300Ωwas recorded for the cell [25,26]. Diagnostic
plots of the impedance data showed it to be that of an RC series
circuit as before [25,26]. There was a distinct absence of instability
at high frequencies and for this reason, the use of a fourth pseudo
reference electrode was not considered necessary at this stage.


The electrolyte was Dulbecco's phosphate buffered saline
(Invitrogen Life Technologies) and was used as supplied (1X
solution). A blanket of argon gas was maintained above the
fully deaerated electrolyte during all experiments. Monolayers
of DOPC, DOPC+DOPG, DOPC+lipid A and lipid A were
prepared as described earlier [25,26]. DOPC monolayers were
formed after initially spreading 13 μdm3 of a 2 g dm−3 solution
of DOPC in pentane (HPLC grade, Fisher Scientific Chemicals
Ltd) at the argon-electrolyte interface in the electrochemical cell
[25–27]. The working solution of DOPC was obtained by
dilution of the 50 g dm−3 stock solution (Avanti Lipids). A 2 g
dm−3 solution of DOPG (Avanti Lipids) in chloroform (HPLC
grade) was prepared. The DOPC+DOPG monolayer was ob-
tained using a 1:1 v/v mixture of 2 g dm−3 DOPC in pentane
and 2 g dm−3 DOPG in chloroform. Lipid A ((diphosphoryl,
from E.coli F583), Sigma–Aldrich) was prepared in a 74:23:3
v/v% solvent of chloroform, methanol and water respectively.
High grade solvents and 18.2 MΩ MilliQ water (Millipore)
were used. The concentration of the lipid A working solution
was 0.2 g dm−3 and 300 μdm3 was spread onto the surface of
the electrolyte in order to obtain a fivefold excess as is the case
with all the lipids used. A 70:30 mol:mol DOPC+lipid A
solution was prepared using the stock solutions of lipid A and
DOPC. 15 μdm3 of this solution was spread onto the electrolyte
surface. A fresh mercury drop (area, A=8.8×10−7 m2) was
coated with the spread phospholipid layer [25,26] at the argon-
electrolyte interface prior to each series of experiments to give a
monolayer coated electrode.


The LL-37 peptide (Pepceuticals Ltd) solution was made
up in 0.01% v/v acetic acid using 18.2 MΩ MilliQ water and
99% pure acetic acid (Sigma–Aldrich). A stock solution of
4.5×10−5 mol dm−3 LL-37 in acetic acid was further diluted
to give a working solution of 2.2×10−6 mol dm−3 and this
was used for injection under the lipid layer in the electro-
chemical cell. The final concentration of LL-37 peptide used
was 8.9 nmol dm−3 for all experiments. Aliquots of the LL-37
peptide working solution were injected below the layer into
the electrolyte. The solution was then gently stirred for 5 min.
Following this the phospholipid monolayer was deposited on
the electrode. Such layers in this study are referred to as
peptide modified layers regardless of the extent of interaction.
In the experiments studying the Tl(I)/Tl(Hg) reduction, TlNO3
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(Sigma Products) was employed to prepare the stock solution
(0.1mol dm−3) fromwhich aliquotswere added to the electrolyte.


2.2. Electrochemical impedance


Measurements of capacity versus potential for the coated
electrode were carried out by measuring the out-of-phase
current (I ʺ) at potentials between −0.2 and −1.3 V vs Ag/AgCl
at a frequency ( f ) of 75 Hz with 0.005 V rms (ΔV ) using the
ac voltammetric method. Capacitance (Cd) was calculated from
the I ʺ value using the equation Cd= (I ʺ /A ΔVω) where ω is
the angular frequency (=2πf ) assuming RC series behaviour of
the cell [26]. The capacitance–potential curve of the lipid coated
electrode was recorded prior to each experiment. At least two
capacitance–potential curves following respective depositions
on a fresh electrode surface were recorded for the individual
peptide–phospholipid interactions.


Measurements of the impedance (Z) versus frequency of the
electrode systems using frequencies logarithmically distributed
from 65,000 to 0.1 Hz, 0.005 V rms at potentials of −0.4 V vs
Ag/AgCl were carried out on the coated electrode systems. The
impedance versus frequency plot of the lipid coated electrode
was recorded prior to each experiment. At least three impedance
versus frequency plots were recorded following respective de-
positions on the fresh electrode surface for the individual pep-
tide–phospholipid interactions. The experimental conditions for
the measurement of impedance are listed in the following. For
one measurement, 1 cycle was used except when the cycle was
less than 1 s, in which case, the measurement time was 1 s In
order to reach steady state, 10 cycles were used except when
10 cycles lasted more than 3 s, in which case, 3 s were used.
Each frequency scan took 5 min with the potential continually
applied commencing with the highest frequency. These time
intervals are a compromise in providing sufficient time to carry
out the measurement and reaching steady state, whilst still
enabling all the experiments to be done within a specified time
period on one phospholipid layer without altering the structure
of the layer. No significant difference in the spectra was noted
when longer equilibration periods were used before each ex-
periment. The impedance data were transformed to the complex
capacitance plane and the complex capacitance axes were ex-
pressed as ReY ω−1 and ImY ω−1 respectively. This was done
using an EXCEL (Microsoft) spreadsheet.


For a series RC circuit, the ReY ω−1 versus ImY ω−1 plot
gives a single semi-circle for the RC element, where the capac-
itor has no frequency dispersion. The extrapolation of this semi-
circle to the ImY ω−1 axis at low frequency gives the zero
frequency capacitance (ZFC) [28–30] of the RC circuit which is
therefore an empirical quantity and is the monolayer capaci-
tance (C). Any additional elements to the RC semi-circle at
lower frequencies will correspond to properties of the mono-
layer. Furthermore, if the semi-circle representing the RC ele-
ment is not perfect [29], the non-ideality of the capacitor is
indicated. This can be due to dielectric relaxations coupled to
the RC charging process and to additional circuit elements at the
interface between the capacitor and the solution resistance
[29,31]. Inhomogeneities in the monolayer give rise to a low

frequency relaxation of the capacitor [25,26]. This is seen as an
additional capacitative element which appears to the right of the
RC semi-circle in the complex capacitance plane plot [25,26]. The
ZFC of the monolayer relates to the thickness of the monolayer, d,
and the dielectric constant,ε, by the equation [32]:


C ¼ eoe=d


where εo=8.84×10
−12 F m−1 and is the vacuum permittivity.


The dielectric constant or number of the vacuum, ε=1. An
increase in the capacitance of the monolayer relates either to a
decrease in its thickness or an increase in its relative dielectric
constant. In either case the capacitance of a monolayer is very
sensitive to its structure.


In addition, the model of Whitehouse et al. [25,26] was
employed, which combined dielectric theory with electrochem-
ical circuit theory, where the data are fitted to the equation:


Y ¼ 1


Rþ 1


ðixÞbx1−b
o


Cs−Cinf
1þðixsÞa þCinf


h i ð1Þ


In Eq. (1), Y is the admittance, R is equivalent to the
uncompensated solution resistance (Ru), Cinf is equivalent to the
zero frequency capacitance (C) of the monolayer, Cs−Cinf is the
additional low frequency capacitative element with relaxation
time constant (τ), and α is the coefficient which represents the
distribution of time constants around the most probable value of
τ. β is the coefficient which characterises non-idealities at the
interface between R and C and is equivalent to a surface
roughness. The physical meanings of α and β are quite different
since α is related to the time constant of relaxation of the
additional capacitative element Cs−Cinf, a bulk dielectric pro-
perty and β relates to the flow of charge from solution into both
capacitative elements, Cinf and Cs−Cinf, which is an interfacial
property. ω0 is a dummy constant which corrects for units and is
always set at unity. The relationship between α and β and how
they affect the plots in the complex capacitance plane is very
clearly explained in Figure 6 of Ref [26]. Curve fitting of the
data was carried out using IGOR (wavemetrics) in the same way
as described previously [25,26]. In the fitting procedure the
experimental Ru which is equivalent to R in Eq. (1) was put in
as an experimental parameter and Ru was determined by extra-
polating the Im Z versus Re Z plot to the Re Z axis [33].


2.3. Electrochemistry of Tl+/Tl(Hg)


The following procedure [20,23] was taken to measure the
peptide permeabilising activity to Tl+ of the monolayer. Sub-
sequent to deaeration of the electrolyte, 10−4 mol dm−3 Tl(I)
was added from the stock solution. The lipid layer was then
spread on the electrolyte and transferred to the electrode. A
cyclic voltammogram was recorded to check the impermeability
of the deposited layer. Following addition of peptide to the
electrolyte and stirring, the phospholipid layer was deposited on
the electrode surface. A series of voltage pulses from −0.2 V to
potentials from −0.3 to −0.7 V vs Ag/AgCl and back were







Fig. 1. (a) Capacitance–potential plots and (b) impedance plots in the complex
capacity plane of, and (c) sampled current voltammetry plots of the Tl+/Tl(Hg)
reduction at: − DOPC coated mercury electrodes in Dulbecco's phosphate
buffered saline in the absence (a, dashed line and b, c, solid triangles) and
presence (a, solid line and b, c, open squares) of 9 nmol dm−3 LL-37 peptide.


Fig. 2. (a) Capacitance–potential plots and (b) impedance plots in the complex
capacity plane of, and (c) sampled current voltammetry plots of the Tl+/Tl(Hg)
reduction at: −50% DOPC+50% DOPG coated mercury electrodes in
Dulbecco's phosphate buffered saline in the absence (a, dashed line and b, c,
solid triangles) and presence (a, solid line and b, c, open squares) of 9 nmol
dm−3 LL-37 peptide.
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initiated and the current transients recorded. The pulses were
40 ms long and the currents were sampled at 40 kHz with a
20 kHz low pass filter. A delay period of 15 s between each
pulse enabled the establishment of initial concentration
conditions. After the pulsing programme had been performed,
an ac out-of-phase voltammogram was recorded to ensure that
the phospholipid layer had not degraded during the experiment.
Pulse transients were analysed by sampling the current transient
after a time interval of 25 ms from the beginning of the pulse
and plotting this current value against potential as a sampled
current voltammogram. The currents were measured for the
cathodic train of pulses and the anodic train of pulses. The mean
current value and the range between the two values expressed as
an error bar were recorded at each potential.


In the case of Tl+ reduction at the DOPC+DOPG andDOPC+
lipid A coated electrodes, the entire current transient was fitted to

themodel describing a homogeneous chemical reaction preceding
a rapid electron transfer (CrEr mechanism). The equation charac-
terising this model is written as [34]:


iðtÞ ¼FAD1=2c0
ð1−K2Þ � h ½Kðe−kt−KÞ�


p1=2t1=2
þ eBtfhKðk þ BÞ1=2


�erf ½ðk þ BÞ1=2t1=2�i−B1=2erf ðB1=2t1=2Þgi ð2Þ


In Eq. (2), F is Faraday's constant, D is the diffusion coefficient
and c0 is the bulk concentration of Tl


+ and k=k1+k− 1 and k1 and
k− 1 are the forward and reverse homogeneous rate constants
respectively of the chemical step of which K(=k1 /k− 1) is the
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equilibrium constant. k is a rate constant which represents the rate
of attainment of chemical equilibrium prior to the charge transfer.
B=K2k / (1−K2). The important feature of Eq. (2) is that it is valid
for all values ofK provided k− 1Nk1 and for current data obtained
over all real time. This equation simplifies to the following
equation at longer time scales where k1


het =Kk1/2D1/2 [35] and k1
het


is a heterogeneous rate constant describing the intrinsic mono-
layer permeability to Tl+ at a specified potential.


i ¼ FAc0k
het
1 exp


khet
2


1 t
D


 !
erfc


khet1 t1=2


D1=2


� �
ð3Þ


Expressed in this way, Eq. (3) is referred to as the approximate
equation describing the potential step current transient resulting
from the CrEr mechanism [36]. When Eq. (2) is fitted to the

Fig. 3. (a) Capacitance–potential plots and (b) impedance plots in the complex
capacity plane of, and (c) sampled current voltammetry plots of the Tl+/Tl(Hg)
reduction at: 70% DOPC+30% lipid A coated mercury electrodes in Dulbecco's
phosphate buffered saline in the absence (a, dashed line and b, c, solid triangles) and
presence (a, solid line and b, c, open squares) of 9 nmol dm−3 LL-37 peptide.


Fig. 4. (a) Capacitance–potential plots and (b) impedance plots in the complex
capacity plane of, and (c) sampled current voltammetry plots of the Tl+/Tl(Hg)
reduction at: lipid A coated mercury electrodes in Dulbecco's phosphate
buffered saline in the absence (a, dashed line and b, c, solid triangles) and
presence (a, solid line and b, c, open squares) of 9 nmol dm−3 LL-37 peptide.

current transients, the time constant (τ) of the initial exponential
decay corresponds to k−1 [20,35]. Curve fitting of the data was
carried out using the IGOR programme as before [20,35].


3. Results


3.1. Electrochemical characteristics of phospholipids


The capacitance–potential curves, the impedance–frequency
plots in the complex capacity plane and the sampled current
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voltammograms of the Tl+/Tl(Hg) process at DOPC mono-
layer coated mercury electrodes have been previously decribed
in detail [26,27] and are presented as control measurements in
Fig. 1.


Monolayers of DOPC+DOPG show characteristics similar
to those of DOPC and are displayed in Fig. 2.


A significant difference in the capacitance–potential curves
is the shift of the capacitance peaks 1 and 2 by 0.05 V to more
negative potentials. In addition, the monolayer does not sup-
press the Tl+/Tl(Hg) redox process to the same extent as DOPC.
The appearance of the voltammogram exhibits a voltage depen-
dence of the Tl+ reduction current which attains the diffusion
controlled value at −0.7 V vs Ag/AgCl which is 1.3 μA under
these experimental conditions where the diffusion coefficient
for Tl+ in 0.1 NaCl is 1.8×10−9 m2 s−1 [37].


The electrochemical measurements of DOPC+ lipid A
coated electrodes are displayed in Fig. 3.


Capacity-potential plots of monolayers of DOPC+lipid A
display the capacitance peaks 1 and 2 characteristic of DOPC
coated electrodes (Fig. 3(a)). The impedance–frequency plots
transformed to the complex capacity plane show no significant
extra capacitative element and the ZFC is about 0.019 F m−2


(Fig. 3(b)). The DOPC+lipid A layer allows the Tl+/Tl(Hg)

Fig. 5. Current transients due to Tl+ reduction following voltage pulse from −0.2
to −0.55 Vat (a) DOPC+lipid A and (b) DOPC+DOPG coated electrode. Bottom
and top transients without and with 9 nmol dm−3 LL-37 in Dulbecco's phosphate
buffered saline electrolyte respectively. Thick line: data, thin solid line: fit of Eq.
(2) and lowest thin solid line current generated from Eq. (3) where k1


het=Kk1/2D1/2.
Values of coefficients from the Eq. (3) fit as follows: (a) bottom: K=0.048,
k=685 s−1, top: K=0.069, k=416 s−1 (b) bottom: K=0.18, k=100 s−1, top:
K=0.22, k=138 s−1. Initial relaxation time (τ=1/k) of transient indicated by
double arrow.

redox process to take place but with a limiting current half of
that for a diffusion controlled reduction of Tl+ at the uncoated
mercury electrode (Fig. 3(c)).


In contrast to the DOPC mixed layers, lipid A monolayers
coated on mercury show substantially different electrochemical
characteristics displayed in Fig. 4 and are described in the
following: (i) The capacity–potential plots show two unre-
solved peaks at potentials −1.05 and −1.1 V vs Ag/AgCl. At
more negative potentials the capacitance of the coated electrode
begins to assume that of an uncoated electrode (0.17 F m−2)
indicating the desorption of the lipid (Fig. 4(a)). (ii) impedance–
frequency plots transformed to the complex capacity plane
show a significant extra capacitative element in addition to the
RC semi-circle and a ZFC value of ∼0.0325 F m−2 (Fig. 4(b)).
Fitting of Eq. (1) to this data showed that the values of β
(0.995–0.997) were lower than those observed for a DOPC
monolayer on mercury (0.998) [26]. (iii) Sampled current
voltammograms show no inhibition of the Tl+/Tl(Hg) redox
process and the current is equivalent to the diffusion controlled
reduction of Tl+ at an uncoated mercury electrode (Fig. 4(c)).


Where there is limited but significant Tl+ reduction at the coated
electrode, the Tl+ reduction current transients have been fitted to
Eq. (2). The transients generally conform to those expected for a
CrEr mechanism preceding the reduction as has previously been
shown for Tl+ reduction following transfer through gramicidin
channels [20]. An example of the reduction transients at the coated
electrodes is shown in Fig. 5. The transients of Tl+ reduction at the
DOPC+DOPG coated electrode are different to those at the
DOPC+lipid A coated electrode as shown by a higher value of
coefficient k. These transients display a shorter relaxation time (τ)
prior to coinciding with the transient generated by the
approximate CrEr Eq. (3), constructed from k1


het =Kk1/2D1/2 [35].


3.2. Effect of LL-37 interaction with phospholipid on the
impedance and permeability properties of the monolayer


Fig. 1 shows that addition of the LL-37 peptide to the
electrolyte solution has no significant effect on the electro-
chemical characteristics of DOPC coated mercury electrodes. In
comparison, Fig. 2 shows some influence on the electrochem-
ical characteristics of the DOPC+DOPG coated electrode
caused by the addition of LL-37 peptide to the electrolyte
described in the following: (i) Capacitance peak 2 and the lipid
desorption capacitance peak of DOPC+DOPG coated mercury
are depressed to a small extent. (ii) In the impedance data plotted
in the complex capacity plane, a barely significant decrease in
the ZFC of DOPC+DOPG coated mercury and no introduction
of an extra capacitive element is observed. (iii) The interaction of
LL-37 with the DOPC+DOPG coated mercury causes a mar-
ginal increase in the Tl+ reduction current.


Fig. 3 shows the following effects on the electrochemical
characteristics of the DOPC+lipid A coated electrode caused by
the addition of LL-37 peptide to the electrolyte: (i) Capacitance
peak 1 in the capacity-potential curve is markedly suppressed. (ii)
In the impedance data plotted in the complex capacity plane, a
small decrease in the ZFC and no introduction of an extra
capacitive element is seen. (iii) There is an increase in the Tl+







Fig. 6. Plots of coefficients α and β versus Cinf (=ZFC) extracted by fitting Eq. (1)
to impedance data from lipidA coated electrodes in electrolyte (solid triangles) and
lipid A coated electrodes with 9 nmol dm−3 LL-37 in electrolyte (open squares).
Errors within symbol size.
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reduction current in the sampled-current voltammogram of the
Tl(I)/Tl(Hg) redox process especially at more negative potentials.
Finally Fig. 4 shows the following effects on the electrochemical
characteristics of the lipid A coated electrode caused by the
addition of LL-37 peptide to the electrolyte: (i) The capacitance
peaks of the capacity-potential curve are suppressed. (ii) In the
impedance data plotted in the complex capacity plane, a
significant decrease in the ZFC by 30% is observed. In the series
of experiments carried out, some variation in the ZFC value
(0.022–0.026 F m−2) was seen. (iii) No significant influence of
LL-37 on the sampled-current voltammogram of the Tl(I)/Tl(Hg)
redox process is observed which remains diffusion limited.


The current transients of Tl+ reduction at the DOPC+DOPG
and the DOPC+lipid A coated electrodes (see Fig. 5) show no
significant difference when LL-37 is added to the electrolyte
except that the currents are increased. A comparison of the
relationship of α and β respectively with Cinf following the fitting
of Eq. (1) to the impedance data shows that some correlation
between these variables is found when applied to the experiments
of the lipid A coated electrodes in the presence of LL-37 in the
electrolyte.No significant correlation is seen in the absence of LL-
37 in the electrolyte (see Fig. 6).


4. Discussion


4.1. Monolayer configuration


The mixed monolayers of DOPC+DOPG and DOPC+lipid
A have similar properties to those of DOPC. The most impor-

tant difference is the decreased suppression of the Tl(I)/Tl(Hg)
redox process compared to that effected by DOPC which indi-
cates increased permeability to Tl+. This can be attributed to the
presence of negative charge on the monolayer [39,40] and some
mismatch between the DOPG and DOPC molecules in the
monolayers of DOPC+DOPG. The absence of an extra capaci-
tative element in the complex capacitance plots of DOPC+
DOPG and DOPC+lipid A mixed monolayer coated electrodes
indicates an absence of any structural inhomogeneity [25,26].


The lipid A properties on mercury show considerable depar-
ture from those of DOPC. A significant extra capacitative ele-
ment indicates a structured inhomogeneous layer [25,26] and
the increased value of the ZFC indicates that the layer is thinner
than the DOPC layer. The decreased value of β concurs with an
increased surface roughness associated with the structured in-
homogeneity [25,26]. The absence of any suppression by lipid
A of the Tl(I)/Tl(Hg) redox process shows that it is permeable to
Tl+. The observed electrochemical data for the lipid A coated
electrode concurs with the properties of lipid A [38]. Lipid A
has six saturated alkyl chains four of which have 14 carbons and
two with 12 carbons. This is shorter than the two alkyl chains of
DOPC which have 18 carbons and accounts for the thinner
layer. In addition the layer will not be fluid leading to the
structured inhomogeneity. The bulky head group and overall
negative charge will render the lipid A layers permeable to Tl+


similar to phosphatidyl serine (PS) layers [39,40]. The lack of
structural inhomogeneity in the DOPC+lipid A monolayers is
also interesting and shows that the fluidity of the DOPC is
dominating the monolayer.


The voltammograms of Tl+ reduction at the DOPC+lipid A
coated electrode are different to those at the DOPC+DOPG
coated electrodes and resemble those of the gramicidin channel
facilitated reduction of Tl+ [20]. The lipid A could be a facili-
tating transport of Tl+ across the mixed layer. The difference
between the Tl+ current transient shape characterising Tl+ re-
duction at the DOPC+DOPG and DOPC+lipid A coated
electrode is also significant (see Fig. 5). At the DOPC+lipid A
coated electrode the longer relaxation time is characteristic of
channel or facilitated transport by lipid A [20]. The reduction
transient at the DOPC+DOPG coated electrode more nearly
resembles a non specific permeability of Tl+ through the layer.


4.2. LL-37 interaction


The small effect of the LL-37 interaction on the ZFC of the
monolayers of DOPC+DOPG, DOPC+lipid A and lipid A
shows that the peptide interacts selectively with the negatively
charged lipids, DOPG and lipid A respectively. The significant
influence of the peptide on the ZFC of a lipid A monolayer
confirms this. This result is interesting since previous phos-
pholipid interactions with peptide have shown increases in
capacitance as well as the introduction of an extra capacitative
element. In this instance it appears that the peptide renders the
monolayer thicker shown as a decrease in capacitance. The 30%
decrease in capacitance corresponds to a similar order of in-
crease in thickness. Such an increase can only be correlated with
a marked change in conformation of the layer associated with
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peptide interaction. In spite of this, there is no effect on the Tl+


permeability through the lipid A layer. The LL-37 interaction
with the mixed DOPC+DOPG and DOPC+lipid A layers
introduces no significant extra capacitative element.


The physical meaning of the correlations between the ex-
tracted parameters of the Eq. (1) fit to the impedance data from
lipid A coated electrodes in electrolyte with added LL-37 (see
Fig. 6) can only be speculated at this stage. If it is assumed that
the decrease in Cinf is directly related to the extent of peptide
interaction with the lipid A layer, the decreased value of β with
decreased Cinf implies that with more peptide in the layer, the
layer becomes rougher. The increased value of α with decreased
Cinf implies that with more peptide in the layer the less diffuse is
the time constant of the extra capacitative element.


These results have to be seen in context with other results
obtained for LL-37 interaction with dipalmitoyl phosphatidyl-
choline (DPPC) monolayers at the air–water interface. Pre-
liminary studies [41] of these interactions at the air–aqueous
interface using a Langmuir trough corroborate the electrochem-
ical findings. When lipid monolayers were held at constant
pressure and LL-37 was injected under the monolayer, little
interaction was seen with monolayers of DPPC shown as an
insignificant increase in area per molecule. However, when LL-
37 was injected under monolayers of dipalmitoyl phosphati-
dylglycerol (DPPG) and lipid A, a large increase in area per
molecule was observed, clearly displaying interaction of the
negatively charged lipids with the peptide [41].


Other work [42] has recently been published and investigates
the interactions of LL-37 with simple phospholipid layers by
using epifluorescence microscopy and the X-ray scattering tech-
niques of grazing incidence X-ray diffraction and X-ray re-
flectivity. Epifluorescence data shows that there is very little
difference inDPPCmonolayermorphology after LL-37 injection,
but that there are significant differences in the DPPG monolayer
morphologywith a large increase in disordered phase domain area
after LL-37 injection. X-ray data suggests that LL-37 completely
disrupts DPPG monolayers with a slight overall thinning of the
monolayer most likely due to lipid reorientation. Work has also
been carried out using the same X-ray techniques to observe lipid
Amonolayers and it appears that lipid A [43]monolayers become
thicker when LL-37 is injected underneath the lipid A mono-
layers. This is thought to be due to the fact that the hydrocarbon
chains of the lipid A molecules are quite rigid and so it is much
more difficult for the peptide to penetrate the tail regions of the
lipid. Therefore, the LL-37 peptide simply reaches the head region
of the lipid and binds to it. This gives an overall thickening effect
of the lipid A monolayer which is consistent with the impedance
spectroscopy results presented in this paper.


5. Conclusions


The most significant finding from this study is that the LL-37
antimicrobial peptide selectively interacts with negatively
charged phospholipids in particular lipid A and this interaction
can be monitored using electrochemical techniques. This inter-
action is different from those observed previously between
gramicidin [20] and synthetic self assembled peptides [44] and

phospholipids in that the dielectric becomes apparently thicker
associated with a significant capacitance decrease.
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Abstract


In the present study we compared the proliferation behavior, the ultrastructural morphology and the glycolitic metabolism of K562 cells
irradiated by low-power wide-band millimeter waves, with those of sham-exposed K562 cells (control), maintained in the same culture conditions.
The gigaHertz radiation treatments, performed between 53–78 109 Hz, induced a noticeable inhibition of the cell proliferation that could be related
to relevant ultrastructural changes. Such effects brought the irradiated cell system to lose the homeostasis and to trigger defense/reparatory
mechanisms in order to reestablish a new steady state. 13C-Nuclear magnetic resonance data on the kinetic of glucose metabolism demonstrated
that the irradiated cells enhanced the glycolitic aerobic pathway, indicating that such system need to produce an extra-bioenergy. Most of the ATP
synthesized served probably to perform the above processes resulting in a significant decrease of the proliferation rate without significant cell
death increment.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Millimeter radiation; K562 cells; Cell proliferation; Cell ultrastructure; Glucose metabolism

1. Introduction


This work constitutes a further step of a study started at the
beginning of the year 2000 whose aim was to understand the
biological effects caused by low power (b10 mW/cm2) elec-
tromagnetic radiation, in the millimeter wavelength range
(3.84–5.78 mm), on some human cell systems either healthy
or tumoral. Since 2002, we have shown that the electromagnetic
radiation above mentioned, could be used as a physical mean in
order to influence the proliferative behavior of the cultured cells
[1]. The response to the radiation of the several cell systems
investigated have been shown to be not the same. In particular,
it should be underlined that all the tumoral systems investigated
were negatively influenced by the millimeter radiation in certain
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exposure conditions, whereas the healthy cell systems studied
were not [1]. Moreover, we have shown that the biological
effects observed could depend not only on the cell system that
interact with the radiation [1], but also on the frequency of the
radiation and on the irradiation time [2]. Despite the low power
of the millimeter waves used to irradiate the cells, significant
morphological alterations were observed on human melanoma
and human breast carcinoma cells [2,3].


The aim of this communication is to provide further
biological evidences on the effects induced by the millimeter
radiation on the K562 cell system cultured in vitro.


2. Experimental


2.1. Cell culture


K562 cells [4–7], human erythromyeloid leukemia cell line,
obtained from the “Centro Studi della Microcitemia”, (Cosenza),
were grown at 37 °C in RPMI 1640, from Sigma, supplemented
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Fig. 1. Cell viability of the irradiated cells compared to that of the control cells as a
function of the days of incubation. Cell viability=No. of MMW cells /No. of CTL
cells. Student's t-test was adopted to asses the statistical significance of the data with
95% confidence interval (N=3). * No statistical significant difference (pN0.05).
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with 10% (v/v) fetal calf serum, 50 U/ml penicillin, 50 μg/ml
streptomycin, 20 mM Hepes and 0.85 g/l NaHCO3, to adjust pH
value to 7.2, in a fully humidified atmosphere of 5% CO2 and
95% air. Cells from the stock flask were seeded at a density of
5×104 cell/plate into 35-mm culture dishes for cell proliferation
and TEM observations and at a density of 5×105 cell/plate into
100-mm plates for NMR experiments.


Determination of the total cell count and viable cell number
were made by the trypan blue exclusion essay with a hemocy-
tometer. The mean cell counts came from three dishes for the
treated and three dishes for the control sample. Differences
between population means were considered significant at pb0.5.


2.2. Experimental MMW facilities and culture cell irradiation
procedure


The radiation experimentswere carried out through instruments
produced by the UWOM company of Nizhny Novgorod (Russia).
TheMMWradiating apparatus, the AMFIT 32, is constituted by a
microwave noise generator diode that is able to supply the
frequency band 53.57–78.33 GHz at a global mean power density
of less than 1 μW/cm2. The electromagnetic radiation is irradiated
into the free space by means of an opportune rectangular
waveguide and a conical horn. The coupling between the
millimeter radiation and theK562 cellswas obtained by irradiating
the cell system from the bottom of the culture dishes through the
polystyrene base plate, placed inside the incubator at 37 °C.


The conical antenna was placed at a distance r sufficiently
near to the Petri dishes that the radiation beam impinged the
entire surface of the samples. In these situations, the far field
conditions (rNλ) was always fulfilled too.


The cell system was irradiated 1 h every other day and the
first irradiation started after the seeding. The control cell sample
was cultured in the same culture conditions and was sham-
exposed 1 h every other day too.


In the exposure conditions adopted, resonance phenomena
eventually arising inside the incubator due to reflection of the
waves by the metallic walls, were excluded for the following
reasons:


i. the dimensions of the incubator (Cellstar 300; 47×58×
47 cm3) are much greater than the wavelength of the ra-
diation used (about from 3.8 to 5.8 mm);


ii. the reflections of the waves by the walls of the incubator
were very small. In fact, our theoretical and experimental
considerations on the coupling between the millimeter
waves used and the aqueous media contained in com-
mercial Petri dishes (unpublished results) show that about
the 100% of the MMW transmitted into the sample
through the polystyrene base plate of the Petri dishes,
remained confined inside the aqueous medium. It is due
either to the strong dispersive nature of water present in
the culture system (medium+cells), that absorb the ra-
diation at the millimeter frequencies used, or to the “infi-
nite medium condition” (thickness of the sample much
greater than the penetration depth of the radiation inside
the medium ∼ 0.3 mm) adopted in the in vitro exper-

iments. Moreover, the most part of the incidence radiation
is coupled (transmitted) into the aqueous medium.


2.3. Transmission electron microscopy


The cell suspensions at the 7th day of culture, after
4 MMW irradiation treatments (MMW-irradiated sample) or 4
sham-irradiation treatments (sham-exposed control sample), were
centrifuged and the pellets were fixed with 3% glutaraldheyde
solution (pH 7.3) for about 2 h at 4 °C. The cell suspensions were
then rinsed twice with phosphate-buffer solution (PBS) and
postfixed with 1% osmium tetraoxide solution (pH 7.3) and
incubated for 2 h at 4 °C. The cells were then dehydrated in a
graded series of alcohol for 5 min each. The dehydrated pellets
were embedded three times with propylene oxide for 1 h each and
infiltrated with a resin/propylene oxide mixture at 1:1 ratio for 2 h
and then with resin only for 12 h at ambient temperature. The
inclusion was made with Epon 812 and Araldite and the poly-
merization was performed at 60 °C for 48 h. Ultrathin sections
were stained with uranyl acetate and counterstained with lead
citrate. They were examined with the EM 900 Zeiss transmission
electron microscope.


2.4. 13C NMR measurements and data analysis


Magnetic resonance experiments were carried out on a Bruker
MSL300 wide-bore spectrometer. A 10 mm high-resolution
wide-band probe permitted the recording of 13C spectra at 75.5
MHz. Spectra of 30 min resolution (900 scans) were obtained
using 45° pulse and 2 s interpulse delay. Spin–spin coupling
between 13C–1H nuclei was eliminated by applying continuous
broad-band 1H decoupling. Temperature of the samples inside
the probe was maintained at 37±1 °C by the Bruker VT1000
variable temperature control unit.


Pellets of 0.8÷1×108 cells were resuspended in 1 ml of a 4%
agarose/RPMI 1640 mixture, preheated at 40 °C to obtain the
agarose melting (m.p.=37 °C). The new cell suspensions were
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injected by a syringe, into a teflon tube of 1.5 mm internal
diameter and 100 cm long. After few minutes, agarose solid-
ification took place and agarose/cell filaments could be extruded
from the teflon tube directly into the 10-mmNMR tube containing
the culture medium.


K562 cells entrapped in the agarose filaments, were
oxygenated within the NMR probe, by a perfusion system that
continuously provided to cells a O2/CO2 95% (v/v) gas mixture.


To monitor K562 glucose metabolism, 1-13C-glucose (99%
enrichment; Sigma) was added to the suspension to a final
concentration of 5 mM. The NMR acquisitions were initiated
immediately following such addition. Peak assignment of the 13C
resonances was based upon standard solutions as well as literature
data [8]. Analysis of the K562 glucose metabolism were carried
out by measuring the peak areas (peak intensities multiplied by
the line width at half maximum peak intensities) of the 13C-
labeled metabolites in spectra processed with a line broadening of
10Hz. For the quantification of 13C-labelledmetabolite peaks, the
sum peak areas of the stereoisomer α-and β-13C-glucose peak at

Fig. 2. Electron micrograph of control K562 cells: a) cell with a typical rounded m
vesicles (V) are visible within the cytoplasm. The nucleus (N) contains either euc
cytoplasm containing either spherical or oblate mitochondria (original magnification ×
rough endoplasmic reticulum (ERr) in its vicinity (original magnification ×30000).

their initial maximum intensity were taken to represent the known
concentration of 1-13C-glucose added. Metabolite peak areas in
subsequent spectra were referenced to this initial value for the
quantification of respective metabolites.


3. Results


3.1. Effect on K562 cell proliferation


Cell counts were made in triplicate 24 h after each irradiation
treatment. In Fig. 1 the normalized viable cell number dif-
ference was reported as a function of the day of incubation. It
was calculated by the formula:


cell viability ¼ No cells irradiated sample
No cells control sample


� 100


The inhibitory effect induced by the MMW irradiation,
evidenced by the decreasing trend of the above defined parameter,

orphology. Note the corrugations at its surface. Some mitochondria (MT) and
hromatin or heterochromatin (original magnification ×4400); b) zoom of the
20000); c) Golgi complex (G) with transition vesicles (T) and a small portion of







Table 1
Average number of mitochondria/cell in ultrathin section (Nm) and percentage
of vesicle-containing cells (%Cells), for control (CTL) and irradiated (MMW)
K562 samples


CTL MMW


Nm 35±7 58±9
Nv %Cells %Cells
0–5 82±8 24±2
6–15 18±2 29±3
16–50 0 27±3
N50 0 20±2


The number of vesicles (Nv) was arbitrarily subdivided into four intervals. The
error margins represents the standard deviation calculated on a count performed
on 100 cells.
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was related to the number of irradiation treatments, thus to the
global radiative energy given to the cells. After 4 irradiation
treatments, the number of viable cells in the treated samples was
significantly reduced by over 40% with respect to the sham-

Fig. 3. Electron micrograph of K562 cells after four MMW-irradiation treatments o
mitochondria (MT) addensation were observed; also visible is a multivesicular body
improved Golgi complex (G) with transition vesicles (T) (original magnification ×3

exposed sample. It should be noted that there was no significant
difference in the number of dead cells between the two samples.


3.1.1. Ultrastructure of the non-irradiated control K562 cells
The ultrastructural characteristics of non irradiated control


K562 cells, as revealed by TEM observation of the ultrathin
sections, are shown in the electron photomicrographs reported in
Fig. 2. Control cells were generally round but their surface was
characterized by many corrugations and microvilli-like struc-
tures. The cytoplasm contained a relatively abundant number of
mitochondria often with large dimensions (Table 1; Fig. 2). Such
organelles assumed either spherical or rod-like morphology, and
presented clearly visible cristae (Fig. 2).


The great majority of control cells contained few cytoplas-
mic vesicles (0–10) (Fig. 2; Table 1).


The cytoplasm also possessed an extended rough endoplasmic
reticulum with ribosomes. It could be noted also an improved
Golgi apparatus. The secretory–endocytic traffic was evidenced

f 1 h each: a) and c) K562 cells in which a high number of vesicles (V) and
(MV) (original magnification ×7000, a,c; ×4400); b) cytoplasm containing an
0000). Nucleus (N); nucleoli (Nu).







Table 2
Kinetics of 1-13C-glucose consumption and 3-13C-lactate production found in
control (CTL) and irradiated (MMW) K562 cells samples


1-13C-glucose consumption
fmol/(cell/h)


3-13C-lactate synthesis
fmol/(cell/h)


CTL 0.212±0.005 0.377±0.042
MMW 0.367±0.014 0.342±0.040


Values represent the mean±SD (N=3).
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by the presence of transition vesicles (T) located between the
rough endoplasmic reticulum (ERr) and the cis Golgi complex
(G) and by vesicles of greater dimensions (V) that gemmated
from the trans face of the Golgi apparatus (Fig. 2).


Nucleus of sham-exposed control K562 cells showed
indentation or lobate morphology and it occupied an extended
portion of the cytoplasm as it was also observed by optical
microscopy. One or two nucleoli were generally found. Either
dispersed chromatin (euchromatin) or condensed one (hetero-
chromatin) were observed. Heterochromatin was found prefer-
entially at the periphery of the nucleus (Fig. 2).


3.1.2. Ultrastructure of the MMW-irradiated K562 cells
TheMMW-irradiated cells were round with few corrugations


and microvilli. These finding appears to agree with our previous
scanning electron microscopy report [1], though a correct
interpretation could be affected by the centrifugation procedures
adopted to prepare the samples for TEM observation.


A count performed on the ultrathin sections revealed that the
cytoplasm of the treated cells, contained a higher number of
mitochondria with respect to the sham-exposed sample (Table 1).
The count, either for control or MMW-irradiated samples, was
made selecting 20 cells per thin section for 5 different sections,
for a total of 100 cells.


In many cases, a high density of mitochondria were found in
the region between the nucleus, the granular endoplasmic
reticulum and the Golgi complex (Fig. 3). The ERr was found to
be very electrondense (high number of ribosome) and the Golgi
apparatus well developed (Fig. 3).


No variation in the mitochondria morphology were found
between control and irradiated samples.


A very distinctive feature of the MMW-irradiated cells, was
the high number of cytoplasmic vesicles found (Table 1; Fig. 3).
In Table 1 the % of vesicles-containing cells were reported

Fig. 4. 1-13C-glucose consumption and 3-13C-lactate labelling in samples of
control and MMW-irradiated K562 cells. Each point represent the glucose or
lactate concentration (fmol/cell) calculated from the intensities of the peaks of a
single spectrum from the entire series. Solid lines represent the best exponential
fit of the data points. The rate constants of glucose consumption and lactate
production for the two samples are reported in Table 2.

subdividing arbitrarily the No. of vesicles (Nv) to be found in the
cells, into four intervals. In the CTL sample, the greatest number
of vesicles found was 15 with more than 80% of cells containing
only very few vesicles (0–5). By contrast, in the MMW sample,
about the 55% of cells contained a No. of vesicles≤15, while the
other 45% a higher number of such structures.


In some cases, multivesicular bodies were also noted (Fig. 3).
The nucleus of the treated cells was characterized by in-


dentation and contained finely dispersed chromatin with a small
fraction of heterochromatin. On the other hand, 1–2 prominent
nucleoli were generally noted (Fig. 3).


3.2. Glucose metabolism


In Fig. 4 the kinetics of glucose consumption and lactate
formation were shown for the control (CTL) and irradiated
(MMW) K562 cell system together whit the best exponential
fits (solid lines). Such kinetics were best modeled using a non
linear least square analysis to obtain an exponential fit of the
metabolite concentration data over a time-course of at least
5,5 h. The following equations were used to fit the data for
respectively, glucose consumption and lactate production: y=
A e−k t; y=A (1−e−k t). Table 2 gives the exponential curve
fitting results.


In the analysis of the spectra, the measures of the peak areas
took into account a correction factor for the Nuclear Overhauser
Enhancement (NOE) or partial saturation effects which arise
from, respectively, the continuous 1H-decoupling and the short
interpulse interval used during data acquisition. Correction
factors from literature data were used [9].


From the above 13C NMR data one could see that the MMW-
irradiated system significantly increase the glucose consump-
tion with respect to the control sample, without significantly
effecting the kinetic of lactate labeling. This metabolic change
had to reflect an enhancement of the glycolytic aerobic pathway
as a response of the cells to the radiative treatments. The
increase in the number of mitochondria and the mitochondria
addensation could be morphological evidences that well relates
to the latter conclusion.


4. Discussion


Cell count made on the irradiated and sham-exposed samples
at the 7th day of culture, revealed a significant 40% reduction of
the number of cells in the first sample. This experiment con-
firms the inhibitory effect of the wide-band low-power milli-
meter wave radiation on the proliferation of K562 cells in
culture, as we previously observed [1].
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The picture that emerged from TEM observation on the
ultrathin sections of theMMW-irradiatedK562 cells, was that of a
system in a high energy metabolic state far from “equilibrium”
steady state (homeostasis). The increase of mitochondria res-
piration must be interpreted as a need by the cell not only to
produce more energy but also that glycolytic anaerobic pathway
was not able to adequately provide the bioenergetic request. Such
argument was supported by the 13C NMR results that indicated
an intense aerobic glycolysis performed by the treated cells.
Moreover, we saw that mitochondria were preferentially con-
centrated in the region near the nucleus, the ERr and the Golgi
complex, probably because in this region the cell needed more
energy to perform protein synthesis. In addition,MMW-irradiated
cells presented improved substructures such as nucleoli, euchro-
matin and ERr, that play crucial role in the synthesis of ribosomes,
RNA and protein respectively.


Finally, the irradiated system exhibited an abnormal quantity
of cytoplasmic vesicles. The nature of such vesicles most pro-
bably resembles that involved in degenerative cellular processes
[10].


Then, on one hand the irradiated cell lose its homeostasis
because of the irradiation, giving rise to proliferation decrement
and some morphological alterations pertinent to cellular degen-
erative processes. On the other hand, the irradiated cell tried to
establish a new steady state (autoadaptation), producing more
energy and triggering the activity of subcellular structures and
processes as a sort of defense-reparatory mechanism. The injuries
induced by the radiation appeared to be reversible otherwise, a
significant cell death increment between the two samples should
have to be observed.


Trying to delineate a mechanism responsible of the observed
effects, we believe that any plausible physico-chemical inter-
pretation must involve the water present in the biological system
as a very probable primary target of the millimeter waves. Water
is a strong absorber of the radiation at these frequencies. Actually,
the dielectric dispersion curve of pure water at 20 °C is centred at
20 GHz (corresponding to a relaxation time of about 8 ps) and
extend over 100 GHz [11,12]. The dynamics of rotation and
libration of water molecular dipoles are responsible of such a
dielectric behaviour. Moreover, it is generally accepted that at
microwave frequencies (above 109 Hz), the dielectric behaviour
of tissues, cells as well as protein solutions, is dominated by the
relaxation process of water [13–18]. Actually, the electric pro-
perties of these systems could be expressed by logarithmic
frequency dependence over the whole frequency range from few
Hertz to many gigaHertz. At microwave frequencies the electric
properties are characterized by two dispersion regions called δ
and γ. The dominant γ dispersion is due to the bulk water (also
free water) and is identical to that of pure water. It falls ap-
proximately in the range 109–1011 Hz. The other dispersion
region, δ, falls in the range 108÷109 Hz. It was attributed by
Schwan et al. [13–15] to arising in part from Maxwell–Wagner
effects due to the electrolyte content of the tissues, in part from
dielectric relaxation in the protein itself and in part from
rotational relaxation of its bound water. Such dispersion was also
attributed by Grant et al. to the protein-bound water in studies on
protein in solution [16–18].

Recently, microwave dielectric dispersion measurements,
have shown that at least three relaxation times other than that of
free water, could be attributed to water in a biopolymer solution.
Each correlation time corresponds to a different water structure
with decreasing mobility. In the order: bound water, structured
water and loosely structured water [19].


Taking into account these considerations, one has driven to
conclude that the MMW interact principally with the free water
present in the cells.


However, as it has been underlined by Neumann [20],
besides the direct field effect on water dipoles (in our case),
any biological effects could be explained only if the elec-
tromagnetic field affects the reaction sensitivity of some
cellular processes, that is crucially determined by the reaction
moments.


The absorption of microwave radiation by water molecules
may induce changes in the equilibrium free water/bound water
involved in several cellular processes in which a chemical control
is exerted. For instance, a key reaction process of this type, is a
bimolecular reaction of ligand binding coupled to conformational
changes of the receptive effector molecules and to the release of
water molecules from the hydration shells of the ligand and
binding sites (that are ionic or dipolar and hence, hydrated) of the
reaction partners [20].


Water plays also crucial roles in proton transfer reactions and
in transport processes through narrow channels or pores in
which water molecules assume particular interfacial orienta-
tions [20]. The millimeter radiation could affect the orienta-
tional dynamics of water molecules in such systems.
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Abstract


Methemoglobin (bovine) is immobilized from aqueous phosphate buffer (pH 5.5) solution into thin porous TiO2 (anatase) films at ITO
electrode surfaces. Films of TiO2 are produced in a deposition process employing 40 nm diameter TiO2 nanoparticles suspended in dry methanol
followed by calcination. The pore size in these films is sufficient for methemoglobin (ca. 6 nm diameter) to diffuse into the porous structure (over
several hours) and to remain immobilized in electrochemically active form.


The electrochemical reduction of methemoglobin immobilized in TiO2 and immersed in aqueous phosphate buffer at pH 5.5 is observed in two
steps with (i) a small quasi-reversible voltammetric response at −0.16 V vs. SCE (Process 1) and (ii) an irreversible reduction peak at ca. −0.5 V
vs. SCE (Process 2). The irreversible response is recovered only after slow chemical re-oxidation of hemoglobin to methemoglobin. At sufficiently
negative applied potential “electrochemical doping” of the TiO2 host is observed to lead to a considerably enhanced reduction Process 1. TiO2 can
be temporarily switched from a non-conducting (irreversible electron transfer) into a conducting (reversible electron transfer) state.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Hemoglobin; Nanoparticle; Doping; Catalysis; Voltammetry; Sensor

1. Introduction


The incorporation of biological redox systems into mesopor-
ous films has generated interest due to the possibility of direct
electron exchange that can be achieved between the redox sites
in the proteins and the mesoporous host electrode. Direct
electrochemistry of redox proteins or enzymes can provide
biomimetic models for fundamental studies as well as a basis for
designing devices without the need for soluble electron transfer
mediators [1]. There has been a wide range of approaches for the
immobilisation of biological redox systems including adsorption
[2], binding into 2D or 3D lipid structures [3], covalent binding
[4], cast deposition of composites [5], trapping in porous
matrices [6], or electrostatic binding into mesoporous films [7].


Hemoglobin or methemoglobin immobilized at electrode
surfaces have often been employed as model redox systems and
electrocatalysts. In studies by Rusling et al. [8,9] immobiliza-

⁎ Corresponding author. Tel.: +44 1225 383694; fax: +44 1225 386231.
E-mail address: F.Marken@bath.ac.uk (F. Marken).


1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.08.002

tion and electron transfer to hemoglobin was demonstrated.
Siontorou and Nikolelis [10] have demonstrated the adsorption
of hemoglobin into a self-assembled bilayer lipid membrane in
order to produce a cyanide ion minisensor. The electrochemical
properties of hemoglobin have also been investigated in clay
films [11], in SiO2 [12], SnO2 [13], TiO2 nanoparticle
assemblies [14] and in DNA [15] or surfactant assemblies
[16]. Previously the adsorption of hemoglobin [17] and
cytochrome c [18,19] into mesoporous TiO2 phytate thin
films have been studied. The cytochrome c redox protein
(diameter ca. 3.4 nm) adsorbed homogenously into the
mesoporous TiO2 film. However, the small pore sizes created
from the 6 nm nanoparticle agglomerates of TiO2 allowed the
much larger hemoglobin protein (diameter ca. 6 nm) to adsorb
only into the outer layer of the film [17]. It was observed that as
the thickness of the film increased, a transition occurred from
the hemoglobin being an electronically coupled protein to
electronically insulated protein. Here the homogenous adsorp-
tion of methemoglobin is achieved by using TiO2 films prepared
with bigger 40 nm diameter particles. The larger particle size
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Fig. 1. Cyclic voltammograms (scan rate 0.1 Vs−1) obtained for a 1 cm2 ITO
electrode coated with a 1, 3, 5, and 10 layer films of ca. 40 nm diameter TiO2


particles (followed by calcination) immersed in aqueous 0.1 M KCl.
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allows adsorption of the protein into larger pores and
throughout the film and both the redox protein and the TiO2


substrate contribute to the electrochemical characteristics of the
film deposit. A temporary “doping effect” is observed after
scanning the potential of the electrode into the Ti(III) formation.
The quasi-reversible oxidation/reduction of hemoglobin immo-
bilized in mesoporous TiO2 can be strongly enhanced.


2. Experimental


2.1. Reagents


Chemical reagents such as perchloric acid (70% A.C.S
reagent), KCl, KOH, phosphoric acid (85% wt.% solution in
water, A.C.S reagent), were obtained commercially (Aldrich)
and used without further purification. A suspension of 40 nm
diameter TiO2 (anatase) nanoparticles was prepared from a
powdered form (AMT-600, Tayca Corp, Japan) 3% wt in dry
methanol (Fisher Scientific, HPLC grade) by sonication (20 kHz
Fisherbrand ultrasonic bath) for at least 30 min. Suspensions of
TiO2 in methanol were stable for several hours but underwent
slow sedimentation (accelerated in the presence of water).
Hemoglobin (Hb, bovine methemoglobin, H2625, from Sigma)
was used without further purification. Unless stated otherwise, a
1 gL−1 Hb solution was prepared in aqueous 0.1 M phosphate
buffer at pH 5.5. All solutions were prepared using deionised
water with a resistivity of at least 15 MΩ cm (Elga, High
Wycombe, UK).


2.2. Instrumentation


Electrochemical experiments were conducted with a PGSTAT
30 Autolab system (Eco Chemie, Netherlands) in a conical three-
electrode cell. The counter electrode was platinum gauze and the
reference electrode was a saturated calomel electrode (SCE,
Radiometer). The working electrodes were prepared from tin-
doped indium oxide (ITO) coated glass (1 cm×6 cm, resistivity
15 Ω per square, Image Optics Components Ltd.). ITO elec-
trodes were cleaned prior to film deposition by rinsing in ethanol
followed by deionised water and furnace treated (Elite tube
furnace) at 500 °C in air for 60 min. For Scanning Electron
Microscopy (SEM), a JEOL JSM6310 system was used. UV/Vis
spectra of solution and solid samples were obtained with a Helios
γ spectrometer (Thermo Electron Corp.). The temperature during
all measurements was maintained at 22±2 °C.


2.3. Procedures and electrode design


A suspension of the nominal 40 nm TiO2 particles was
achieved by preparing a 3% wt solution in methanol and
sonicating (see above). A clean ITO electrode was then dipped
into the white suspension for 1 min, retracted, and the methanol
was allowed to evaporate leaving behind a well-defined and
uniform layer of TiO2. The deposition process was repeated in
order to build up several layers of TiO2 particles. In this manner
the required number of ‘layers’ of the 40 nm TiO2 particles
could be adjusted to allow variation in film thickness. The

resulting film was then calcined in air at 500 °C for 1 h to
improve adhesion and to remove impurities. Methemoglobin
adsorption involved equilibrating the TiO2 modified electrode
in a solution of methemoglobin (1 gL−1) prepared in aqueous
0.1 M phosphate buffer at pH 5.5, followed by rinsing in
distilled water. Both methemoglobin in solution and after
immobilization into TiO2 films were investigated with UV/Vis
spectroscopy and the presence of the characteristic Soret band at
406 nm [20] confirmed intact methemoglobin before and after
immobilization. Electrodes were stored immersed in phosphate
buffer solution pH 5.5 and remained stable over several weeks.


3. Results and discussion


3.1. Deposition and characterisation of nanoparticulate TiO2


film electrodes


TiO2 nanoparticles (anatase, ca. 40 nm diameter) were
deposited from a suspension (3 wt.% TiO2) in dry methanol.
After immersion and solvent evaporation, tin-doped indium
oxide (ITO) electrodes are coated with a thin and uniform layer of
TiO2 which increases in thickness during each new deposition
step. Once deposited, the TiO2 nanoparticles are not re-
suspended in methanol and remain permanently immobilized at
the electrode surface. After formation of the multi-layer TiO2 film
at the electrode surface, a calcination step (ca. 1 h at 500 °C in air)
was employed to further improve adhesion. The characteristic
electrochemical reduction response of the immobilized TiO2


nanoparticles immersed in aqueous 0.1 MKCl is shown in Fig. 1.
The characteristic reduction process is predominantly


capacitive in nature [21] and associated with the reversible
formation of Ti(III) within the porous TiO2 film [22]. From the
increase in the charge under the reduction response it can be seen
that the growth of the TiO2 film is approximately proportional to
the number of deposition cycles. In order to characterize the
topography of the nanoparticle deposit, SEM images were
obtained. Fig. 2 shows that rather than a thin homogeneous film,
a patterned film deposit of aggregates of ca. 1 μm diameter is
formed. Each of the aggregates consists of smaller TiO2 particles
with ca. 40 nm diameter.







Fig. 2. Scanning electron microscopy image (SEM) of a 10 layer deposit of TiO2


nanoparticles (calcined) at an ITO electrode surface. Due to the deposition
conditions, the nature of the “layer” is highly non-uniform.
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3.2. Immobilization and reactivity of methemoglobin in TiO2


film electrodes


Next, TiO2 thin film electrodes were exposed for 1 h to a
solution of 1 gL−1 hemoglobin in aqueous 0.1 M phosphate
buffer solution (pH 5.5). Under these conditions phosphate
anions immediately adsorb onto the TiO2 surface to give a
negative surface charge [23]. The positively charged protein
hemoglobin (the isoelectric point is approximately 7.4 [24,25])
is then attracted into the porous oxide and is thereby
accumulated at the electrode surface. Fig. 3 shows typical cyclic
voltammograms obtained with this kind of electrode. A bare ITO
electrode (see Fig. 3i) shows only insignificant ability to adsorb

Fig. 3. Cyclic voltammograms (scan rate 0.1 Vs−1) obtained for the reduction of
adsorbed methemoglobin on (i) a bare ITO electrode and (ii) an ITO electrode
covered with 1 layer of 40 nm diameter TiO2 nanoparticles immersed in aqueous
0.1 M KCl. Prior to this experiment, electrodes were immersed in 1 mg mL−1


methemoglobin in 0.1 M phosphate buffer pH 5.5 for 1 h.

the protein. A very weak and reversible response is observed at
Emid=−0.16 V vs. SCE. In contrast, a single layer of TiO2


nanoparticles substantially increases this current response (see
Fig. 3ii) and leads to a characteristic second reduction to be
observed at a potential of ca. −0.7 V vs. SCE.


The quasi-reversible voltammetric signal at Emid=−0.16 V
vs. SCE is consistent with the Fe(III/II) one electron reduction
of the hemin unit in methemoglobin [12,26]. Next, the reduction
responses for methemoglobin are investigated in more detail.
Fig. 4 shows cyclic voltammograms obtained in phosphate
buffer solution (pH 5.5) for TiO2 film electrodes with (A,B) one
layer of TiO2 and (C,D) 10 layers of TiO2. The first reduction
response is clearly present for both types of films. This process
occurring at −0.16 V vs. SCE may be identified as the Fe(III/II)
process probably involving all four hemin subunits of the
methemoglobin molecule (Eq. (1)).


Process1 : FeðIIIÞðHbÞ þ e−ðITOÞ⇄FeðIIÞðHbÞ ð1Þ


It is interesting to note that the magnitude of the voltammetric
response for process 1 during the first potential cycle is not
increased upon increasing the thickness of the TiO2 film (see
Fig. 4A and C). Consecutively cycling the applied potential
causes this voltammetric response to decrease in current.

Fig. 4. Cyclic voltammograms (scan rate 0.1 V s−1) obtained for the reduction of
methemoglobin immobilized in a 1 layer (A,B) and in a 10 layer (C,D) TiO2 film
at ITO electrodes. Voltammograms were obtained in aqueous 0.1 M phosphate
buffer (pH 5.5). (A) Scan 1 of 10 scans for a 1 layer TiO2 film electrode. (B)
Scans 2 to 10 for a 1 layer TiO2 film electrode. (C) Scan 1 for a 10 layer TiO2


film electrode. (D) Scans 2 to 10 for a 10 layer TiO2 film electrode. Prior to
voltammetric experiments, electrodes were immersed (1 h) in a solution of 1 mg
mL−1 methemoglobin.







Fig. 6. Cyclic voltammograms (scan rate 0.1 Vs−1) showing scan 1 for the
reduction of methemoglobin in a 10 layer TiO2 film immersed in 0.1 M
phosphate buffer (pH 5.5) (i) with a freshly prepared electrode and (ii) with a
used electrode after recovery in 0.1 M phosphate buffer (pH 5.5) for 12 h.
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For the 10 layer TiO2 film electrode, the voltammetric signal
during the first reduction for Process 1 is very similar to that
observed for the 1 layer TiO2 film electrode. However, a very
strong enhancement is observed in potential cycle 2 which is
followed by a decay of the signal during subsequent cycles. This
is a tell-tale sign for methemoglobin within themesoporous TiO2


film being accessed only after the first reduction process has
occurred and attributed here to a conductivity effect (vide infra).
Very similar conductivity effects have been described recently
for a flavin adenine dinucleotide TiO2 composite film [27].


A second reduction (Process 2) is observed at a potential of
ca. −0.5 V vs. SCE. This reduction peak current is relatively
small for 1 layer TiO2 films but about 10-fold enhanced for the
10 layer TiO2 film electrode. This reduction can therefore be
identified as the Fe(III/II) process associated with electron
conduction through the bulk TiO2 film [28]. This reduction
requires the transport of electrons through the porous oxide and
therefore occurs at a more negative potential at which a
sufficient concentration of electrons is available in the TiO2 film
(Eq. (2)).


Process2 : FeðIIIÞðHbÞ þ e−ðTiO2Þ→FeðIIÞðHbÞ ð2Þ


Fig. 5 shows a schematic drawing explaining the different
pathways for electrons during the methemoglobin reduction and
the difference in the effect of TiO2 film thickness on the
voltammetric responses for Processes 1 and 2.


The description of Process 1 as based on electron transfer
directly from ITO to methemoglobin (see Eq. (1)) is over-
simplified and certainly involves a more complex “short range”
conduction mechanism possibly via “hopping” or via conduct-
ing TiO2 states.


For both, 1 layer and 10 layer TiO2 film electrodes, the
second reduction process is pronounced only during the first
potential cycle and it gradually disappears during subsequent
potential cycles. This loss of signal is not associated with the
loss of methemoglobin from the porous structure but rather
believed to be associated with the irreversibility of electron
transfer in the system. An electrode used for several potential
cycles shows essentially full recovery of the electrochemical
activity when stored in aqueous 0.1 M phosphate buffer (pH
5.5) for 12 h. Therefore, methemoglobin is bound permanently
and any loss of electrochemical activity is temporary and
probably linked to conductivity effects in the TiO2 host film.
Fig. 6 shows typical voltammograms before and after recovery.


A third reduction response observed at potentials negative of
−0.6 V vs. SCE (see Fig. 4) can be attributed to the reversible

Fig. 5. Schematic drawing of the electron transport (A) via “short range” transfer
from the ITO electrode (Process 1) and (B) via “long range” conduction through
the bulk TiO2 host material (Process 2).

transfer of electrons into the TiO2 host lattice (see Fig. 1). This
process has been extensively studied [21,22] and linked to the
Ti(IV/III) redox couple at the TiO2 nanoparticle surface (Eq.
(3)).


Process3 : TiðIVÞO2 þ e−ðITOÞ þ HþðaqÞ⇄TiðIIIÞO2H ð3Þ


All three types of redox processes observed for methemo-
globin immobilised in a TiO2 host film are surface based and
dependent on the scan rate applied in the voltammetric
experiment. Fig. 7 shows voltammograms obtained for the
reduction of hemoglobin immobilized in a 10 layer TiO2 film.
Peak currents for Processes 1, 2, and 3 increase approximately
linearly with scan rate.


From the initial potential cycle (see Fig. 7A) the amount of
hemoglobin at the electrode surface can be estimated. The charge
under the reduction peak is consistent with 390 μC or 1 nmol
methemoglobin (assuming 4 electrons transferred per adsorbed
hemoglobin molecule). In order to achieve this level of
hemoglobin adsorption the roughness factor [28] required for
the TiO2 film electrode is Rf ¼ area


geometric area ¼ 15 (calculated by
assuming a 6 nm diameter for each methemoglobin molecule)
which is in good agreement with the SEM images shown in Fig. 2

Fig. 7. Cyclic voltammograms (scan rates (i) 10 mVs−1, (ii) 50 mVs−1, (iii)
100 mVs−1) for the reduction of hemoglobin immobilized in a 10 layer TiO2


film electrode and immersed in 0.1 M phosphate buffer (pH 5.5) for (A) the first
potential cycle and (B) the second potential cycle.







Fig. 8. (A) Cyclic voltammograms (scan rate 0.1 V s−1) for the reduction of
methemoglobin immobilized in a 10 layer TiO2 film at a 1 cm2 ITO electrode
immersed in 0.1 M phosphate buffer at pH 5.5. Prior to voltammetric
experiments the electrodes were soaked for 2 h in 60 M, 30 μM, 15 μM, and
7 μM hemoglobin in 0.1 M phosphate buffer at pH 5.5. (B) Plot of the cathodic
peak current observed in the first potential cycle versus the concentration of
methemoglobin during immobilization. (C) The effect of soaking time in 15 μM
methemoglobin in 0.1 M phosphate buffer at pH 5.5 on the cathodic reduction
peak during the first potential cycle.


Fig. 9. Cyclic voltammogram (scan rate 0.1 Vs−1) for the reduction of
methemoglobin immobilized in a 10 layer TiO2 film electrodes and immersed in
0.1 phophate buffer (pH 5.5). (A) Electrodes were soaked for 12 h in solutions
containing (i) 0.1 M (ii) 0.5 M (iii) 0.01 M phosphate buffer (pH 5.5) and
0.1 mMmethemoglobin prior to voltammetric experiments. (B) Electrodes were
soaked for 12 h in a solution containing 0.1 mM methemoglobin in 0.1 M
phosphate buffer at (i) pH 8.5, (ii) pH 7.0, and (iii) pH 5.5. (C) Potential cycle 1
and (D) potential cycle 2 for a 10 layer TiO2 electrode (methemoglobin
immobilized by soaking for 12 h 0.1 M phosphate buffer at pH 5.5) (i) in de-
aerated and (ii) non-de-aerated 0.1 M phosphate buffer solution (pH 5.5).
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(assuming that hemoglobin is adsorbed into the spaces between
the 40 nm diameter TiO2 particles).


3.3. Effects of concentration, deposition time, pH, and oxygen
on the immobilisation and reactivity of methemoglobin in TiO2


film electrodes


The immobilization of methemoglobin in 40 nm diameter
TiO2 nanoparticle films results in reproducible and stable
electrodes with a characteristic Fe(III/II) reduction response.
The immobilization process is believed to occur due to the
electrostatic interaction between methemoglobin (which is
positively charged at pH 5.5) and the phosphate coated
(negatively charged) TiO2 surface. In order to explore the
ability of methemoglobin to bind, experiments were conducted
with a set of electrodes and in a range of different concentrations
of methemoglobin. Cyclic voltammograms shown in Fig. 8A
demonstrate the effect of the methemoglobin concentration on
the immobilization process. An increase in the amount of
methemoglobin immobilized in TiO2 is observed up to ca.
100 μM methemoglobin and approximately consistent with a
Langmuir adsorption isotherm (see Fig. 8B). Next, the effect of
time on the adsorption process is studied. For a 10 layer TiO2

film electrode a considerable delay in adsorption is observed.
The plot in Fig. 8C shows that only after 10 h the process
approaches completion (for a 10 layer film deposit). This rather
slow adsorption process is not surprising and due to the small
pore size within the TiO2 structure. It has been shown recently
[17] that deposits with even smaller pore size (with 6 nm
diameter TiO2 nanoparticles) are essentially in-penetrable for
the methemoglobin molecules. Here, 40 nm TiO2 nanoparticles
are employed and a pore size of typically 10–20 nm can be
estimated. The penetration and transport of the protein within
these pores are slow.


Next, the effect of the concentration of the aqueous phosphate
buffer solution on the methemoglobin immobilization process is







Fig. 10. Cyclic voltammograms (scan rate 0.1 Vs−1) for the reduction of
methemoglobin immobilized in a 10 layer TiO2 film electrode immersed in
0.1 M phosphate buffer (pH 5.5). In (A) the first potential cycle and in (B) the
second potential cycle are shown. The negative switching potential was chosen
as (i) −0.7 V vs. SCE and (ii) −1.2 V vs. SCE. The unexpected difference in
curves Ai and Aii is due to the use of two not fully compatible electrodes.
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studied. Voltammograms shown in Fig. 9A demonstrate the
importance of this parameter. Both lower and higher concentra-
tions change the behaviour of the protein and the highest
voltammetric responses are observed after immobilization in
0.1 M phosphate buffer (pH 5.5). It is possible that at lower ionic
strength the stronger interaction between host and guest
significantly slows down the immobilization process whereas at
high ionic strength a weaker interaction could stop the
immobilization process entirely.


The effect of the pH of the buffer solution employed during
cyclic voltammetric measurements is demonstrated in Fig. 9B. A
clear shift of all three processes, the quasi-reversible Fe(III/II)
reaction (Process 1), the irreversible Fe(III/II) reaction (Process 2),
and the reduction of the Ti(IV) host lattice (Process 3), is observed
with approximately 59 mV per pH unit. This observation is in
agreement with literature reports for both TiO2 [29] and immo-
bilized methemoglobin [30].


Many studies have emerged in which methemoglobin is
employed as an electrocatalyst. A range of processes from oxygen
reduction [31], peroxide reduction [20], trichloroacetate reduction
[32], and nitrite reduction [16] have been observed and attributed to
the electrocatalytic effects of the porphyrinato-IX iron center.
However, in particular the facile reduction of oxygen by
hemoglobin is surprising because in nature this process has to be
avoided at all costs. Hemoglobin is an oxygen transport protein and
in intact hemoglobin the simple electron transfer is avoided by
geometric constraints (distal and proximal histidines) in the vicinity
of the binding site [33]. It is shown here that methemoglobin
electrostatically immobilized into TiO2 hosts is indeed essentially
inert toward the oxygen reduction process. Voltammograms in Fig.
9C andD show the first and second potential cycle for electrodes in
de-aerated phosphate buffer solution and in the presence of ca.
0.2 mM oxygen. Only process 3 (the formation of Ti(III)) is
strongly affected by the presence of oxygen. For Processes 1 and 2
the direct electron transfer from reduced hemoglobin to oxygen in
solution is too slow to be detected under the conditions employed
here. In a recent report a similar observation of low reactivity
towards oxygen was attributed to the presence of allosterically
bound phytate ligands [17]. However, there is no phytate present in
these experiments and the interaction of the protein with the
negatively charged TiO2 host may be regarded as another factor
contributing to the effect. These results suggest that methemoglo-
bin immobilized electrostatically into mesoporous TiO2 is
structurally intact and not an active electrocatalyst.


3.4. Electrochemical doping effects on the reduction of
methemoglobin in TiO2


The reactivity of redox systems immobilized into TiO2 films
is strongly affected by the conductivity of the host matrix. Only
Process 1 (see Fig. 4) is associated with the “short range” transfer
of electrons from the ITO electrode surface to the immobilized
methemoglobin. Processes 2 and 3 require “long range”
conduction of electrons within TiO2. The concentration of
mobile electrons within TiO2 depends on the applied potential
and the dramatic increase in this parameter at a potential negative
of a potential of−0.5 V vs. SCE is demonstrated in Fig. 1. Due to

the increase in Ti(III) sites the TiO2 host becomes electrically
conducting. The shape of the voltammograms shown in Fig. 1
suggests that the formation of Ti(III) is essentially reversible
(very fast) and therefore capacitive in nature. However, there are
different types of Ti(III) sites and a “memory” effect due to some
less reversible Ti(III) sites can also be observed.


It is shown here that these less reversible Ti(III) sites are
responsible for a temporary conductivity change. Data in Fig. 10i
shows that initially Process 2 dominates (Fig. 10A) and then
during the second potential cycle both Process 1 and 2 are
observed (Fig. 10B). This effect is much more dramatic when the
negative switching potential is changed from −0.7 to −1.2 V vs.
SCE (see Fig. 10ii). Under these conditions Process 1 completely
dominates during the second and following potential cycles
indicating an increased electrical conductivity in the TiO2 host.
The reduction at −1.2 V vs. SCE is believed to lead to the
formation of more long-lived Ti(III) sites (via “electrochemical
doping”) and therefore more facile “short range” electron
exchange between ITO electrode and immobilized methemoglo-
bin. A similar effect can be induced by UV light is known as
“photo-doping” [34]. In a recent report by Li et al. [35] a
composite of hemoglobin and TiO2 nanoparticles immobilized at
graphite electrodes was observed to become more reactive after
exposure to UV radiation and this effect is likely to be also due to
doping. The “electrochemical doping” effect is temporary and
decays away over a period of several seconds. The observation of
this “electrochemical doping” effect helps understanding the
fundamental processes within the mesoporous TiO2 host during
reduction and oxidation processes and offer a novel “switching”
mechanism for sensor developments.


4. Conclusions


It has been shown that methemoglobin is electrostatically
bound and slowly accumulated into mesoporous TiO2 hosts with
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a sufficiently large pore space. The process is essentially
irreversible but very mild and leaves the protein intact for
electron transfer processes to occur. Two distinct reduction
processes occur associated with (i) “short range” (quasi-
reversible) reduction of methemoglobin in the vicinity of the
ITO electrode surface and (ii) “long range” (irreversible)
reduction via conduction through TiO2. The electrical conduc-
tivity of TiO2 is affected by the presence of Ti(III) sites and
“electrochemical doping” is observed as a temporary conductivity
enhancing process. Overall, the mechanism for the reduction of
methemoglobin is complex and may involve different isomers of
hemoglobin. Therefore more work (e.g. for similar redox systems
or employing spectroelectrochemical experiments) will be
required for further details of the mechanism to be resolved.
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Abstract


This paper reports a novel detection method for DNA hybridization based on the electrochemiluminescence (ECL) of Ru(bpy)3
2+ with a DNA-


binding intercalator as a reductant of Ru(bpy)3
3+. Some ECL-inducible intercalators have been screened in this study using electrochemical


methods combined with a chemiluminescent technique. The double-stranded DNA intercalated by doxorubicin, daunorubicin, or 4′,6-diamidino-
2-phenylindole (DAPI) shows a good ECL with Ru(bpy)3


2+ at +1.19 V (versus Ag/AgCl), while the non-intercalated single-stranded DNA does
not. In order to stabilize the self-assembled DNA molecules during ECL reaction, we constructed the ECL DNA biosensor separating the ECL
working electrode with an immobilized DNA probe. A gold electrode array on a plastic plate was assembled with a thru-hole array where
oligonucleotide probes were immobilized in the side wall of thru-hole array. The fabricated ECL DNA biosensor was used to detect several
pathogens using ECL technique. A good specificity of single point mutations for hepatitis disease was obtained by using the DAPI-intercalated Ru
(bpy)3


2+ ECL.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrochemiluminescence (ECL); Tris-(2,2′-bipyridyl)ruthenium(II); DNA-binding intercalator; 4′,6-diamidino-2-phenylindole (DAPI); DNA
biosensor; DNA hybridization detection

1. Introduction


Electrochemiluminescence (ECL), which combines chemi-
luminescence and electrochemistry, continues to impact diverse
areas ranging from chemical analysis to the molecular-level
understanding of biological processes [1–6]. ECL involves the
production of a light near an electrode surface by generating
species that can undergo highly energetic electron-transfer
reactions with solution-phase reagents [7]. In particular, ECL
has several advantages such as inherent high sensitivity,
selectivity, wide linear range of chemiluminescence and no
requirement for expensive excitation sources [8]. There was
much interest in ruthenium complexes, for example, tris-(2,2′-
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bipyridyl)ruthenium(II) (Ru(bpy)3
2+), because they exhibit


intrinsic ECL characteristics such as excellent chemical
stability, favorable electrochemical properties and relatively
prolonged excited state [9]. The ECL reaction of Ru(bpy)3


2+ has
proven to be a powerful analytical tool that can be useful in
detecting a wide range of analytes including oxalate, alkyla-
mines, NADH, hydrazine, amino acids, luminol and a variety of
pharmaceutical compounds [10–12]. In addition, the ECL
reaction of Ru(bpy)3


2+ could be facilitated with a variety of
reducing or oxidizing co-reactant, such as tripropylamine [7],
peroxyldisulfate [13], and organic acids [14].


The intercalator was first used by Lerman in the 1960s to
define a molecule containing a planar aromatic structure which
inserts itself between the base pairs of double-stranded DNA
[15]. Intercalation of small molecules into DNA is a noncovalent
interaction that depends on a number of factors such as planarity,
aromaticity, and surface extension of the interaction moiety [16].
Bard and coworkers reported a voltammetric study on the
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Fig. 1. (A) Structure of the tris-(2,2′-bipyridyl)ruthenium(II) complex, daunorubicin, doxorubicin, and 4′,6-diamidino-2-phenylindole. (B) Proposed ECL mechanism
of Ru(bpy)3


2+ with a DNA-binding intercalator.
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interaction of an intercalator with DNA [2,17]. Tris-(1,10-
phenathroline)cobalt complex was interacted with DNA through
hydrophobic interactions with the interior of DNA molecules
[17]. The electrochemical properties of intercalators as hybrid-
ization indicators were also investigated to select optimum
intercalators for the DNA sensor using voltammetric methods
[18]. Millan and coworkers reported a sequence-selective
biosensor using a DNA modified electrode and Co(bpy)3


3+ as a
hybridization indicator instead of labeled probes [19]. Until now,
anthracycline antibiotics, of which daunorubicin (DNR) and
doxorubicin (DOX) are the parent compounds, have beenwidely
used in cancer chemotherapy. These compounds are known as
DNA intercalators and are important models for understanding
how small molecules interact with DNA in a sequence-specific
manner [20,21]. In addition, the trypanocide, 4′,6-diamidino-2-
phenylindole (DAPI) has been widely used as a DNA
intercalator with a high-affinity site for the minor groove region
[22]. However, to the best of our knowledge, these DNA
intercalators have not been used in ECL applications for DNA
hybridization detection. The chemical structures of the ECL
related compounds are shown in Fig. 1A.


In this paper, we have developed a highly sensitive Ru(bpy)3
2+


based ECL method using DNR, DOX, or DAPI as a co-
reductant in aqueous solution from various pathogenic DNA
samples. Fig. 1B shows the detection scheme for DNA
hybridization using Ru(bpy)3


2+ ECL with a DNA intercalator
as a reductant of Ru(bpy)3


3+. In this case, DNA intercalators act
as a reducing agent like tripropylamine in oxidative-reduction
pathway for Ru(bpy)3


2+ ECL [10]. When a voltage of about

+1.19 V (versus Ag/AgCl) is applied to the working electrode,
Ru(bpy)3


2+ is oxidized to Ru(bpy)3
3+ and consequently converted


into its excited form, Ru(bpy)3
2+⁎, by redox reaction with an


intercalator near the electrode. Then the compound generates an
orange-colored light of about 620 nm when it returns to the
ground state, Ru(bpy)3


2+. The amount of light generated at this
point is proportional to the amount of intercalator. Thus, the
measured amount of light is directly correlated to the amount of
target DNA contained in a sample because the concentration of
intercalator is proportional to the concentration of the target DNA
after DNA hybridization. We have studied the characteristics of
ECL reaction with some intercalators to apply DNA hybridiza-
tion detection. In addition, we optimize the conditions for
pathogen detection based on the ECL DNA biosensor with thru-
hole array, which consists of gold walls of 16 thru-holes that are
self-assembled by specific oligonucleotide probes. By separating
the working electrode of ECL from the self-assembled DNA
layer, we were able to improve signal sensitivity and stability of
the immobilized DNA molecules during ECL reaction.


2. Materials and methods


2.1. Materials


Tris-(2,2′-bipyridyl)dichloro-ruthenium(II) hexahydrate (Ru
(bpy)3


2+), daunomycin hydrochloride, doxorubicin, 4′,6-diami-
dino-2-phenylindole (DAPI), hoechst 33342, hoechst 33258,
netropsin, distamycin A, ethidium bromide, acridin orange were
purchased from Sigma-Aldrich Co. (St. Louis, MO). To monitor







Table 1
DNA Probes for pathogen detection using the ECL technique


Fig. 2. The ECL DNA sensor with 16 thru-hole array. (A) Schematic diagram of
the ECL DNA sensor. WE: gold working electrode; RE: Ag/AgCl reference
electrode; CE: counter electrode. (B) A photograph of the ECL DNA biosensor
assembled with a thru-hole array in the ECL reaction chamber. The cover of
ECL reaction chamber is opened.
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ECL of intercalated oligomer, the RQC3 (Operon Biotechnol-
ogies, AL) oligonucleotide, 5′-GCC TGATAGGGT GCT TGC
GAG T-3′ identified in the hepatitis C virus (HCV), was
prepared. All oligonucleotide probes used in the experiment are
listed in Table 1. Glycerin (Ducksan Chemical Co., Ltd., Korea)
was added in the sample solution at a concentration of 3% (V/V)
in order to prevent the droplet from vaporizing. All other
reagents were of reagent grade. All solutions were prepared
with purified water through a Mill-Q system (Millipore,
Bedford, MA).


2.2. ECL screening for DNA-binding intercalators


All electrochemical experiments for ECL-inducible inter-
calator screening were carried out with an EG&G Princeton
Applied Research 273 potentiostat (Princeton, NJ) interfaced
with a computer through a peripheral interface card (GPIB,
National Instruments, TX). A three-electrode system consisting
of a circular gold working electrode (1.6 mm diameter)
fabricated by the sputtering method, a wire-type flexible Ag/
AgCl reference electrode (Super-dri-ref; World Precision
Instruments, FL), and a platinum wire as the auxiliary electrode
were selected. Cyclic voltammetry (CV) experiments were
carried out in a polystyrene curvet of 1 mL at room temperature.
Prior to the measurement, all working electrodes were cleaned
by cycling 10 times between −1.5 and +1.5 V (versus Ag/
AgCl) with a scan rate of 50 mV s−1 in concentrated sulfuric
acid solution.


ECL intensities against various intercalators were measured
through the vertical side of the curvet with a photomultiplier
tube (PMT, model H7421–50; Hamamatsu Photonics, Japan).
The emitted light from the reaction reaches the PMT window
through a 7.2 mm aperture. To find an optimum ECL operating
voltage, ECL intensities of various intercalators were simulta-
neously measured at the light-shielded chamber during CV
experiments. The ECL intensities obtained are given in arbitrary
unit (a.u.). The outputs from the PMT and potentiostat were fed
into a data acquisition card (DAQ 6062E; National Instru-
ments), and the data acquisition and display were programmed
using a LabVIEW program (National Instruments). Unless
otherwise noted, each intercalator solution was incubated with
1 mM Ru(bpy)3


2+ solution in phosphate buffered saline (PBS)
buffer (pH 7.4) for 15 min. A mixture solution containing Ru
(bpy)3


2+ with intercalator was scanned from +0.8 to +1.3 V
(versus Ag/AgCl) with a scan rate of 50 mV s−1 in the CV
experiments.

2.3. Fabrication of the ECL DNA biosensor


In order to stabilize the self-assembled DNA molecules, we
exploited the ECL DNA biosensor with the ECL working
electrode and thru-hole array for DNA immobilization (Fig. 2A).
For the ECL reaction, in addition to the 16 electrode array, the
counter electrode was fabricated by the gold wire on a PEEK
plate (1 in.×1 in., ChonWoo Tech, Korea). The reference elec-
trode (Ag/AgCl) was fabricated by the silver wire and reacted
with 100 mM NaCl solution for 1 min chlorination. Meanwhile,
the 16 thru-hole array was fabricated on the printed circuit board







Fig. 3. (A) Cyclic voltammograms of various DNA-binding intercalators. A
mixture solution containing 1 mM Ru(bpy)3


2+ with each intercalator (1 mM) was
scanned from +0.8 to +1.3 V with a scan rate of 50 mV s−1. Steady-state
voltammograms were obtained after five cycles of scan. (B) The ECL intensities
observed were simultaneously measured during the CV experiments and given
in arbitrary unit (a.u.).
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(PCB), which consisted of thru-holes with walls inside coated
with electroless gold plating and used for DNA immobilization.
The diameter of eachworking electrode and the thru-hole was 1.0
and 1.5 mm, respectively. The thru-hole array was designed to
prevent interference from the electric field of other electrodes and
to focus luminescence from each electrode by separated holes.
The ECL DNA biosensor assembled with PCB thru-hole array at
the ECL reaction chamber is shown in Fig. 2B. The ECL DNA
biosensor was measured with a fully automated ECL detection
system (LG-Elite, Korea), which consists of the XYZ-stage
(Hanra Precision Eng., Korea), its controller and charge coupled
detector (CCD; PCO imaging, Germany). In order to control the
distance between working electrode arrays and the thru-hole
arrays, the precise position of the PMT detector (Hamamatsu
Photonics) was controlled by the XYZ-stage. To generate an
electric field for the ECL reaction, a programmable multiple
potentiostat (Analog Research System, Korea) was designed.


2.4. Pathogen detection using ECL technique


Pathogenic virus detection based on the DAPI-intercalated
Ru(bpy)3


2+ ECL was performed using the ECL DNA biosensor.
As shown in Table 1, the probes sequences (22-mer) were listed
for hepatitis viruses. Each oligonucleotide primer for specific
hepatitis diseases was synthesized by conventional phosphor-
amidite synthesis (Operon Biotechnologies). The 5′ end of all
probes was labeled with SH-C6 in order to increase the
accessibility in hybridization reactions and immobilization on
the gold surface fabricated on the inside walls of the PCB thru-
hole arrays. Unless otherwise noted, 10 μM of capture probes
were immobilized by a self-assembly technique on the
cylindrical gold surface of the thru-hole arrays in PBS buffer
(pH 7.4) for 2 h. Then, the ECL DNA biosensor was washed at
room temperature to remove non-adsorbed probe, each for
1 min in a washing buffer I (5× SSC; 750 mM sodium chloride,
75 mM sodium citrate, pH 7.0).


The 60 μl of 1 μM target DNA (RQC3) was injected into the
ECL reaction chamber and the hybridization was performed at
40 °C for 1 h. After DNA hybridization, the ECL DNA biosensor
was immersed into an intercalator solution (PBS of pH 7.4) for
30 min at room temperature under a dark condition. Then, the
intercalated ECL DNA biosensor was washed at room temper-
ature to remove non-specific probe, each for 3 min in washing
buffer I, followed by washing buffer II (1× SSC) for 1 min, and
was sufficiently dried with air. The ECL DNA biosensor was
measured at the 1 mMRu(bpy)3


2+ solution in PBS buffer (pH 7.4)
with applied potential of 1.19 V (versus Ag/AgCl).


3. Results and discussion


3.1. Intercalator screening for ECL reaction


Some intercalators inducing ECL have been screened using
electrochemical methods combined with a chemiluminescent
technique. To select a DNA-binding intercalator used for Ru
(bpy)3


2+ ECL reaction, cyclic voltammetry (CV) and ECL
detection experiments were simultaneously conducted at the

light-shield ECL reaction chamber. ECL intensities were
measured with various intercalators while a mixture solution
containing 1 mM Ru(bpy)3


2+ with an intercalator (1 mM) was
scanned from +0.8 to +1.3 V (versus Ag/AgCl) with a scan rate
of 50 mV s−1 in the CV experiments. As shown in Fig. 3A,
doxorubicin (DOX), daunorubicin (DNR), and 4′,6-diamidino-
2-phenylindole (DAPI) display different voltammograms, but
they represent a good ECL in Ru(bpy)3


2+ solution. It seems that
the intercalators used in this experiment show different
electrochemical behavior with Ru(bpy)3


3+ as the reductant.
DOX and DNR are closely related in structure with anthracy-
cline differing only in functional groups at the C9 position in
ring A (Fig. 1A). However, the molecular structure of DAPI is
entirely different from that of DOX or DNR, and includes
amino groups. DAPI is a fluorescent stain that binds strongly to
DNA. Since DAPI passes through an intact cell membrane, it is







Fig. 5. Effect of pH on Ru(bpy)3
2+ ECL. The ECL intensities of daunorubicin


were measured at 80 s after the potential of 1.19 V was applied to a working
electrode versus Ag/AgCl. Daunorubicin (1 mM) was dissolved in Tris buffer
(25 mM) or PBS buffer with 1 mM Ru(bpy)3


2+.
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used to stain live and fixed cells. These crucial differences in
molecular structure resulted in the unique trend of the resulting
currents of DAPI as shown in Fig. 3A. Accordingly, the ECL
intensities of intercalators were shown the differences in ECL
observed between DOX, DNR, and DAPI. In addition, the
repetitive ECL signals were represented according to the
oxidation peak potential during the CV experiments. We only
observed the ECL signals when the oxidation potential of Ru
(bpy)3


2+ was applied. As shown in Fig. 3B, ECL intensity
reached a plateau value after the Ru(bpy)3


2+ oxidation potential
(about 1.19 V). This trend was repeated every 20 s during the
CVexperiments with a scan rate 50 mV s−1. However, no other
intercalators including hoechst 33342, hoechst 33258, netrop-
sin, distamycin A, ethidium bromide, and acridin orange
showed the voltammetric signal as well as any ECL intensity.
The ECL data of these compounds were nearly negligible and
cyclic voltammograms showed a similar pattern to that of
ethidium bromide. This fact indicates that there are no
interactions between Ru(bpy)3


3+ and some intercalators.
To find an optimum condition for the ECL reaction using a


DNA-binding intercalator as a reductant of Ru(bpy)3
3+, we have


checked the intercalator concentration and pH by measuring the
ECL intensity of the sample solution in the ECL reaction
chamber. As shown in Fig. 4, the ECL intensity of sample
solution with an intercalator was increased very rapidly above
10−5 M intercalator to reach the maximum ECL intensity at the
10−3 M. Therefore, in order to maximize the ECL intensity in
DNA sensor applications, we fixed the 1 mM concentration of
intercalator for the subsequent DNA hybridization experiments.
Here, the ECL intensity-concentration profile for DOX is not
conformable to one of DAPI and DNR. The reason for this
difference is due to the low efficiency of the reaction between
Ru(bpy)3


3+ and DOX. The optimum pH by Tris buffer and PBS
buffer was 9.0 and 7.4, respectively. However, the ECL
intensity in Tris buffer was greater than that in the PBS buffer
(Fig. 5). These results indicate that the pH of Tris buffer have a
strong influence on the ECL reactions. This is due to the amine

Fig. 4. ECL intensity profiles for various intercalator concentrations in 1 mMRu
(bpy)3


2+ solution. The ECL intensities were measured at 80 s after the potential of
1.19 V was applied to a working electrode versus Ag/AgCl.

components of Tris buffer [12,23]. Actually, this amine
component interferes with precise pathogen detection due to
increased background signal. Thus, we used the PBS buffer of
pH 7.4 for the subsequent ECL experiments.


3.2. ECL detection after DNA hybridization


To see the feasibility of the ECL detection system in detecting
pathogens, we investigated the ECL intensity changes with some
intercalators after DNA hybridization. We observed an ECL
reaction with intercalation of 1 mM of DOX, DNR, or DAPI
after hybridization, and obtained a detection of 1 μMof hepatitis
C virus (RQC3). The use of DOX or DNR as an intercalator was
not economic due to the high cost of anthracycline DNA-binding

Fig. 6. Comparison of the ECL intensities in doxorubicin, daunorubicin, and
4′,6-diamidino-2-phenylindole (DAPI)-intercalated Ru(bpy)3


2+ ECL. After DNA
hybridization, each intercalator (1 mM) was reacted for 30 min and the ECL
intensities in the ECL DNA biosensor were measured after the potential of
1.19 V was applied to a working electrode versus Ag/AgCl. Control is the non-
intercalated ECL signal of a single-stranded DNA in 1 mM Ru(bpy)3


2+.







Fig. 7. Specificity of single point mutation in a mixed system using the DAPI-
intercalated Ru(bpy)3


2+ ECL technique. Three types of capture probe were
prepared by self-assembly technique on the gold surface of three thru-holes in
the ECL DNA biosensor, respectively, and each was hybridized with the target
DNA (RQC3). The other conditions were the same as that of Fig. 6.
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drugs and relatively low signal-to-noise (S/N) ratio of ECL
intensity. Unlike the DOX- and DNR-intercalated ECL, the ECL
intensity of the DAPI-intercalated ECL reaction shows the
maximum value after 90 s and gradually decays as time passes,
indicating the irreversible characteristics of DAPI as a reducing
agent of Ru(bpy)3


3+ (Fig. 6). However, the signal sensitivity of
DAPI was two times greater than those of DOX- and DNR-
intercalated ECL. This effect can be explained as follows. Due to
the small molecular size of DAPI and ability to bind well to the
minor groove of DNA even at lower concentrations, DAPI is
very useful as a reducing agent in a reaction with Ru(bpy) 3


3+. In
contrast to DAPI, DNR and DOX showed less efficiency in
oxidation reactions with Ru(bpy)3


3+ because of their large
anthracycline structure. An efficient ECL reaction with
intercalation of DAPI after DNA hybridization could mainly
be attributed to the numerous amine groups attached to polar
ends of DAPI. Therefore, DAPI was selected in the following
experiments as a DNA-binding intercalator for the ECL DNA
biosensor measurement because DAPI has relatively low cost
and a good S/N ratio (4.55) of ECL reaction at the point of
maximum ECL intensity.


We also investigated the sensitivity of the DAPI-intercalated
Ru(bpy)3


2+ ECL. Three types of capture probe (A1, B1, QC3)
were prepared by self-assembly technique on the gold surface of
three thru-holes in the ECL DNA biosensor, respectively. The
spot intensity of DNAwas checked after hybridization for 1 h at
40 °C, intercalation with 1 mM of DAPI for 15 min, and
washing step. After hybridization with the target DNA for
hepatitis C virus (RQC3), it was clearly shown that the nucleic
acids of the target virus (HCV) were detected by the ECL DNA
biosensor (data not shown). The significant signal levels for
hepatitis C virus oligomer (QC3) was shown after hybridization
for 1 h at 40 °C, and the S/N ratio of 2.69 versus control (A1 and
B1) at 80 s was obtained without cross hybridization. This
indicates that the DAPI-intercalated double-stranded DNA was

effectively used for Ru(bpy)3
2+ ECL reaction. From the results,


the ECL DNA biosensor could be successfully performed for
pathogen detection related to hepatitis diseases.


In addition, we tried to check the detection specificity of a
single point mutation in a mixed system that has pathogens as
well as host cells. We used hepatitis C virus as a model for viral
pathogen. To find the hepatitis C virus in multiple samples,
hepatitis C virus oligomer (QC3-C6SH) was immobilized on a
gold surface by self-assembly technique. Each of the single
point mutations of the oligomer such as GQC3-C6SH and
AQC3-C6SH was also designed and applied. Detailed
sequences were listed in Table 1. Significant signal levels for
hepatitis C virus oligomer (QC3) after hybridization for 1 h at
40 °C were obtained to give a S/N ratio of 7.41 without cross
hybridization (Fig. 7). This observation suggests that the
pathogen detection with the DAPI-intercalated ECL technique
can be applied for single nucleotide polymorphism (SNP)
analysis.


4. Conclusion


We have developed a thru-hole type DNA biosensor based on
the Ru(bpy)3


2+ ECL with a DNA-binding intercalator. This paper
specifically described the use of DNA intercalators, including
DOX, DNR, and DAPI, as reductants of Ru(bpy)3


2+ to detect
DNA hybridization. Among the various intercalators, we
observed an efficient ECL reaction with intercalation of DAPI
after DNA hybridization. Main requirements for efficient
intercalator to reduce ruthenium (III) complex are high specificity
of the intercalation for dsDNA and the presence of amino groups
in structure. These requirements for DNA-binding intercalators
could help ECL reactions with ruthenium (III) complex be more
efficient. We also determined the single nucleotide polymor-
phism (SNP) for pathogen detection by the DAPI-intercalated
ECL system. The application of this detection scheme for DNA
biosensor could be useful in developing a compact DNA
diagnostic system without a laser detection system and expensive
fluorescence dye. In summary, the PCB thru-hole DNA
biosensor has potential as an efficient pathogen detection method
well-suited for disposable application.
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Abstract


A nano-composite of DNA/poly(p-aminobenzensulfonic acid) bi-layer modified glassy carbon electrode as a biosensor was fabricated by
electro-deposition method. The DNA layer was electrochemically deposited on the top of electropolymerized layer of poly(p-aminobenzensulfonic
acid) (Pp-ABSA). Scanning electron microscopy, X-ray photoelectron spectroscopy and electrochemical impedance spectrum were used for
characterization. It demonstrated that the deposited Pp-ABSA formed a 2-D fractal patterned nano-structure on the electrode surface, and which
was further covered by a uniform thin DNA layer. Cyclic voltammetry and electrochemical impedance spectrum were used to characterize the
deposition, and demonstrated the conductivity of the Pp-ABSA layer. The biosensor was applied to the detection of dopamine (DA) and uric acid
(UA) in the presence of ascorbic acid (AA). In comparison with DNA and Pp-ABSA single layer modified electrodes, the composite bi-layer
modification provided superior electrocatalytic actively towards the oxidation of DA, UA and AA, and separated the originally overlapped
differential pulse voltammetric signals of UA, DA and AA oxidation at the bare electrode into three well-defined peaks at pH 7 solution. The peak
separation between AA and DA, AA and UAwas 176 mVand 312 mV, respectively. In the presence of 1.0 mM AA, the anodic peak current was a
linear function of the concentration of DA in the range 0.19–13 μM. The detection limit was 88 nM DA (s /n=3). The anodic peak current of UA
was also a linear function of concentration in the range 0.4–23 μM with a detection limit of 0.19 μM in the presence of 0.5 mM AA. The superior
sensing ability was attributed to the composite nano-structure. An interaction mechanism was proposed.
© 2006 Elsevier B.V. All rights reserved.

Keywords: DNA; Poly(p-aminobenzensulfonic acid); Dopamine; Uric acid; Nanostructure

1. Introduction


Deoxyribonucleic acid (DNA) as an important biological
macromolecule has been paid much attention in the recent
years. It is not only due to the intriguing genetic information of
the molecule but also the possible utilities of its efficient electro-
conductivity of the long chain [1–7], which has been considered
as the function of the rich p-electron of base-stacking along its
double helical backbone. On the other hand, interaction of DNA
with many kinds of bioactive species has been found, which
provided a base for molecular recognition not only for DNA
hybridization but also for sensing of bioactive species [8,9]. The
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interaction of catecholamines with DNA has also been observed
and provided a novel way for fabrication of neurotransmitter
biosensors [10]. Electrochemical sensors based on DNA
recognition have been reported for dopamine (DA), norepi-
nephrine, uric acid (UA) determination in the presence of
ascorbic acid (AA) [11,12]. Electrochemical deposition of DNA
on electrode surfaces has been considered for obtaining a
conductive thin layer of nano-structures and enhancing the
electrode surface area for construction of efficient biosensors
[13–15].


To prevent denature of DNA grafted on electrode surfaces,
nano-composite of DNA could be considered. A DNA/nano-Au
composite has been found for fabrication of biosensors [12]. It
is believed that conducting polymers may offer an efficient way
for DNA grafting [9]. The conducting polymers may be able to
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Fig. 1. Multicycle CV for Pp-ABSA deposition at GCE. Solution: 2.0 mM p-
ABSA+0.1 M pH 7.0 PBS+0.5 M KCl; Scan rate: 100 mV/s.
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modulate long-range charge transport through strong interac-
tions with attached DNA molecules [16]. The immobilization of
DNA on conducting polymers has been accomplished mainly
by two approaches involving incorporation of nucleotides into
the polymer matrix during the growth of the conducting
polymer [17–21] and fabrication by immobilizing DNA
molecules on the top of the polymer layer [22–24]. The later
structure can be formed by either direct absorption or covalent
attachment (directly or through a bridging medium) of DNA on
the polymer layer. However, to our best of knowledge, this
stratagem of layer-by-layer modification of DNA and conduct-
ing polymers has never been reported for fabrication of
electrochemical sensors of DA and UA.


DA and UA are commonly existed in body fluids and
extreme abnormalities of their concentration levels may lead to
several diseases such as Parkinson's, Alzheimer and gout
[25,26]. Therefore, the detection of their concentration is
important not only for clinical diagnostics but also for
pathological research. A major obstacle in monitoring DA and
UA using electrochemical technique is the influence from the
co-existence of large amount of AA, since AA can also be
oxidized with large overpotentials in the result of current
overlapping at bare electrodes. Recently, various chemical
modification of electrode surface has been used to overcome
this problem by either reducing the overpotential of AA
oxidation or preventing the approach of AA anions to the
electrode surface [27–40].


In the recent years, we have investigated the electro-deposition
of Pp-ABSA and catalytic activities of the Pp-ABSA modified
electrode. This report describes the use of electro-deposited Pp-
ABSA as a matrix for DNA immobilization in order to fabricate
biosensors for the determination of DA andUA simultaneously in

Scheme

the presence of large amount of AA. A novel biosensor was
obtained, and this sensor not only exhibited strong catalytic
activity toward the oxidation of DA, UA and AA but also
separated their voltammetric responses into three well-defined
peaks with large potential separations in neutral solutions. The
sensor was sensitive with detection limit of 88 nM DA and
0.19 μM UA in the presence of large amount of AA.


2. Experiment


2.1. Chemicals and materials


Calf thymus DNA (ct-DNA, 23000 bp, OD260/OD280>1.8)
was obtained from Sino-American Biotechnology Co. Dopa-
mine (DA) was purchased from Sigma. P-aminobenzenesulfo-
nic acid (P-ABSA), uric acid (UA) and ascorbic acid (AA) were
from Chemical Reagent Company of Shanghai. These com-
pounds were used as received without further purification. All
other chemicals were of analytical grade. High purity N2 and
doubly distilled water were used.


The 0.1 M phosphate buffer solution (PBS) containing 0.5 M
KCl was used as the supporting electrolyte solution. To mimic
biological environments, pH 7.0 was selected unless stated
otherwise. The 0.1 M pH 7.0 PBS+0.5 M KCl solution is
denoted as the solution A.


2.2. Apparatus


Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were recorded on a CHI 832 electrochemical analyzer
(Cheng-Hua, Shanghai, China). Electrochemical impedance
spectroscopy (EIS) was conducted on a CHI 660A workstation
(Cheng-Hua, Shanghai, China). All electrochemical experi-
ments were carried out using a three-electrode system consisted
of a working electrode, a platinum wire auxiliary electrode and a
saturated calomel reference electrode (SCE). A glassy carbon
disk electrode (GCE, 4 mm in diameter) was used as the basal
electrode for surface modification and construction of the
biosensor. Electrochemical solutions were thoroughly deoxy-
genated by N2 bubbling before use and maintained N2


atmosphere through out the experiment. All experiments were
carried out at room temperature.


Scanning electron microscopy (SEM) images were obtained
at a JSM-6700F (JEOL) Field Emission Scanning Electron
microanalyser.


X-ray photoelectron spectroscopy (XPS) measurement was
performed on an ESCALABMK2 spectrometer (VG, UK) with
Mg K-Alpha X-ray radiation source.

1..







Fig. 2. SEM images of the Pp-ABSA/GCE (a, b), DNA/Pp-ABSA/GCE (c).
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2.3. Preparation of electrodes


Prior to use, the GCE was successively polished with 1.0,
0.3, 0.05 μm alumina slurry, ultrasonic cleaning in ethanol,
water for 5 min each time.


The GCE was dipped into the p-ABSA solution for
electrochemical polymerization and deposition of Pp-ABSA.
The obtained electrode is denoted as Pp-ABSA/GCE in this
report. CV potential cycling was found to have advantages for
the modification, and the CV parameters including the scan rate
(v), the potential range for the cycling, the cycle numbers, the
composition of the deposition solution were optimized as
100 mV/s, in between −0.6 and +1.8 V (vs. SCE), 10 cycles,
2.0 mM p-ABSA/solution A, respectively.


The prepared Pp-ABSA/GCE was cleaned with water,
dipped in a ct-DNA solution for DNA electro-deposition. The
deposition was carried out under constant potential of +1.5 V
for a certain time in 0.1 mg/ml ct-DNA/solution A [12]. It was
found that 30 min deposition is proper for obtaining a high
quality sensing electrode, denoted as DNA/Pp-ABS/GCE. For
comparison, the same deposition was made on a bare GCE to
prepare a DNA modified GCE without the Pp-ABSA interlayer,
denoted as DNA/GCE.


All these electrodes were stored in water after use.


3. Results and discussion


3.1. Characterization of modified electrodes


3.1.1. Electropolymerization and deposition of p-ABSA
The progress of CV deposition of Pp-ABSA on a GCE is


shown in Fig. 1. The multicycle CV curve in 2.0 mM p-ABSA
solution showed 3 major voltammetric peaks at about 0.94 V
(peak 1), −0.05 V (peak 2) and 0.21 V (peak 3). Peak 1 is
attributed to the one-electron oxidation of amino group at p-
ABSA. Peak 2 and 3 can be attributed to the redox reaction of
the deposited Pp-ABSA.


The deposition mechanism can be expressed in Scheme 1.
The p-ABSA was first oxidized to its free radicals at 0.94 V,
which combined together rapidly, forming the head-to-head
dimmer, Pp-ABSA. And the Pp-ABSA have a redox step at a
middle potential (Em) of about 0.12 V.


Similar mechanism was also proposed [41]. The p-ABSA
could not fully polymerize to form a head to tail long chain
because of the existence of the sulfonic group at the opposite
position, which plays steric hindrance effect and strong
electron-withdrawing effect for the polymerization [42–44].


3.1.2. Morphology of the modified surfaces
Fig. 2 shows the SEM images of the Pp-ABSA/GCE and


DNA/Pp-ABSA/GCE. It can be seen that the Pp-ABSA
deposited on the GCE surface was assembled to form a pattern
of grass like branches (Fig. 2a). This fractal pattern was
consisted of particles of 50–300 nm in diameter separately
distributed on the electrode surface, which can be seen from the
enlarged image shown in Fig. 2b. The fractal pattern should be
assembled by the surface diffusion of nano-clusters on the

substrate [45], and the patterned distribution of the Pp-ABSA
nano-clusters provided large active surface is advantageous to
electrochemical sensing. After the DNA deposition, this fractal
structure was completely covered by the DNA deposited layer,
as shown in Fig. 2c.







Fig. 3. XPS spectra of S2p (a), N1s (b) and P2p region (c) for Pp-ABSA/GCE
(1), DNA/Pp-ABSA/GCE (2), and the Pp-ABSA/GCE after being ultrasoni-
cated (1–1).


Fig. 4. EIS spectra of the DNA/Pp-ABSA/GCE (1), the Pp-ABSA/GCE (2), the
DNA/GCE (3) and a bare GCE (4) in 10 mM Fe(CN)6


3−+ 10 mM Fe(CN)6
4−.


Inset: the equivalent circuit.
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The fractal deposition of Pp-ABSA on the GCE surface
created a two-dimensional nano-structure for the further
fabrication of DNA layer. It can be noted that the fractal
patterns covered only about 20% of the electrode surface, and
further deposited DNA molecules, which may form nano-
netting structures on the surface [13–15], should stick on both
the Pp-ABSA clusters and the remaining bare GCE surface, in
result of a composite of three dimensional structures. Since the
Pp-ABSA dimmer has large conjugation, the aggregated Pp-
ABSA cluster can be expected to have electric conductivity, the
fractal distribution of the Pp-ABSA nano-clusters provided a
nano-electrode array. Thus, the second layer deposition, the
DNA deposition, was conducted on the nano-electrode array of
the polymer. In comparison with normally deposited nano-

particles, the fractal deposition can provide much more “dilute”
deposition. As seen from Fig. 2b, the nano-particles in the
fractal pattern were well separated each other with average
distance much larger than the average size, the advantages of
nano-electrode array could thus be performed. The fractal
deposition of nano-particles is obviously a useful stratagem for
fabrication of high efficiency electrochemical sensors.


3.1.3. XPS spectra
XPS was used to examine the elemental distribution on the


electrode surfaces. The result is shown in Fig. 3. As shown in
Fig. 3a curve 1, the S2p peak appeared at 168 eV is consistent
with the existence of − SO3


− groups in the deposited Pp-ABSA
at the Pp-ABSA/GCE. Since some amine containing com-
pounds could firmly link on the surface of carbon electrodes by
the formation of C–N bound during electrochemical oxidation
[46,47], XPS spectrum was taken after this electrode being
ultrasonicated in ethanol and H2O successively for 10 min each
time. The result is shown in Fig. 3a curve 1–1, no S2p peak
remained there. The disappearance of 167 eV peak after
ultrasonication indicated that the p-ABSA did not attach to the
GCE surface by covalent linkages, but dimerized and attached
to the electrode surface by adsorption.


The XPS of Pp-ABSA/GCE showed also a characteristic
N1s band at 400.45 eV (Fig. 3b), which is consistent with the
formation of − N=N-bond in the dimer.


The spectrum of the DNA/p-ABSA/GCE was different from
that of the p-ABSA/GCE, as shown in Fig. 3c. The existence of
P2p band at 133.7 eV demonstrated the deposition of DNA on
the electrode.


3.1.4. Electrochemical characterization of modified electrodes
The prepared DNA/Pp-ABSA/GCE, Pp-ABSA/GCE,


DNA/GCE were characterized by CV of Ru(NH3)6
3+ cations


and Fe(CN)6
3− anions in comparison with a bare GCE. The


Ru(NH3)6
3+ gave a redox peaks at about −0.18 V vs. SCE at


these electrodes. However, the cathodic peak current of Ru
(NH3)6


3+ at three modified electrode was higher than at bare
GCE, indicating a negatively charged modified layer that
could attract the positively charged species.







Table 1
EIS data of GCE, Pp-ABSA/GCE, DNA/GCE and DNA/Pp-ABSA/GCE in
10 mM Fe(CN)6


3−/4−


Electrode Rsol/Ω Φ B/(S cm−2 s−n) s/(Ω cm2 s−1/2) Rct/Ω


GCE 8.22 0.776 3.00e− 5 188 180
Pp-ABSA/GCE 16.2 0.620 5.00e− 4 143 132
DNA/GCE 16.4 0.757 2.00e− 4 136 225
DNA/Pp-ABSA/


GCE
18.2 0.737 2.00e− 4 136 169


Fig. 6. Plot of anodic (1) and cathodic (2) peak current of 50 mM DA (a) and
50 mM UA (b) versus the scan rate at DNA/Pp-ABSA/GCE.
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The redox reaction of Fe(CN)6
3− appeared at a middle


potential (Em) of 0.270 V at GCE, however, which is shifted to
0.290 V at the three modified electrodes, indicating an
interaction between the Fe(CN)6


3−/4− and the DNA and Pp-
ABSA layers. In addition, both the cathodic and anodic peak
currents increased to about two times at three modified
electrode, indicating the effective surface area of these electrode
was enlarged by two-fold due to the conductive Pp-ABAS and
DNA modified layers.


The modified electrodes were further evaluated by EIS in
10 mM Fe(CN)6


3−/4− solution in comparison with a bare GCE.
The EIS spectra were obtained shown in Fig. 4, which were
fitted by digital simulation based on the equivalent circuit
(inset). Considering the complexity of the modified structure, a
constant phase angle element (CPE) was used for construction
of the equivalent circuit. The total impedence of the equivalent
circuit, Ztotal, can be expressed as Ztotal =Rsol+1 / (1 /ZCPE+1 /
(Rct +Zw)), where ZCPE=[B(jω)


Φ]−1, j=(−1)1/2, ω is the angular

Fig. 5. CVs of 50 mM DA (a) and 50 mM UA (b) at bare GCE (1), Pp-ABSA/
GCE (2), DNA/GCE (3) and DNA/Pp-ABSA/GCE (4) in pH 7.0 PBS. Scan rate:
50 mV/s.

frequency, B and Φ (0<Φ=1) are frequency dependent
constants [19], and Zw= s(1− j) /ω1/2, where s is a constant
related to Warburg impedance. Thus, Rsol, Φ, B, s and Rct five
parameters can be obtained from the fitting, which are
summarized in Table 1.


It can be seen from Table 1 that the Rsol of all electrodes are
less than 20Ω, thus minimal potential error would be generated
for currents in μA scale. The Rct, the electron transfer resistance,
is characteristic for evaluation of the electron transfer rate
constant. The Rct value was reduced to about 2/3 by the surface
modification of Pp-ABSA layer on GCE. The Rct value was
reduced to about 3/4 at the DNA/Pp-ABSA/GCE in comparison
with that at the DNA/GCE. Thus demonstrated the conductivity
of the surface modified Pp-ABSA nano-particles.


3.2. Electrochemical behavior of DA, UA and AA


3.2.1. CVs of DA and UA
The preliminary study showed that the DNA/Pp-ABSA/GCE


had a significant electrocatalytic activity toward the oxidation
reactions of DA and UA. The CV curves of these compounds at
different electrodes are presented in Fig. 5.


As shown in Fig. 5a, DA presented a drawn out CV peaks
with a small anodic peak at about 0.40 V and a small re-
reduction peak at about 0.05 V at GCE (curve 1). However, a
couple of well behaved CV peaks at 0.210 and 0.195 V
appeared at the Pp-ABSA/GCE. About 4-fold anodic peak
current was obtained in comparison with that at GCE (curve 2).
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The 190 mV negative potential shift indicates the catalytic
activity of the electrode, and the current increase can be
attributed mainly to a surface accumulation ability of the two-
dimensional dimer clusters modified layer. The DNA/GCE also
catalyzed the oxidation of DA, giving the oxidation peak at
0.210 V, however, with only 3-fold peak current (curve 3). This
is not surprising since DA can be accumulated on DNA before
electrochemical oxidation [12]. However, the DNA/Pp-ABSA/
GCE gave the oxidation peak at also 0.21 V but with about 20-
fold peak current (curve 4). This peak current is about 3 times
larger than the addition of the peak current at the DNA/GCE and
the peak current at the Pp-ABSA/GCE, indicating the existence
of some kinds of interactions between the Pp-ABSA layer and
the DNA layer for the DA oxidation. The extra current

Fig. 7. The effect of pH on Epa (1), ipa (2) and ΔEpa (Epa vs. the AA anodic peak p
20 mVs−1, Amplitude: 50 mV, Pulse width: 50 ms, Pulse period: 200 ms.

enhancement is possibly due to an enhancement of the
efficiency of electron transfer for the DNA confined DA
molecules, since the electronic conductive Pp-ABSA clusters
may provided better electric connections between the DNA
chains and the GCE surface. Certainly, the re-reduction peak at
0.20 V appeared at the Pp-ABSA/GCE, which is only 10 mV
apart from the anodic peak, showing typical phenomena for a
surface conformed redox reaction.


Fig. 5b shows the CV for UA oxidation. As seen from curve
1, UA gives a broad oxidation peak at about 0.5 V at GCE.
However, a sharp peak appeared at 0.35, 0.36 and 0.36 Vat Pp-
ABSA/GCE, DNA/GCE and DNA/Pp-ABSA/GCE, respec-
tively (curve 2–4), showing all the three electrodes had strong
electrocatalytic activity toward the UA oxidation. And, 3-fold

otential) (3) for DA (a) and UA (b) at DNA/Pp-ABSA/GCE. DPV: Scan rate:







Fig. 8. DPV curves in 0.1 M PBS containing 50≥M DA, 50≥M UA and
1.0 mM AA at the DNA/Pp-ABSA/GCE (1), the DNA/GCE (2), the Pp-ABSA/
GCE (3), and a bare GCE (4). DPV: Scan rate: 20 mV/s; Amplitude: 50 mV;
Pulse width: 50 ms; Pulse period: 200 ms.


Table 2
The DVP data at three modified electrodes for the oxidation of AA, DA and UA
in a mixture of 50 μM DA+50 μM UA+1.0 mM AA


Electrode Epa/mV vs. SCE ΔEpa/mV ipa/μA


AA DA UA DA UA AA DA UA


Pp-ABSA/GCE 36.0 180 300 144 264 6.65 17.0 5.32
DNA/GCE 16.0 168 296 152 280 10.2 26.2 30.7
DNA/Pp-ABSA/GCE −4.00 172 308 176 312 8.42 57.7 41.4


Fig. 9. Plot of DPV peak current at the DNA/Pp-ABSA/GCE as a function of
DA (a) and UA (b) concentration in 0.1 M pH 7.0 PBS+1.0 mM AA. Insets:
The linear plots of peak current vs. concentration (DA concentration range:
0.19–13 μM, R=0.9991; UA: 0.38–23 μM, R=0.9976).
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peak current at the Pp-ABSA/GCE, and about 10-fold increase
at both the DNA/GCE and the DNA/Pp-ABSA/GCE were
observed in comparison with that at GCE. The current
sensitivity was almost the same for the later two electrodes,
the existence of the Pp-ABSA clusters seemed to not play a
significant role in the UA oxidation, indicating a different
interaction mode for UA and DNA.


3.2.2. The effect of scan rate
The effect of scan rate on the peak current of DA and UA at


the DNA/Pp-ABSA/GCE were investigated. The results are
shown in Fig. 6. As shown in Fig. 6a, the peak current (ipa, ipc)
of DAwas linearly proportional to the scan rate up to 200 mV/s,
ipa=1.05+0.104v (μA, mV/s, R=0.9994), which is expected
for the redox reaction of surface adsorbed species. The ipa / ipc
ratio remained almost equal to unity if the switching potential is
not far from the peak. However, as shown in Fig. 6b, the ipa of
UA at DNA/Pp-ABSA/GCE was proportional to the square root
of scan rate over the range of 20–200 mV/s, ipa=−7.373+
2.823ν1/2 (μA, mV/s, R=0.9955), suggesting a diffusion
controlled process.


3.2.3. The effect of pH
For DA and UA determination, the pH effect on DPV signals


at the DNA/Pp-ABSA/GCE was examined, as shown in Fig. 7.
The peak potential of DA oxidation shifted negatively at a slope
of −51 mV per pH unit in the range of 3–8 (Fig. 7a1), indicating
equal number of electrons and protons involved in the oxidation
process. The peak current was plotted versus pH in Fig. 7a2, a
maximum at about pH 6 was found. Since AA also showed a
DPV peak, the peak separation of DA and AA (denoted as
ΔEpa) was used as the criteria to evaluate the selectivity of the
catalytic system. The result showed that the ΔEpa decreased
with the increase of pH value from 3 to 8 (Fig. 7a3).


The DPV peak potential of UA oxidation shifted also
negatively at a slope of −56 mV per pH unit in the range of 2–9
(Fig. 7b1), which is in agreement with the 2e/2H+ reaction. The
peak current of UAwas almost constant in the pH range of 2–7
and decreased sharply from pH 7 to 8 (Fig. 7b2), which was

little higher than the pK value of free UA species. The ΔEpa of
UAversus pH plot is shown in Fig. 7b3. It also shows a decrease
with the increase of pH in the whole range from 2 to 9.


In the view of determination of both DA and UA in the
presence of AA, it is obvious that the pH value lower than
neutral is favorable for having higher sensitivity and higher
selectivity. However, in order to mimic the physiological
environment, pH 7.0 was still chosen for study.


3.2.4. DPV signal of the mixture of DA, UA and AA
DPV technique can provide a better peak resolution and


current sensitivity, which is very suitable for simultaneous
determination of species in mixture. Fig. 8 shows the DPV
curves in 50 mM UA+50 mM DA+1.0 mM AA mixture
solution at the DNA/Pp-ABSA/GCE in comparison with that at
the Pp-ABSA/GCE, the DNA/GCE, and a bare GCE.
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It can be seen clearly that that the oxidation peaks of AA, DA
and UA at the DNA/Pp-ABSA/GCE appeared at −0.004, 0.308
and 0.172 V, respectively, which are well separated each other
with relatively flat baselines (curve 1). These peaks appeared at
0.036, 0.180 and 0.300 V at the Pp-ABSA/GCE (curve 2), and
0.016, 0.168 and 0.296 V at the DNA/GCE (curve 3)
respectively. Comparatively, only one broad, small anodic
peak at about 0.336 V appeared at a bare GCE (curve 4). The
ΔEpa value can be estimated as 176 mV for DA and 312 mV for
UA. The results have been summarized in Table 2. It can be
seen from the table, all the three modified electrodes gave three
separated DPV peaks for these three species, however, Pp-
ABSA/GCE obviously is the best one for high potential
resolution, high sensitivity and suitable for the use of
simultaneous determination.


From the above comparison of the voltammetric behaviours
of these modified electrodes, we may believe that the electro-
catalytic activity of the DNA/Pp-ABSA/GCE come from the
cooperative effect of the two modified layers, the DNA and Pp-
ABSA. The interaction between these layers can be ascribed.
Comparing with other polyamines, the Pp-ABSA dimer
molecules have more freedom in the surface assembling and
stronger inter-molecular interaction, for which the well orga-
nized 2-D fractal can be formed. Thus, strong inter-layer
interactions can be built for the layer being covered by the DNA.


On the other hand, DNA has also a strong ability to interact
with various molecules [10,48–50]. We may suppose that the
Pp-ABSA and DNA formed a supermolecule through the strong
interaction between them, and in which the inner core of double
helical DNA may be composed of a stacked array of
heterocyclic base pairs and aromatic rings. The stacking of
conjugated aromatic rings from the dimer molecules with the
base pairs in DNA molecules might provide a perfect pathway
for charge transport (CT) from the conducting DNA chains to
more remote distance, to the GCE and facilitate the electron
transfer processes.


3.3. Determination of DA and UA in the presence of AA


The DNA/Pp-ABSA/GCE was used for simultaneous
determination of DA and UA in the presence of large amount
of AA by using DPV technique. The result is shown in Fig. 9.


The dependence of the peak current on the concentration of
DA in the presence of 1.0 mM AA is presented in Fig. 9a. A
linear relationship was obtained over the concentration range
from 0.19 to 13 μMwith a detection limit of 88 nM (s /n=3) (the
inset). The linear regression equation was: i (μA)=3.165+1.845
CDA (μM) with a correlation coefficient (R) of 0.9991. Thus, it
may be concluded that more than 103 fold AA did not interfere
the detection of DA. The excellent selectivity would be partly
attributed to the high electron density and fruitful negative
charge of the modified layers, which could strongly attract DA
cations while repelling AA anions in the neutral environment.


Fig. 9b shows the peak current of UAversus the concentration
in the presence of 0.5 mM AA. The result showed that peak
current was linearly proportional to the UA concentration in the
range of 0.38–23 μM a detection limit of 0.19 μM (the inset).

The linear regression equation was: i (μA)=0.418+0.7778 CUA


(μM) (R=0.998). Thus, it may be concluded that more than 500
fold AA did not interfere the detection of UA.


It is also noted that both the peak current response of DA and
UAwas not linear in wider ranges of concentration, as shown in
Fig. 9a and b. This is easy to understand because theDAoxidation
was an absorption-controlled process, and the adsorption
accumulation could be saturated. The oxidation of UA was a
diffusion-controlled process, the non-linear relation may indicate
that the UA should also interact with the DNA layer and be
accumulated on the electrode surface before the oxidation. This is
in agreement with the data shown in Fig. 8 and Table 2, where the
UA current was much higher at DNAmodified electrodes than at
Pp-ABSA/GCE, although both the accumulation process was fast
and no significant time effect was observed.


3.4. Interferences


The major interference was from AA, which is discussed in
the above. Other influences from common co-existing sub-
stances were also investigated. It was found that no interference
for the detection of UA or DA was observed for these com-
pounds (tolerance ratio): Citric acid (1000), glucose (400),
tyrosine (400) and tryptophan (400).


4. Conclusion


The DNA/Pp-ABSA/GCE was fabricated by electrochemical
deposition of DNA on the Pp-ABSA fractal modified GCE
electrode for simultaneous determination of DA and UA in the
presence of large amount of AA. This electrochemical sensor
exhibited both strong electro-catalytic activity toward DA, UA
and AA oxidation and significant surface accumulation of DA
and UA but repulsion of AA in neutral solutions. It was
demonstrated that this sensor can separate AA, DA and UA
oxidation into threewell-definedDPVpeaks at−0.004, 0.308 and
0.172 V (vs. SCE), respectively. Thus, the determination of DA
andUA can be conducted in the presence of large amounts of AA.
The sensor was highly sensitive with detection limit of 88 nMDA
and 0.19 μM UA, which is superior to single DNA/GCE or Pp-
ABSA/GCE. The advantage of this modified electrode was
attributed to a co-operation of the 2-D fractal Pp-ABSAmodified
layer and the DNA cover layer. The mechanism was proposed as
the p-electron stacking of the base pairs with the conjugated
aromatic rings of the conductive dimer.
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Abstract


A novel electrochemical DNA biosensor based on methylene blue (MB) and chitosan-modified carbon paste electrode (CCPE) for short DNA
sequences and polymerase chain reaction (PCR) amplified real samples related to the hepatitis B virus (HBV) hybridization detection is presented.
Differential pulse voltammetry (DPV) was used to investigate the surface coverage and hybridization event. The decrease in the peak current of
MB, an electroactive label, was observed upon hybridization of probe with the target. Numerous factors affecting the target hybridization and
indicator binding reaction are optimized to maximize the sensitivity.
© 2006 Elsevier B.V. All rights reserved.

Keywords: DNA biosensor; Hybridization; Chitosan; MB; HBV

1. Introduction


DNA hybridization biosensor holds an enormous potential for
pharmaceutical, clinical and forensic application [1]. The
enormous information generated in the Human Genome Project
has generated tremendous demands for innovative analytical tools
capable of delivering the genetic information in a faster, simpler,
and cheaper manner at the sample source. In this context, DNA
electrochemical biosensors with the nucleic acids directly
immobilized on an electrode surface for hybridization offer
innovative routes [2]. Electrochemical biosensors offer great
profits for their high sensitivity, small dimensions, low-cost/low-
volume, and compatibility with microfabrication technology
[3,4]. Many protocols have been proposed for electrochemical
monitoring of DNA hybridization. Oligonucleotides labeled with
enzymes such as alkaline phosphatase [5] or electroactive tags
such as ferrocene or anthraquinone [6,7] or nanoparticle [8] have
been used in hybridization detection analysis.
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Persistent infection with hepatitis B virus (HBV) is a major
health problem worldwide and may lead to chronic hepatitis,
cirrhosis and primary liver cancer [9]. There has been consid-
erable interest in developing reliable methods for detecting and
quantifying the HBV.


Chitosan oligomer [10] is a kind of β-1,4-linked glucos-
amine oligomer; It is a natural cationic polymer and can form a
stable complex with the polyanionic phosphodiester backbones
of DNA, either native or denatured. DNA electrochemical
biosensor based on cationic polymer chitosan to immobilized
ssDNA, which have been developed [11,12]. The immobiliza-
tion of target ssDNA on glassy carbon electrode (GCE) was
fabricating according to the literature by formation of a stable
electrostatic complex with the cationic polymer chitosan [10].
Similar approach with target DNA immobilization at the elec-
trode was recently used by Li et al. [11]. The main advantages of
using chitosan were that chitosan could form a tight complex
with DNA, which made the immobilization very stable.
Compared with the DNA immobilization methods using self-
assembly monolayer (SAM) and biotin, the use of chitosan for
DNA immobilization did not need the mercapto-DNA biotin-
DNA, which could greatly reduce the detection cost.


This report describes the detection of specific DNA sequences
related to the HBV by using an electrochemical DNA biosensor
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and MB as a hybridization indicator. In recent year, detection of
specificDNA sequences related to theHBVis performed by using
different electrochemical method [12,13], but the detection of
HBV on chitosan-modified carbon paste electrode (CCPE) is
reported for the first time. The scheme, in our paper, is a simple
DNA immobilization strategy that provides a well-defined
recognition interface. Oligonucleotide probe could easily and
fast be attached the chitosan film at the electrode. The results
showed that the probe ssDNA immobilized on the chitosan film
modified electrode could be successfully used for discriminating
between a complementary target sequence and a noncomple-
mentary strand.


2. Experimental


2.1. Apparatus


Differential pulse voltammetry (DPV) was performed with a
LK98II Microcomputer-based Electrochemical System(LAN-
LIKE, Tianjin, China).The three-electrode system consisted of a
chitosan-modified carbon paste electrode as the working
electrode, the Ag/AgCl (saturated KCl) reference electrode and
a platinum wire as the auxiliary electrode. A magnetic stirrer
provided the convective transport.


2.2. Chemicals


All stock solutions were prepared with double distilled-water.
MBwas obtained from Beijing Chemical Reagent Company and
used without further purification. Chitosan was obtained from
China chemical Reagent Company.20 mmol l−1 Tris–HCl
buffer (pH 7.00), 0.3 mol l−1 PBS (0.3 mol l−1 NaCl+10 mmol
L−1 salium phosphate buffer, pH 7.00) and TE (10 mmol l−1


Tris–HCl, 1 mmol l−1 EDTA, pH 8.00) were used. Other
reagents were commercially available and were all of analytical
reagent grade. The synthetic oligonucleotide were purchased
from Sheng-gong Bioengineering (Shanghai, China), and their
base sequences are as follows:


Probe 5′-GAG GAG TTG GGG GAG CAC ATT-3′
Complementary target 5′-AAT GTG CTC CCC CAA CTC


CTC-3′
One-mismatch target 5′-AAT GTG GTC CCC CAA CTC

CTC-3′


Noncomplementary target 5′-AAC GTG TGA ATG ACC


CAG TAC-3′


The oligonucleotide stock solution (100 mg l−1) was prepared
with TE (10 mmol l−1 Tris–HCl, 1 mmol L−1 EDTA, pH 8.00)
and kept frozen. All experiment were conducted at room
temperature (25 °C).


2.3. Procedure


2.3.1. PCR amplification of DNA from blood samples
DNA was extracted from venous blood by applying a salt-


ing out method [14]. PxE Thermal cycler (Thermo Electron

corporation Molecular Biology) using oligonucleotide primers
5′-GAG GAG TTG GGG GAG CAC ATT-3′and 5′-GGG TCA
ATG TCC ATG CCC TAA-3′ in 0.2 thin-walled polypropylene
tubes. The amplification mixture, in a final of 100 μL, con-
taining 10.0 μL 10×PCR buffer, 6.0 μL 25 mM MgCl2, 6 μL
4×5 mM dNTPs, 3.0 μL of each primer, and 10.0 μL of 1×107


copies of HBV DNA as template. Before the amplification
cycles, the amplification mixture was predenatured at 100 °C
for 5 min and then was supplemented with 25 units Taq
polymerase, The thermal program comprised an initial de-
naturation at 94 °C for 90 s followed an initial denaturation at
94 °C for 25 s and at 60 °C for 60 s. After the cycle step, an
extension step was performed at 70 °C for 10 min. Finally the
mixture was kept at 4 °C before use. Maximum ramp rates were
used throughout. The fragments were separated by agarose gel
electrophoresis to obtain 100 μL PCR product. The amplifica-
tion product without further purification product without further
purification gave an A260/A280 ratio of 1.82, thus the DNAwas
pure enough.


2.3.2. Preparation of chitosan-modified CPE (CCPE)
The carbon paste was prepared in the usual way by hand-


mixing graphite powder to nujol oil. The ratio of graphite
powder to nujol oil was 75:25. Then, a portion of the carbon
paste was mixed with chitosan, so that the final quantity was 5%
(w/w). The mixture was tightly packed into a glass tube (3 mm
id.). A copper wire inserted into the carbon paste provided the
electrical contact. The surface was polished on a weighing paper
to a smoothed finish. Then, the CCPE was immersed into 2%
acetate and take it out at once, and then it was naturally dried.


2.3.3. Probe ssDNA immobilization on CCPE
The immobilization of probe ssDNA onCCPEwas fabricating


according to the literature by formation of a stable electrostatic
complex with the cationic polymer chitosan [11].The pretreat-
ment CCPEwas rinsedwith double-distilledwater then immersed
in 500 μl TE solution containing 1.5×10−7 mol L−1 probes
ssDNA. The solution was stirred at room temperature (25 °C) for
30 min. After that, the electrode was rinsed three times with PBS
(0.3 mol l−1 NaCL+10 mmol L−1 salium phosphate buffer,
pH 7.00) before hybridization.


2.3.4. Hybridization and indicator binding to the hybrid
Hybridization reaction was conducted by immersing the


DNA probe captured CCPE into a stirred hybridization solution
(0.3 mol l−1 PBS, pH 7.00) containing the target DNA at room
temperature (25 °C) for 15 min, the electrode was washed 10 s
with 20 mmol L−1 Tris–HCl buffer (pH 7.00) and remove the
non-hybridized DNA. Thus, a hybrid-modified CCPE was
obtained. After that, the electrode was immersed into the stirred
20 mmol l−1 MB with 20 mmol l−1 NaCl for 5 min without
applying any potential. After accumulation of MB, the electrode
was rinsed with 20 mmol l−1 Tris–HCl buffer (pH 7.00) 5 s.


2.3.5. Electrochemical detection
The electrochemical investigation was carried out in a 10 ml


electrochemical cell with the hybridized CCPE as the working







Fig. 1. Steps involved in the fabrication of the probe DNA-modified electrode and the detection of a target sequence.
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electrode, the Ag/AgCl reference electrode and a platinum wire
as the auxiliary electrode by DPV with amplitude of 10 mV at
20 mV/s scan rate. The reduction signal of the accumulated MB
was obtained in the MB free 20 mmol l−1 Tris–HCl buffer (pH
7.00).


3. Results and discussion


Principle of the electrochemical DNA detection assay based
on MB indicator consisted of four steps: immobilization of
probe DNA on the CCPE, hybridization with target, MB
accumulation, and electrochemical DPV detection of ssDNA or
dsDNA by using the reduction signals of MB. The whole
process is described in Fig. 1.


The effect of experimental parameters including probe
concentration, immobilization time of probe and hybridization
time were also explored for optimum analytical performance.

Fig. 2. Probe concentration effect onto the reduction signal of MB. Probe
immobilization was allowed to proceed for 5.0×10−9 mol l−1, 1.5×10−8 mol l−1,
5.0×10−8 mol l−1, 1.5×10−7 mol l−1, 3.0×10−7 mol l−1, 4.5×10−7 mol l−1 at a
stirred TE buffer solution; the CCPE as working electrode, the Ag/AgCl
reference electrode and a platinum wire as the auxiliary electrode. Measurement:
Chronopotentiometric Probe immobilization signals of MB, the stripping were
performed in a quiescent 20 mmol l−1 Tris–HCl buffer (pH 7.00) using an
applied oxidative current of 10 nA.

Optimization studies were carried out to obtain reproducible
signals with high sensitivity. Probe concentration greatly
affected the binding of the short DNA sequences related to
the hepatitis B virus onto the electrode surface. It was observed
that the reduction signals of MB increased almost linearly until
1.5×10−7 mol L−1 probe ssDNA and then reached a plateau,
indicating that full surface coverage by the short DNA of HBV
(Fig. 2) by Chronopotentiometric. Thus, 1.5×10−7 mol L−1


probe ssDNA was used for further experiments. The change
trend of probe immobilization time also was similar to probe
concentration (Fig. 3) by DPV. Thus, 30 min was used for
further experiments to immobilize the probe.


The time of hybridization for DNA probe with complemen-
tary target DNA is displayed in Fig. 4. The response for the
reduction of MB after hybridization with the increasing of time
decreased up to 15 min indicating all the available immobilized
probe on the CCPE surface have become involved in
hybridization. After 15 min, the reduction signal of MB started

Fig. 3. Probe immobilization time effect onto the reduction signal of MB. Probe
immobilization was allowed to proceed for 5, 10, 15, 20, 25, 30, 35,40 min in a
stirred TE buffer solution containing 1.0×10−7 mol l−1 of DNA probe.
Measurement: Differential pulse voltammogram with amplitude of 10 mV at
20 mV/s scan rate.







Fig. 4. Hybridization time effect onto the reduction signal of MB. Probe
immobilization (1.5×10−7 mol l−1 in a stirred TE buffer solution 30 min),
hybridization times tested: 5,10,15,20,25 min. Other condition as Fig. 3.


Fig. 6. DPV using 20 μMMB as the redox indicator for the resulting logarithmic
standard plot of different target concentration from 0 to 1.5×10−9 mol/L. Other
conditions as Fig. 3.
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to increase, as the hybridization time increased. This increase
was attributed to the CCPE surface following events: single
stranded target DNA from the sample non-specifically accu-
mulated on the electrode surface and could not be removed with
the washing step. The guanine bases from the excess single-
stranded target oligonucleotide made the signals of MB
increase. This situation proves that the hybridization time is
directly affecting the MB signal. For the subsequent experi-
ments, 15 min was used as the optimum hybridization time.

Fig. 5. Bar chart of DPV responses using the reduction signal of MB for:
(a) Probe-modified CCPE; (b) After exposure to a non-complementary target;
(c) After exposure to a target sequence containing a single-base pair mismatch;
(d) After exposure to a complementary target. Other conditions as Fig. 3.

Fig. 5 shows the DPV for the reduction signals of MB at
ssDNA probe immobilized electrode (Fig. 5a) and after hybrid-
izationwith complementaryDNA sequence (Fig. 5d), and the one-
single mismatch DNA sequence (Fig. 5c), and the non-
complementary sequence (Fig. 5b). The highest MB reduction
signal was obtained with the ssDNA probe on the CCPE surface
(Fig. 5a), because MB has a strong affinity for the free guanine
bases and hence the greatest amount ofMBaccumulation occurs at
this surface. A significant decrease in the voltammetric reduction
signal of MB was observed when incubating with the comple-
mentary target sequence (Fig. 5d), which was because the inter-
action of MB and guanine residues of the probe was prevented by
duplex formation on CCPE surface. The hybrid formed with the
single-base mismatch (Fig. 5c) containing oligonucleotide result
unbound two guanine bases. These accessible guanine bases
slightly increased the voltammetric signal obtained with the
hybrid-modified CCPE surface. This difference indicates that the
complete hybridization was not accomplished. The peak current
value hardly decreased when it exposed the ssDNA CCPE to the
non-complementary oligonucleotide in the control experiment
(Fig. 5b), which indicated that no change occurred at the CCPE
surface and hence hybridization was not achieved. The results

Fig. 7. DPV responses using the reduction signal of MB for: HBV probe
modified CCPE; HBV probe modified CCPE after hybridization with PCR
amplified negative real sample; bare CCPE surface; HBV probe modified CCPE
after hybridization with PCR amplified positive real sample. Other conditions as
Fig. 3.
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demonstrate that only a complementary sequence could form a
double-stranded DNAwith the DNA probe and give a significant
decreasing signal. No changes in the signal were observed for non-
complementary sequence, which shows the high selectivity of the
hybridization detection.


The sensitivity of the electrochemical hybridization assay
was investigated by varying the target oligonucleotide concen-
tration according to the procedure described. The average
reduction currents of MB were linear with the logarithmic value
of the complementary. Oligonucleotides concentration ranged
from 1.5×10−9 mol l−1 to 1.5×10−7 mol l−1 (show in Fig. 6).
The regression equation was y=191.22 logx−24.76 (x was the
concentration of target DNA, pmol l−1; y was the DPV peak
current of MB, nA), and regression coefficient (r) of the linear
curve was 0.9962.A detection limit of 3.0×10−10 mol l−1 of
oligonucleotides can be estimated.


During the optimization studies, it was observed that
constituents of the PCR (primer and polymerase) did not
show any voltammetric signals in the range used in the absence
of MB. Even in the presence of MB, the constituents of PCR did
not increase the nonspecific adsorption effect of MB at the
CCPE surface.


Fig. 7 represents the MB signals obtained, when the probe
for HBV was immobilization and hybridized with real samples
in the hybridization step. The MB signals from the HBV probe
modified CCPE was higher than the CCPE surface. The obvious
decrease in the magnitude of the MB signals obtained with PCR
positive real samples. The decrease in the voltammetric signals
showed that hybridization at the CCPE surface occurred and
MB could not interact with the bound guanine base of the
hybrid. The decrease in the reduction signal of MB was
attributed to the steric inhibition of the reducible groups of MB
because of the formation of hybrid at the CCPE surface. If the
blood sample, from which virus DNA was extracted, were a
negative real sample, the amplified PCR product would not
contain a target sequence complementary to the specific HBV
probe. The interaction between these negative real samples and
the immobilization probe, did not lead to the hybridization and
so the magnitude of the MB signal was nearly as high as the
probe signal (Fig. 7).


In this study, electrochemical DNA biosensor, which offers
fast and reliable results for HBV analysis, is described. The
biosensor is able to detect the complementary sequence by
using MB as the hybridization indicator. It was able to
distinguish between full-matched (target), mismatched and
noncomplementary at the CCPE surface. DNA sequence with a
detection limit 3.0×10−10 mol l−1 of short target sequence was

obtained. This method provides a highly sensitivity detection of
DNA of 1×104 copies (1.7×10−20 mol) of original genomic
HBV DNA by combining a PCR procedure. This method is one
of the most sensitivity at present. Huang-Xian Ju et al. [15] have
gained the similar results by CV and XPS techniques.
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Abstract


The direct electrochemistry of glucose oxidase (GOD) immobilized on a hexagonal mesoporous silica modified glassy carbon electrode was
investigated. The adsorbed GOD displayed a pair of redox peaks with a formal potential of −417 mV in 0.1 M pH 6.1 phosphate buffer solution
(PBS). The response showed a diffusion-controlled electrode process with a two-electron transfer coupled with a two-proton transfer reaction
process. GOD immobilized on a hexagonal mesoporous silica retained its bioactivity and stability. In addition, the immobilized GOD could
electrocatalyze the oxidation of glucose to gluconlactone by taking ferrocene monocarboxylic acid (FMCA) as a mediator in N2 saturated
solutions, indicating that the electrode may have the potential application in biosensors to analyze glucose. The sensor could exclude the
interference of commonly coexisted uric acid, p-acetaminophenol and ascorbic acid and diagnose diabetes very fast and sensitively. This work
demonstrated that the mesoporous silica provided a novel matrix for protein immobilization and the construction of biosensors.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Biosensors; Glucose oxidase; Hexagonal mesoporous silica; Chemically modified electrode; Direct electrochemistry; Glucose

1. Introduction


GOD has been extensively used to monitor the blood glucose
levels in diabetics for its catalytic ability to glucose. It is a
structurally rigid glycoprotein with a molecular weight of
152,000–186,000 Da, and consists of two identical polypeptide
chains, each containing a flavin adenine dinucleotide (FAD)
redox center, which are deeply embedded in the apoenzyme. It
catalyzes the electron transfer from glucose to gluconlactone.
The distance between its two FAD/FADH2 centers and the
electrode surface is so long that direct electron transfer from the
enzyme to the electrode is difficult to be realized. Many
attempts have been done in order to improve the communication
between active site of enzyme and electrode. The direct electron
transfer of immobilized GOD has been achieved on platinum or
sputtered platinum [1,2], gold [3], glassy carbon [4], carbon
paste [5,6], graphite surface [7], carbon nanotubes [8], carbon
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nanotubes/chisol [9] and CdS nanoparticles [10] by ampero-
metric and cyclic voltammetric techniques. Since GOD activity
is quite sensitive to the environment and easy to destroy
following the electron transfer, although a variety of materials
can promote the electron transfer between GOD and electrode
and can be used as the matrixes to immobilize GOD, a kind of
biological compatibility material needs to be provided.


Recently, a series of inorganic porous materials such as clay
[11], montmorillonite [12–14], porous alumina [15] and sol–gel
matrix [16] have been proven to be promising as the
immobilization matrices because of their high mechanical,
thermal, and chemical stability as well as good adsorption and
penetrability. The unique structural and catalytic properties of
mesoporous molecular sieves for structuring an electrochemi-
cal/electron transfer environment and resistance to biodegrada-
tion have also attracted considerable attention [17]. As a protein
immobilizing matrix, mesoporous molecular sieves can incor-
porate proteins through physical or chemical action and it has a
good adsorption due to its large specific surface area. A
mesoporous molecular sieves with the appropriate dimensions
and functionalization adjacent to the enzyme redox center could
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act as a current nanocollector and as an electron relay to a
macroelectrode. The incorporation of mesoporous molecular
sieves into redox enzymes could provide an active biomaterial
[18]. Herein, we choose a hexagonal mesoporous silica (MCM-
41), which processes a porous size of nanoscale dimension to
make it more suitable for enzyme immobilizing. This work
demonstrates the application of MCM-41 to GOD immobiliza-
tion, direct electron transfer and biosensing. The immobilized
GOD shows a direct electrochemistry and exhibits a good
electrocatalytic behavior to glucose. The prepared sensors can
be used for the determinations of glucose.


2. Experimental


2.1. Reagents


Glucose oxidase (GOD, EC 1.1.3.4, 35.3 units/mg. Type II
from Aspergillus niger) and β-D-(+)-glucose were purchased
from Sigma and used as received. Nafion (10% in methanol
with equivalent weight of about 1100) was obtained from
Aldrich and was diluted to 5% with H2O before use. Ferrocene
monocarboxylic acid (FMCA, 97%, Aldrich) was used as
received. All other chemicals were of analytical grade and were
used without further purification. All solutions were made up
with twice-distilled water.


2.2. Immobilization of GOD


MCM-41 was prepared following a recipe similar to that
reported by Beck [19]. The specific surface area and pore
volume obtained by the N2 adsorption data and calculated by
the BET method of Barrett et al. [20] and the diameter of the
MCM-41 derived from the adsorption branch using the BJH
method, were listed in Table 1.


30 mg of MCM-41 was dispersed into 10 mL 0.1 mM GOD
(in pH 6.1 PBS) solution. The mixture was stirred for 3 h to
obtain a suspension. 100 μL of the obtained suspension was
then mixed with 5 μL of 10% Nafion solution to produce GOD/
MCM-41/Nafion colloid that was used for the following work.


2.3. Electrode modification


The glassy carbon electrodes (GCE, 3 mm in diameter) were
polished to a mirror-like finish with 1.0, 0.3 and 0.05 μm
alumina slurry (Beuhler) followed by rinsing thoroughly with
doubly distilled water. The electrodes were successively
sonicated in 1:1 nitric acid, acetone and doubly distilled
water, and then allowed to dry at room temperature. The real

Table 1
Pore Characterization of MCM-41


ABET (m2/g) Vtotal (cm
3/g) a0 (nm) D(nm) L (nm)


622 0.78 5.48 3.36 2.12


ABET, total specific surface area; Vtotal, total mesopore volume; a0, lattice
parameter; D, mesopore diameter; L, wall thickness.

area of the pretreated GCE was 0.092 cm2 determined by the
slope of the plot of the anodic peak current of 1.0 mM K3[Fe
(CN)6] in 0.1 M KCl vs. the square root of scan rate. 3 μL GOD/
MCM-41/Nafion colloidal solution was dropped on the
pretreated GCE surface and allowed to dry under ambient
condition for 3 h. After the modified electrode was rinsed with
doubly distilled water twice or thrice, GOD/MCM-41/Nafion/
GCE was obtained. When not in use the electrode was stored in
0.1 M pH 6.1 PBS at 4 °C.


2.4. Apparatus and measurements


The scanning electron microscopic (SEM) images of MCM-
41 and GOD/MCM-41 were obtained with a JEOL JSM-
5610LV scanning electron microscope (Japan). Cyclic voltam-
metric and amperometric measurements were performed on
CHI660 electrochemical workstation (CH Instruments, USA).
All electrochemical experiments were carried out in a cell
containing 5.0 mL 0.1 M PBS at room temperature (25±2 °C)
and using a platinum wire as auxiliary, a saturated calomel
electrode as reference and the GOD/MCM-41/Nafion/GCE as
working electrodes. All solutions were deoxygenated by
bubbling highly pure nitrogen for at least 20 min and maintained
under nitrogen atmosphere during measurements. The amper-
ometric experiments were carried out by applying potential of
350 mV for β-D-(+)-glucose on a stirred cell at 25± 2 °C. The
sensor responses were measured as the difference between total
and residual currents.


3. Results and discussion


3.1. Morphologies of MCM-41 and GOD/MCM-41 films


The morphologies of GOD, MCM-41 and GOD/MCM-41
films were characterized by scanning electron microscopy
(SEM). From the SEM of GOD, we can see GOD is easy to
aggregate and after drying, the membrane is easy to rupture.
The SEM ofMCM-41 film displays a chemically clean uniform
porous structure. The aggregates of the MCM-41 matrix on
electrode surface are well distributed (Fig. 1b). This uniform
porous structure results in a high enzyme loading. When GOD
is immobilized in the MCM-41 matrix, the SEM displays a
uniform and regular dense distribution for the GOD domains
with a good reproducibility (Fig. 1c). Energy dispersive
spectroscopy (EDS) shows that there is no N element in the
MCM-41 film while N element appears on GOD/MCM-41 film
which indicates GOD is indeed immobilized in MCM-41. The
porous structure of the MCM-41 film makes the immobilized
enzyme easy to be accessed by its substrate and brings out a
good performance of the modified electrode.


3.2. Direct electron transfer of GOD/MCM-41/Nafion/GCE


FAD, a part of the GOD molecule, is known to undergo
redox reaction where two protons and two electrons are released
or taken up [5,7]. According to the conclusion of Ianniello et al.
[7], the electrochemistry response of GOD immobilized on the







Fig. 2. Cyclic voltammograms of MCM-41/Nafion/GCE (a), GOD/Nafion/GCE
(b), and GOD/MCM-41/Nafion/GCE (c) in 0.1 M pH 6.1 PBS at 100 mV/s.


Fig. 1. Scanning electron micrographs of glassy carbon electrodes coated with
GOD (a), MCM-41 film (b) and GOD/MCM-41 film (c).
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heterogeneous surface is due to the redox of FAD. Fig. 2 shows
the cyclic voltammograms of different electrodes in 0.1 M pH
6.1 PBS at 100 mV/s. No redox peak is observed at MCM-41/
Nafion/GCE, which indicates MCM-41 is electroinactive in the
potential window. GOD/Nafion/GCE also shows no peaks
because in GOD, FAD is deeply seated in a cavity and therefore
it is not easily accessible for conduction of electrons to the
electrode surface. The GOD/MCM-41/Nafion/GCE exhibits a
couple of stable redox peaks that are attributed to the redox of
immobilized GODwhich indicates MCM-41 plays an important
role in facilitating the electron exchange between the electro-
active center of GOD and GCE.

Our previous reports [21–23] used HMS, another kind of
mesoporous molecular sieves to undergo the direct electron
transfer of horseradish peroxidase (HRP), hemoglobin (Hb) and
myoglobin (Mb) and demonstrated that the presence of HMS
improved the direct electron transfer greatly between the
electrode and the immobilized enzyme which indicated
mesoporous molecular sieves could promote the electron
transfer rate.


The mechanism of how the silica facilitated the electron
transfer between the enzyme and the electrode, to our best
knowledge, up to date fewer reports have discussed. The main
reason might be the electrostatic interaction such as hydrogen
bonding and hydrophilic attraction between GOD and MCM-41
[24,25]. The interaction between GOD and MCM-41 is much
stronger than that between GOD and GCE due to the presence
of SiOH groups on the external surface of MCM-41 [26]. The
exact mechanism deserves further study.


The anodic and cathodic peak potentials of the immobilized
GOD were at −397 and −436 mV, respectively. The formal
potential was −417 mV near the standard electrode potential of
−460 mV (vs. SCE) for FAD/FADH2 at pH 7.0 (25.8 °C) [27],
suggesting that most GOD molecules preserved their native
structure after the adsorption process [28]. It is known that
enzyme can be fixed in the pores of mesoporous materials by
simply immersing the mesoporous materials in the enzyme
solution [29,30]. However, the pore diameter of MCM-41 is
3.36 nm is smaller than the size of GOD (about 4–6 nm). Thus
GOD can not intercalate into the mesopores of MCM-41.
Therefore, the GOD should be immobilized on the external
surface of MCM-41 by physical adsorption. Another evidence
came from the formal potential. The formal potential of the
adsorbed GOD (−417 mV) was more positive than −460 mVof
native GOD in solution [27]. This was due to the presence of
many acidic SiOH groups on the external surface of MCM-41
[26], which were positive-charged and made the oxidation of
GOD more difficult thermodynamically.


The effect of scan rate on electrochemistry of the immobilized
GODwas shown in Fig. 3.With an increasing scan rate, the anodic







Fig. 3. Cyclic voltammogramsofGOD/MCM-41/Nafion/GCE in pH6.1PBSat 50,
100, 200 and 300 mV/s (from inner to outer). Inset: plots of peak currents vs. v1/2.


Fig. 5. Cyclic voltammograms of the GOD/MCM-41/Nafion/GCE in 0.1 M PBS
(pH 6.1) with (a) and without (b) incubation in 3 M guanidine hydrochloride
overnight. The scan rate is 100 mV/s.
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peak potential of GOD shifted to a more positive value and the
cathodic peak potential shifted in a negative direction. The redox
peak currents were proportional to the square root of scan rate, v1/2


(inset in Fig. 3), indicating a diffusion-controlled behavior [31].
The heterogeneous electron transfer rate constant was obtained
from the Nicholson's equation [32], the peak-to-peak separation
and the diffusion coefficient of 4.94×10−7 cm2 s−1 [33]. The
average heterogeneous electron transfer rate constant was calcu-
lated to be (4.75±0.10)×10−3 cm s−1. The small peak-to-peak
separation of 39 mV was observed at 100 mV/s, indicating a fast
electron transfer rate which resulted from the strong interaction
between GOD molecules and MCM-41. Thus, MCM-41 could
provide a microenvironment for GOD to undergo facile electron
transfer reactions.


Cyclic voltammogram of GOD/MCM-41/Nafion/GCE shows a
strong dependence on solution pH (Fig. 4). Obviously, the maxi-
mum current response occurs at pH 6.1. An increase in solution pH
causes a negative shift in both cathodic and anodic peak potentials.
Plot of the formal potential vs. pH (from 5 to 8.0) produces a line

Fig. 4. Cyclic voltammograms of GOD/MCM-41/Nafion/GCE in 0.1 M pH 5.1
(a), 6.1 (b) and 7.2 (c) PBSs at 100 mV/s. Inset A: plot of peak potential vs. pH.

with the slope of −56.75 mV/pH (inset in Fig. 4), which is close to
the expected value of −58.0 mV/pH, indicating two protons and
two electrons are involved in the electron transfer process.


Treatment of the GOD with guanidine hydrochloride
solution can easily strip the FAD active center from the GOD
molecule and remove the adsorbed GOD from the electrode
surface [34]; it is relatively ineffective in removing adsorbed
free FAD from the electrode surface [34]. After incubation of
GOD/MCM-41/Nafion/GCE in 3 M guanidine hydrochloride
solution overnight, the redox peak disappears (Fig. 5) suggest-
ing that the redox peaks in curve b of Fig. 5 should be ascribed
to the redox reaction of the FAD bound to the GOD [34] and not
to free FAD.


3.3. Bioelectrocatalytic oxidation of glucose


Although the direct electron transfer of GOD has been
achieved, some mediators have still been used in order to

Fig. 6. Cyclic voltammograms of GOD/MCM-41/Nafion/GCE in 0.1 M PBS
(pH 6.1) containing 0.2 mM FMCA in the absence (a) and presence (b) of
3.0 mM glucose.
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enhance the electron transfer rate between GOD and electrode
[8,9]. Fig. 6 shows cyclic voltammograms of the GOD/MCM-
41/Nafion/GCE in N2-saturated, pH 6.1 PBS containing
0.2 mM FMCA as the mediator. The pair of peaks ascribe the
redox behaviors of FMCA. When 3.0 mM glucose is added into
the solution, the anodic peak current increases significantly
which demonstrates that GOD/MCM-41/Nafion/GCE can elec-
trocatalyze the oxidation of glucose using FMCA as mediator in
N2 saturated solutions. These results can be explained from the
following equations:


glucose þ GODðoxÞ→gluconolactone þ GODðredÞ ð1Þ


GODðredÞ þ 2FMCAþ→GODðoxÞ þ 2FMCA þ 2Hþ ð2Þ


2FMCA→2FMCAþ þ 2e− ð3Þ
The FMCA mediated biosensor is sensitive to the presence


of dissolved oxygen. So, N2 saturated PBS is used as the
electrolyte of the biosensor.


Fig. 7 shows a typical current–time plot for the sensor at
350mVon successive addition of 5 μL 0.32M glucose in 5.0mL
pH 6.1 PBS. When an aliquot of glucose is added into the buffer
solution, the oxidation current rises steeply to reach a stable
value. The sensor achieves 90% of steady-state-current in less
than 10 s. Such a short response time indicates a fast electron
exchange between GOD and its substrate proving further that the
MCM-41 matrix is promising for the construction of biosensors
due to its porous structure.


The calibration curve of the sensor shows a linear range from
0.32 to 15.12 mM for glucose response with a correlation
coefficient of 0.9995. It is well known that the diabetic glucose
concentration is above 7.0 mM, which indicates that this sensor
can diagnose diabetes very fast and sensitively. This linear
range is much wider than the range of 0.04 to 0.28 mM for GOD
immobilized on colloidal gold modified carbon paste electrode
[6], 0.5 to 11.1 mM for GOD at a CdS nanoparticles modified
electrode [35] and 0 to 7.8 mM for GOD at a carbon nanotubes/
chitosan matrix [36]. The detection limit is 0.18 mM at 3σ.

Fig. 7. Amperometric response of GOD/MCM-41/Nafion/GCE at 350 mV upon
successive additions of 5 μL 0.32 M glucose to 5.0 mL 0.1 M pH 6.1 PBS
containing 0.2 mM FMCA. Inset: calibration curve of glucose sensor.

Although it is higher than those for many other biosensors
[36,37], it does not affect the diagnoses of diabetes.


At high glucose concentrations a platform response is
observed, showing a characteristic pattern of the Michaelis–
Menten kinetic mechanism. The apparent Michaelis–Menten
constant (KM


app), a reflection of the enzymatic affinity, is
calculated to be 5.2±0.4 mM according to the Lineweaver–
Burk equation [38]. This value is much lower than 6.34 mM for
GOD entrapped in titania sol–gel [39], 22 mM for GOD
entrapped in copolymer modified silica sol–gel [40], 10.3 mM
at the Pt/PB/GOD-Pan [41] and 25.3 mM at the GOD-
polypyrrole [42] indicative of the higher affinity of GOD
immobilized on MCM-41 to glucose.


The influences of foreign species were investigated by
analyzing a standard solution of 1 mM glucose, to which
interfering species were added. 0.3 mM uric acid, 0.1 mM p-
acetaminophenol did not cause any observable interference to
the sensor response to glucose, and only ascorbic acid at the
concentration of 0.1 mM produced the relative response of
about 6.0%, indicating these species coexisting in the sample
matrix did not affect the determination of glucose. The
mesoporous molecular sieves film was of a porous structure.
Ascorbic acid could diffuse through the film to the electrode
surface and be oxidized there.


3.4. Stability and reproducibility of the glucose sensor


The direct electrochemistry of the GOD/MCM-41/Nafion/
GCE could retain the constant current values upon the continuous
cyclic sweep over the potential range from −800 mV to 0 mVat
100 mV/s. After more than 300 successive measurements the
immobilized GOD/MCM-41/Nafion/GCE only lost 9.7% of its
initial activity. Thus, MCM-41 particles were very efficient for
retaining the electrocatalytic activity of GOD and preventing it
from leaking out of the sensor.


The fabrication reproducibility of ten electrodes, made inde-
pendently, showed an acceptable reproducibility with a relative
standard deviation of 4.3% for the current determined at a glucose
concentration of 1.0 mM. With one sensor, the mean steady-state
current was 1.7 μAwith a relative standard deviation of 3.2% for
six determinations at a glucose concentration of 1.0 mM.


In addition to good reproducibility, MCM-41 membrane
imparted a good long-term stability to the glucose biosensor.
The storage stability of glucose biosensor stored in 0.1 M pH
6.1 PBS was examined by checking periodically its relative
response currents in PBS containing 1.0 mM glucose. After a
storage period of 3 months in 0.1 M pH 6.1 PBS the biosensor
showed an 11% loss of activity.


The recoveries for the assay of 1.0–3.0 mM glucose were
between 95.3 and 104.2% for eight detections.


4. Conclusions


GOD can be effectively immobilized on MCM-41 mesopor-
ous molecular sieve particles to produce a fast direct electron
transfer. At GOD/MCM-41/Nafion/GCE the cyclic voltammo-
gram exhibits a pair of redox peaks corresponding to a diffusion-
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controlled electrode process with two-proton, two-electron trans-
fer. MCM-41 mesoporous molecular sieves retain the activity of
the immobilized GOD and facilitates the electron exchange
between GOD and electrode. The immobilized GOD displays a
high affinity and sensitivity to glucose. The sensor shows a good
reproducibility and stability. MCM-41 mesoporous molecular
sieves provides an efficient matrix for developing biosensors and
investigating direct electron transfer of proteins.


Acknowledgements


Wegratefully acknowledge the financial support of theNational
Natural Science Foundation of China (No. 20505010, 20473038,
20471030), and by the Natural Science Foundation of the
Education Committee of Jiangsu Province (No. 04KJB150066).


References


[1] S.Y. Lu, C.E. Li, D.D. Zhang, Y. Zhang, Z.H. Mo, Q. Cai, A.R. Zhu,
Electron transfer on an electrode of glucose oxidase immobilized in
polyaniline, J. Electroanal. Chem. 364 (1994) 31–36.


[2] R.J.H.J. Os van, A. Bult, C.G.J. Koopal, W.P. Bennekom van, Glucose
detection at bare and sputtered platinum electrodes coated with polypyrrole
and glucose oxidase, Anal. Chim. Acta 335 (1996) 209–216.


[3] P. De Taxis Du Poet, S. Miyamoto, T. Murakami, J. Kimura, I. Karube,
Direct electron transfer with glucose oxidase immobilized in an
electropolymerized poly(N-methylpyrrole) film on a gold microelectrode,
Anal. Chim. Acta 235 (1990) 255–263.


[4] K. Narasimhan, L.B. Wingard Jr., Enhanced direct electron transport with
glucose oxidase immobilized on (aminophenyl)boronic acid modified
glassy carbon electrode, Anal. Chem. (1986) 2984–2987.


[5] D. Savitri, C.K. Mitra, Electrochemistry of reconstituted glucose oxidase
on carbon paste electrodes, Bioelectrochem. Bioenerg. 47 (1998) 67–73.


[6] S. Liu, H. Ju, Reagentless glucose biosensor based on direct electron
transfer of glucose oxidase immobilized on colloidal gold modified carbon
paste electrode, Biosens. Bioelectron. 19 (2003) 177–183.


[7] R.M. Ianniello, T.J. Lindsay, A.M. Yacynych, Differential pulse voltam-
metric study of direct electron in glucose oxidase chemically modified
graphite electrodes, Anal. Chem. 54 (1982) 1098–1101.


[8] C. Cai, J. Chen, Direct electron transfer of glucose oxidase promoted by
carbon nanotubes, Anal. Biochem. 332 (2004) 75–83.


[9] Y. Liu, M. Wang, F. Zhao, Z. Xu, S. Dong, The direct electron transfer of
glucose oxidase and glucose biosensor based on carbon nanotubes/
chitosan matrix, Biosens. Bioelectron. 21 (2005) 984–988.


[10] Y. Huang, W. Zhang, H. Xiao, G. Li, An electrochemical investigation of
glucose oxidase at a CdS nanoparticles modified electrode, Biosens.
Bioelectron. 21 (2005) 817–821.


[11] C. Lei, F. Lisdat, U. Wollenberger, F.W. Scheller, Cytochrome c/clay-
modified electrode, Electroanalysis 11 (1999) 274–276.


[12] C. Lei, J. Deng, Hydrogen peroxide sensor based on coimmobilized
methylene green and horseradish peroxidase in the same montmorillonite-
modified bovine serum albumin–glutaraldehyde matrix on glassy carbon
electrode surface, Anal. Chem. 68 (1996) 3344–3349.


[13] C. Fan, Y. Zhuang, G. Li, J. Zhu, D. Zhu, Direct electrochemistry and
enhanced activity for hemoglobin in a sodium montmorillonite film,
Electroanalysis 12 (2000) 1156–1157.


[14] Y. Sallez, P. Bianco, E. Lojou, Electrochemical behavior of c-type
cytochromes at clay-modified carbon electrodes: a model for the interaction
between proteins and soils, J. Electroanal. Chem. 493 (2000) 37–49.


[15] O. Ikeda, M. Ohtani, T. Yamaguchi, A. Komura, Direct electrochemistry of
cytochrome c at glassy carbon electrode covered with a microporous
alumina membrane, Electrochim. Acta 43 (1998) 833–839.


[16] J. Yu, H. Ju, Preparation of porous titania sol–gel matrix for
immobilization of horseradish peroxidase by a vapor deposition method,
Anal. Chem. 74 (2002) 3579–3583.

[17] P. Rolison, Zeolite-modified electrodes and electrode-modified zeolites,
Chem. Rev. 90 (1990) 867–878.


[18] Y. Xiao, F. Patolsky, E. Katz, J.F. Hainfeld, I. Willner, Plugging into
enzymes: nanowiring of redox enzymes by a gold nanoparticle, Science
299 (2003) 1877–1881.


[19] J.S. Beck, J.C. Vartuli, W.J. Roth, M.E. Leonowicz, C.T. Kresge, K.D.
Schmitt, C.T.W. Chu, D.H. Olson, E.W. Sheppard, S.B. McCullen, J.B.
Higgins, J.L. Schlenker, A new family of mesoporous molecular sieves
prepared with liquid crystal templates, J. Am. Chem. Soc. 114 (1992)
10834–10843.


[20] E.P. Barrett, L.G. Joyner, P.H. Halenda, The determination of pore volume
and area distributions in porous substance, computations from nitrogen
isotherms, J. Am. Chem. Soc. 73 (1951) 373–380.


[21] Z.H. Dai, S.Q. Liu, H.X. Ju, H.Y. Chen, Direct electron transfer and
enzymatic activity of hemoglobin in a hexagonal mesoporous silica matrix,
Biosens. Bioelectron. 19 (2004) 861–867.


[22] Z.H. Dai, X.X. Xu, H.X. Ju, Direct electrochemistry and electrocatalysis of
myoglobin immobilized on a hexagonal mesoporous silica matrix, Anal.
Biochem. 332 (2004) 23–31.


[23] Z.H. Dai, H.X. Ju, H.Y. Chen, Mesoporous materials promoting direct
electrochemistry and electrocatalysis of horseradish peroxidase, Electro-
analysis 17 (2005) 1571–1577.


[24] W.B. Stockton, M.F. Rubner, Molecular-level processing of conjugated
polymers. 4. Layer-by-layer manipulation of polyaniline via hydrogen-
bonding interactions, Macromolecules 30 (1997) 2717–2725.


[25] P.L. He, N.F. Hu, J.F. Rusling, Driving forces for layer-by-layer self-
assembly of films of SiO2 nanoparticles and heme proteins, Langmuir 20
(2004) 722–729.


[26] P.T. Tanev, T.J. Pinnavaia, Recent advances in synthesis and catalytic
applications of mesoporous molecular sieves, Access Nanoporous Mater.
(1995) 13–27.


[27] I. Tinoco, K. Kauer, J.C. Wang, Physical Chemistry/Principles and
Applications in Biological Sciences, Prentice-Hall, Englewood Cliffs, NJ,
1978, p. 606.


[28] S. Liu, H.X. Ju, Renewable reagentless hydrogen peroxide sensor based on
direct electron transfer of horseradish peroxidase immobilized on colloidal
gold modified electrode, Anal. Biochem. 307 (2002) 110–116.


[29] J.F. Diaz, K.J. Balkus Jr., Enzyme immobilization in MCM-41 molecular
sieve, Mol. Catal. B: Enzymatic 2 (1996) 115–126.


[30] H. Takahashi, B. Li, T. Sasaki, C. Miyazaki, T. Kajino, S. Inagaki,
Immobilized enzymes in ordered mesoporous silica materials and
improvement of their stability and catalytic activity in an organic solvent,
Micro. Meso. Mater. 45 (2001) 755–762.


[31] A.P. Brown, F.C. Anson, Electron transfer kinetics with both reactant and
product attached to the electrode surface, J. Electroanal. Chem. 92 (1978)
133–145.


[32] R.S. Nicholson, Theory and application of cyclic voltammetry for measure-
ment of electrode reaction kinetics, Anal. Chem. 38 (1965) 1351–1355.


[33] B.E.P. Swoboda, V. Massey, Purification and properties of the glucose
oxidase from Aspergillus niger, JBC 240 (5) (1965) 2209–2215.


[34] L. Jiang, C.J. McNeil, J.M. Cooper, Direct electron transfer reactions of
glucose oxidase immobilized at a self-assembled monolayer, J. Chem.
Soc., Chem. Commun. (1995) 1293–1295.


[35] Y.X. Huang, W.J. Zhang, H. Xiao, G.X. Li, An electrochemical
investigation of glucose oxidase at a CdS nanoparticles modified electrode,
Biosens. Bioelectron. 21 (2005) 817–821.


[36] Y. Liu, M.K. Wang, F. Zhao, Z.A. Xu, S.J. Dong, The direct electron
transfer of glucose oxidase and glucose biosensor based on carbon
nanotubes/chitosan matrix, Biosens. Bioelectron. 21 (2005) 984–988.


[37] J. Wu, Y.H. Zou, N. Gao, J.H. Jiang, G.L. Shen, R.Q. Yu, Electrochemical
performances of C/Fe nanocomposite and its use for mediator-free glucose
biosensor preparation, Talanta 68 (2005) 12–18.


[38] R.A. Kamin, G.S. Wilson, Rotating ring–disk enzyme electrode for
biocatalysis kinetic studies and characterization of the immobilized
enzyme layer, Anal. Chem. 52 (1980) 1198–1205.


[39] J.H. Yu, S.Q. Liu, H.X. Ju, Glucose sensor for flow injection analysis of
serum glucose based on immobilization of glucose oxidase in titania sol–
gel membrane, Biosens. Bioelectron. 19 (2003) 401–409.







256 Z.H. Dai et al. / Bioelectrochemistry 70 (2007) 250–256

[40] B. Wang, B. Li, Q. Deng, S. Dong, Amperometric glucose biosensor based
on organic–inorganic hybrid material, Anal. Chem. 70 (1998) 3170–3174.


[41] R. Garjonyte, A. Malinauskas, Amperometric glucose biosensors based on
Prussian Blue and polyaniline glucose oxidase modified electrodes,
Biosens. Bioelectron. 15 (2000) 445–451.

[42] J.C. Vidal, E. Garcia, J.R. Castillo, Electropolymerization of pyrrole and
immobilization of glucose oxidase in a flow system: influence of the
operating conditions on analytical performance, Biosens. Bioelectron. 13
(1998) 371–382.





		Direct electrochemistry of glucose oxidase immobilized on a hexagonal mesoporous silica-MCM-41 .....

		Introduction

		Experimental

		Reagents

		Immobilization of GOD

		Electrode modification

		Apparatus and measurements



		Results and discussion

		Morphologies of MCM-41 and GOD/MCM-41 films

		Direct electron transfer of GOD/MCM-41/Nafion/GCE

		Bioelectrocatalytic oxidation of glucose

		Stability and reproducibility of the glucose sensor



		Conclusions

		Acknowledgements

		References








(2007) 257–262
www.elsevier.com/locate/bioelechem

Bioelectrochemistry 70

Impedance sensing of allergen–antibody interaction on glassy
carbon electrode modified by gold electrodeposition


Haizhen Huang a,b, Pixin Ran b,⁎, Zhigang Liu a,⁎


a Allergy and Immunology Institute, College of Life Science, Shenzhen University, Shenzhen, 518060 China
b Guangzhou Institute of Respiratory Diseases, the First Attached Hospital of Guangzhou Medical College, Guangzhou, 510120 China


Received 24 May 2006; received in revised form 25 September 2006; accepted 3 October 2006
Available online 12 October 2006

Abstract


The interactions between the recombinant dust mite allergen Der f2 and murine monoclonal antibody were monitored by electrochemical
impedance spectroscopy (EIS). Allergen Der f2 were immobilized through the nanogold formed by electrodeposition of gold on planar glassy
carbon electrode. A 30-s gold electrodeposition provided a desirable substrate for the immobilization of allergen. Electrochemical deposition of
gold on a glassy carbon electrode showed significant improvement in allergen immobilization. The impedance measurements were based on the
charge-transfer kinetics of the [Fe(CN)6]


3−/4− redox pair. The interactions between allergen and antibody occurred on electrode surface altered the
interfacial electron transfer resistance, RCT, by preventing the redox species approaching the electrode. The results showed that RCT increased with
increasing concentration of monoclonal antibodies.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Gold electrodeposition; Recombinant allergen; Antibody; Electron transfer resistance (RCT); Electrochemical impedance spectroscopy (EIS)

1. Introduction


Type I allergic reaction, which is an immune disorder initiated
by inhalant allergens, represents a health problem for approx-
imately 30% of adults and up to 40% of children in western
countries [1]. And with the development of industrialization,
allergies are on the increase. This allergic reaction results in the
release of biological mediators (as histamine and leukotrienes)
due to the cross-linking of cell-bound immunoglobulin E (IgE)
antibodies by allergen. Therefore, in recent years, allergen-
specific IgE antibodies have received significant attention, both
in industry and in academia. They may serve as probes in
allergen identification and characterization based on the aller-
gen-specific IgE interaction [2,3]. Besides the IgE antibodies,
there are also productions of IgG antibodies during specific
allergen immunotherapy or immunizing animals for monoclonal
antibodies. These IgG antibodies are of high affinity to allergen,
and may act as blocking antibodies interfering with the allergen-
IgE interaction [4–6]. But the role of IgG antibodies in allergic
reactions has remained controversial [7,8]. On the other hand,

⁎ Corresponding author. Tel.: +86 0755 26558940; fax: +86 0755 26558941.
E-mail address: lzg@szu.edu.cn (Z. Liu).
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over the past 20 years, most important allergens from tree and
grass pollens, mites, animal epithelia, insect venoms and food
have been cloned, sequenced and expressed, and the develop-
ment of recombinant DNA technology offers the possibility to
produce recombinant allergic proteins [9–11]. Thus, it is highly
significant to develop sensitive methods for monitoring the
inadvertent presence of allergen, and further applied to diagnosis
and therapy of allergic diseases.


The conventional methods for detection of allergen–antibody
binding were mostly enzyme-linked immunosorbent assays
(ELISAs), which required the use of enzymatic label [12,13].
This labeling process is time consuming and it may even alter the
immunochemical activity of target biomolecules. Development
of immunoassay methods that are capable of direct detection of
allergen–antibody binding is most desirable. It has been proved
that surface plasmon resonance (SPR) technique is a joice
method for real-time observation of interacting biomolecules
[14–16]. On the other hand, the development of direct (non-
labeled) immunoassay method based on electrochemical
techniques has attracted much attention [17]. The direct
electrochemical immunoassay usually followed the measure-
ment of potential, current, capacitance and conductivity changes
due to the formation of immunocomplex (for example antigen–
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antibody complex) on the electrode surface [18–22]. Among
these, electrochemical impedance spectroscopy (EIS) has been
proved to be a sensitive and effective method to probe the
interfacial properties of modified electrode [23–25]. Many
research works have demonstrated that impedance spectroscopy
has been widely used for monitoring immunological reactions
[21,22,26–28].


A key issue in construction of an electrochemical immuno-
sensor is the deposition of antigen or antibody molecules onto
electrode surface in high amount and with the retention of their
specific bioactivity. It has been reported that gold nanoparticle
modification could largely increase the surface area of electrode
and enhance the amount of immobilized antibodies [27–30].
However, in previous studies, gold nanoparticles were usually
deposited on electrode surface through the bifunctional linkers.
In our previous study, bifunctional linker (3-mercaptopropyl)
trimethoxysilane (MPTS) was used for self-assembly of gold
nanoparticles onto glassy carbon electrode surface [31].
Recently, nanogold electrodes obtained by directly electrochem-
ical depositing gold nanoparticles onto the planar electrode
surface were reported, and were applied for monitoring of
biorecognition [32,33]. In this paper, we used nanogold
electrodes formed by gold electrodeposition onto planar glassy
carbon surface for sensing the interaction between recombinant
dust mite allergen Der f2 and murine monoclonal antibody. The
morphology of nanogold can be controlled to some extent by
adjusting the concentration of deposition, deposition time or
working potential. The immobilization of allergen and its
binding to antibody were monitored by electrochemical
impedance spectroscopy (EIS).


2. Experimental section


2.1. Reagents and materials


Recombinant dust mite allergen Der f2 and murine monoclo-
nal antibodywere kindly offered byProfessor Liu (College of Life
Science, Shenzhen University, China). HAuCl4·3H2O were
purchased from Aldrich. K4[Fe(CN)6], K3[Fe(CN)6], phosphate
buffer solution (PBS, pH 7.4) and other chemicals used were of
analytical grade. All commercially obtained chemicals were used
as received without further purification. All aqueous solutions
were made using double distilled water, which was further
purified to 18.2 MΩ with a 0.22 μm Millipore syringe filter.


2.2. Apparatus


Gold electrodeposition was performed with a CHI 832
(Shanghai, China). Electrochemical impedance measurements
were carried out with an Autolab PG30 electrochemical analyzer
system (Eco Chemie, Netherlands) with a FRA2 module. A
three-electrode setup was employed throughout with an Ag/
AgCl (saturated KCl) reference electrode, a pt flag as counter
electrode, and a nanogold modified glassy carbon electrode as
the working electrode. The field-emitted scanning electron mi-
croscopy (FE-SEM) was obtained from PHILIPS XL-30 ESEM
with an accelerating voltage of 20 kV.

2.3. Gold electrodeposition


The planar glassy carbon electrodes were mechanically
polished with 1.0, 0.3 and 0.05 μm α-Al2O3 powder
successively, and washed ultrasonically in distilled water. The
electrodes were dried under nitrogen flush, and then immersed
into 0.1% HAuCl4 solution containing 0.1 M KNO3 as
electrolyte, where electrochemical deposition was conducted
at − 200 mV (vs. Ag/AgCl) by single potential mode.


2.4. Allergen immobilization and allergen–antibody reactions


Nanogold modified glassy carbon electrode was exposed to
0.2 ml 80 μg/ml recombinant dust mite allergen Der f2 solution
in 20 mM pH 7.4 PBS. The electrode was incubated at 4 °C for
overnight in allergen solution to ensure that the active sites
of nanogold were all occupied by allergen molecules. The
electrode surface loaded with allergen was thoroughly rinsed
with phosphate buffer (pH 7.4) to remove the weakly absorbed
allergen molecules. Then it was exposed to different concentra-
tion of murine monoclonal antibody solutions in 20 mM pH 7.4
PBS at room temperature for 60 min, rinsed with PBS and water
to remove unbound antibodies before impedance measurements.


2.5. Electrochemical impedance measurement


The impedance spectra were recorded within the frequency
range of 0.1 Hz to 100 kHz. The amplitude of the applied sine
wave potential in each case was 5 mV, while the direct current
(dc) potential was limited at the formal potential of the redox
pair [Fe(CN)6]


3−/4− (0.23 V vs. Ag/AgCl). The electrolyte
solution was 2.5 mM K4[Fe(CN)6] + 2.5 mM K3[Fe(CN)6] +
0.1 M KCl in 20 mM pH 7.4 PBS. Prior to each experiment, the
electrolyte solution was bubbled with high-purity nitrogen for
20 min to remove dissolved oxygen.


3. Results and discussion


3.1. Morphology characterization of nanogold modified
electrodes


Fig. 1 shows the FE-SEM images of nanogold modified
glassy carbon electrodes obtained by electrodepositing at the
potential of − 200 mV (vs. Ag/AgCl) in 0.1% HAuCl4 for 30 s
(A, B) and 150 s (C, D). The bare planar glassy carbon electrode
surface was comparably smooth and no gold particles could be
seen, which were not shown in Fig. 1. The formation of gold
nanostructures on glassy carbon electrode surface could be ad-
justed by controlling the time of electrodeposition and choosing
the concentration of deposition solution at certain applied
potential [32,33]. Evidently, the SEM images shown in Fig. 1(A,
B) revealed discrete spherical gold nanocrystals grown directly
on the bare planar glassy carbon substrate. These spherical gold
nanocrystals were mainly in a diameter range of 40 ± 8 nm.With
extension of the electrodeposition time, a number of aggregated
gold crystallites were observed. When the deposition time was
reached to 150 s, as shown in Fig. 1(C, D), the discrete gold







Fig. 2. Nyquist plots of the effect of the incubation time on the immobilization of
dust mite allergen Der f2 onto nanogold modified glassy carbon electrode.
Incubation time (h): (a) 1; (b) 2; (c) 3; (d) 5; (e) 7; (f) 9; (g) 11 and (h) 14. The
impedance spectra were taken in 2.5 mM K4[Fe(CN)6]+2.5 mM K3[Fe(CN)6]+
0.1 M KCl in 20 mM pH 7.4 PBS at 0.23 V (vs. Ag/AgCl) in the frequency
range from 0.1 Hz to 100 kHz.


Fig. 1. FE-SEM images of nanogold aggregates electrodeposited onto glassy carbon electrode under 30 s (A, B) and 150 s (C, D) in 0.1% HAuCl4. Electrodeposition
potential: −0.2 V. The scale bar is 500 nm (A, C) and 200 nm (B, D) respectively.
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nanocrystals were aggregated to larger continuous nanogold
aggregates. Further increase of deposition time, we only
observed a gradual augmentation in the size of these aggregates.


3.2. Immobilization of allergen Der f2 on modified electrodes


The resulted nanogold modified glassy carbon electrodes
were immersed into the solution of recombinant dust mite
allergen Der f2 to immobilize allergen molecules onto the
electrode surface, and further used as the sensing bases for
electrochemical impedance analysis of allergen–antibody bind-
ing. Of all the impedance studies using the electrodes modified
by gold electrodeposition for various deposition time, we found
that the electrode modified by 30-s gold electrodeposition,
which led to better evenly dispersed gold nanocrystals with
relatively uniform size are most desirable. This might be due to
the fact that these discrete gold nanocrystals are capable of
carrying more allergen molecules.


At the same time, we also investigated the effect of incubation
time on the amount of immobilized allergen by EIS. Fig. 2 shows
the effect of incubation time on impedance spectra during the
immobilization of dust mite allergen Der f2 onto nanogold
modified glassy carbon electrode. It could be seen that the
electron transfer resistance (the diameter of semicircle as shown
in the impedance spectrum [22,25,26]) gradually increased along
with the incubation time, indicating that more and more allergen
molecules were immobilized on the electrode. When incubation
time was reached 11 h, further prolonged the incubation time, no
obvious changes in impedance responses were observed. This
indicated that allergenmolecule immobilized on the electrodewas

almost saturated. Thus, in our present case, incubation time was
selected for overnight (about 12 h) to make sure that all reachable
active sites of nanogold were occupied by allergen molecules. On
the other hand, this incubation time could also guarantee the
reproduction of the results. Because, under a certain concentration
of allergen solution, the surface coverage of allergen on nanogold
modified electrode was controlled by the incubation time.







Fig. 5. Nyquist plots of electrochemical impedance spectra of allergen Der f2/
nanogold/ glassy carbon electrode (GCE) after incubation with various
concentrations of monoclonal antibody. The concentration of antibody (μg/
ml): (a) 2; (b) 5; (c) 10; (d) 20; (e) 50; (f) 80; (g) 100; (h) 150; (i) 200; (j) 300. All
the measurements were performed in 2.5 mM K4[Fe(CN)6]+2.5 mM K3[Fe
(CN)6]+0.1 MKCl in 20 pH 7.4 mM PBS in the frequency range from 0.1 Hz to
100 kHz.


Fig. 3. Nyquist plots of electrochemical impedance spectra of modified glassy
carbon electrode (GCE) recorded in a 20 mM PBS (containing 2.5 mM K4[Fe
(CN)6]+2.5 mMK3[Fe(CN)6]+0.1 M KCl, pH 7.4) in the frequency range from
0.1 Hz to 100 kHz. (a) bare GCE; (b) nanogold/GCE; (c) allergen Der f2/
nanogold/GCE; (d) monoclonal antibody/allergen Der f2/nanogold/GCE. Solid
lines in the figure represent the fitted lines.


Table 1
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3.3. Impedance sensing allergen–antibody interaction


Compared to other electrochemical methods, impedance
technique has the advantage that the system is investigated under
stationary conditions, as opposed to the wide potential window
used in CVs. It can provide more detailed information about the
interfacial properties of surface-modified electrode. Fig. 3 shows
the impedance responses of the [Fe(CN)6]


3−/4− redox probe in
PBS on a bare glassy carbon electrode (curve a), the nanogold
modified glassy carbon electrode (curve b), the recombinant dust
mite allergen Der f2/nanogold/glassy carbon electrode (curve c)
and the monoclonal antibody/allergen Der f2/nanogold/glassy
carbon electrode (curve d) in the frequency range from 0.1 to
100 kHz. The impedance spectrum includes a semicircle portion
at high frequencies corresponding to the electron transfer limited
process and a linear part at the low frequencies resulting from the
diffusion limited electrochemical process [22]. The diameter of
the semicircle exhibited the electron transfer resistance of the
modified layer, which showed its blocking behavior of the
electrode. The increase or decrease in its value exactly
characterized the modification of electrode surface. The

Fig. 4. Equivalent circuit applied to fit the impedance measurements in the
presence of redox pair of [Fe(CN)6]


3−/4−. RSOL, the ohmic resistance of the
electrolyte solution; QF/SOL, associated with the double layer capacitance; ZW,
the Warburg impedance; RCT, the electron transfer resistance.

modification of electrode surface with nanogold provided a
biocompatible basis for the immobilization of allergen mole-
cules onto electrode. Compared to bare glassy carbon electrode,
significant differences in the impedance spectra were observed
upon the immobilization of allergen and the binding of
monoclonal antibody.


The impedance data were fitted with a commercial software
Autolab data analysis (Eco Chemie, Netherlands). A modified
Randles’ equivalent circuit [34,35], shown in Fig. 4, was found
to fit adequately the data over the entire measurement frequency
range. The fitted curves were shown in Fig. 3 (solid lines),
indicating the good agreement between the circuit model and the
measurement system, especially in the higher frequency range.
The circuit includes the following four elements: (1) the ohmic
resistance of the electrolyte solution, RSOL. (2) the Warburg
impedance, ZW; (3) QF/SOL, associated with the double layer,
which reflects the interface between the assembled film and the
electrolyte solution. This element can also be replaced by the

Fitted impedance results to allergen–antibody interaction from Fig. 5


Concentration of antibody (μg/ml) RCT (ohm) ΔRCT (ohm)


2 217 94
5 406 183
10 480 257
20 528 305
50 604 381
80 644 421
100 687 464
150 715 492
200 773 550
300 782 559


RCT, the electron transfer resistance associated with the interfacial electron
transfer between modified layer and electrolyte solution, ΔRCT=RCT(Allergen-Ab)−
RCT(Allergen).
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constant phase element impedance [36], ZCPE. (4) the electron
transfer resistance [37], RCT. Ideally, ZW and RSOL represent the
properties of the electrolyte solution and diffusion of the redox
probe, thus they are not affected by modifications occurring on
the electrode surface [38]. Negligible change in RSOL was
observed either during the electrochemical deposition of gold or
the immobilization of allergen Der f2, or the subsequent
coupling of monoclonal antibody, as shown in Fig. 3, which
further demonstrated that the ohmic resistance of the solution
was not affected by the modifications on the electrode surface.
At the same time, as can be seen from Fig. 3, throughout the
whole processes of electrode modification, the changes in RCT


were the most significant among other impedance components.
Thus, RCT was a suitable signal for sensing the interfacial
properties of the modified glassy carbon electrode.


The increase or decrease in the value of RCT was associated
with the blocking behavior of the assembled layer on the
electrode surface for the redox probe [Fe(CN)6]


3−/4−, which
reflected in the impedance spectroscopy as the increase or
decrease in the diameter of the semicircle at high frequencies.
Compared to bare glassy carbon electrode, the nanogold
modified electrode not only provided a basis for immobilization
of allergen, but also played a role similar to electron-conducting
tunnel for electron transfer to the electrode surface. The value of
RCT increased after immobilization of allergen, this confirmed
the success of immobilization of allergen Der f2 onto the
electrode surface. A further increase in RCT was obtained after
exposing the electrode to the solution of monoclonal antibody.
This increase was due to the reaction of allergen–antibody
occurred on the electrode surface. The interaction of allergen and
antibody resulted in the formation of allergen–antibody complex
on electrode. This allergen–antibody complex acted as the inert
electron transfer blocking layer, and hindered the diffusion of
[Fe(CN)6]


3−/4− redox pair towards the electrode surface. As a
result, the interfacial properties of the electrode were changed,
thus the impedance response generated. The differences
observed in the impedance responses for the monoclonal
antibody/allergen Der f2/nanogold/GC electrode from its initial
value were caused by the specific allergen–antibody interac-
tions. This interaction between allergen and antibody is specific,
because adding other monoclonal antibodies, which are not
specific to the allergen, does not affect the impedance spectrum
of the allergen Der f2/nanogold/GCE. During the process of
immunizing animals for monoclonal antibodies, more than one
type of monoclonal antibody was generally obtained. Some of
these monoclonal antibodies were specific to allergen and could
recognize different epitopes of the allergen [39]. When using
these specific monoclonal antibodies, impedance changes
similar to those reported herein were observed.


In order to evaluate the reaction between monoclonal
antibody and allergen Der f2, we exposed the allergen Der f2/
nanogold/GC electrode to various concentrations of monoclonal
antibody. The corresponding Nyquist plots of impedance spectra
were shown in Fig. 5, the fitting values of RCTwere presented in
Table 1. The value of electron transfer resistance, RCT, reflected
as the diameter of semicircle in impedance spectrum, controlled
the electron transfer kinetics of the redox probe at electrode

interface, which relative to the concentration of antibody. From
Fig. 5, one can see that the diameter of the Nyquist circle
increased with increasing antibody concentration. This may due
to the binding of more antibody molecules to immobilized
allergen in higher concentration of antibody. Therefore, the
interfacial electron transfer was retarded considerably, resulting
in a corresponding increase in the electron transfer resistance.


In Table 1, the change of RCT (ΔRCT) is calculated by
following equation:


DRCT ¼ RCTðAllergen�AbÞ−RCTðAllergenÞ


Where RCT(Allergen-Ab) is the value of the electron transfer re-
sistance after monoclonal antibody coupled to allergen, while
RCT(Allergen) is the value of the electron transfer resistance when
allergen immobilized on the electrode. As can be seen, ΔRCT


increased with increasing antibody concentration within the
detected concentrations of monoclonal antibody.While at higher
concentrations of antibody, the increases of ΔRCT were not
obvious due to steric hindrance or saturation of coupled antibody
molecules.


4. Conclusions


In this paper, nanogold modified glassy carbon electrodes
were used as bases for sensing the interaction between
recombinant dust mite allergen Der f2 and antibody by
electrochemical impedance spectroscopy (EIS). Based on the
present study, it proved that gold electrodeposition on a bio-
inimicable substrate provided a friendly biocompatible surface
for the immobilization of biomolecules in immunoassay. This
gold electrodeposition method is more controllable, and no
worry about the aggregation of nanoparticles. Furthermore, this
study has led us to conclude that EIS is an effective method for
sensing the reaction of antibody with allergen occurred on the
electrode surface. The basic method used in this paper could
also be applied to other immune systems.


Acknowledgements


The work was supported by grants from the National 863
High Technology Research and Development Program of China
(no. 2002AA214011) and the National Natural Science
Foundation of China (no. 30271226, 30471505).


References


[1] D.P. Skoner, Allergic rhinitis: definition, epidemiology, pathophysiology,
detection, and diagnosis, J. Allergy Clin. Immunol. 108 (2001) S2–S8.


[2] J.V. Ravetch, J.P. Kinet, Fc receptors, Annu. Rev. Immunol. 9 (1991)
457–492.


[3] M.A. Beaven, H. Metzger, Signal transduction by Fc receptors: the Fc
epsilon RI case, Immunol. Today 14 (1993) 222–226.


[4] R.A. Cooke, J.H. Bernard, S. Hebald, L.A.J. Stul, Serological evidence of
immunity with coexisting sensitization in a type of human allergy (hay
fever), J. Exp. Med. 62 (1935) 733–751.


[5] L.M. Lichtenstein, N.A. Holtzmann, L.S. Burnett, A quantitative in vitro
study of the chromatographic distribution and immunoglobulin character-
istics of human blocking antibody, J. Immunol. 101 (1968) 317–324.







262 H. Huang et al. / Bioelectrochemistry 70 (2007) 257–262

[6] E. Jarolim, L.K. Poulsen, B.M. Stadler, H.Mosbech,O.Oesterballe,D.Kraft,
B. Weeke, A long-term follow-up study of hyposensitization with
immunoblotting, J. Allergy Clin. Immunol. 85 (1990) 996–1004.


[7] M. Svenson,H.H. Jacobi, U.Bodtger, L.K. Poulsen,K.Rieneck,K.Bendtzen,
Vaccination for birch pollen allergy: induction of affinity-matured or blocking
IgGantibodies does not account for the reduced binding of IgE toBet v 1,Mol.
Immunol. 39 (2003) 603–612.


[8] R.C. Aalberse, Specific IgE and IgG responses in atopic versus nonatopic
subjects, Am. J. Respir. Crit. Care Med. 162 (2000) 124–127.


[9] B.R. Johannessen, L.K. Skov, J.S. Kastrup, O. Kristensen, C. Bolwig, J.N.
Larsen, M. Spangfort, K. Lund, M. Gajhede, Structure of the house dust
mite allergen Der f2: implications for function and molecular basis of IgE
cross-reactivity, FEBS Lett. 579 (2005) 1208–1212.


[10] F.J. Moreno, B.M. Maldonado, N. Wellner, E.N.C. Mills, Thermostability
and in vitro digestibility of a purified major allergen 2S albumin (Ses i 1)
from white sesame seeds (Sesamum indicum L.), Biochim. Biophy. Acta
-Proteins & Proteomics 1752 (2005) 142–153.


[11] H. Yasueda, H. Mita, Y. Yui, T. Shida, Isolation and characterization of two
allergens from Dermatophagoides farinae, Int. Arch. Allergy Appl.
Immunol. 81 (1986) 214–223.


[12] G.S. Sittampalam,W.C. Smith, T.W.Miyakawa, D.R. Smith, C. McMorris,
Application of experimental design techniques to optimize a competitive
ELISA, J. Immunol. Methods 190 (1996) 151–161.


[13] A. Jain, P.K. Verma, V. Tiwari, M.M. Goel, Development of a new antigen
detection dot-ELISA for diagnosis of tubercular lymphadenitis in fine
needle aspirates, J. Microbiol. Methods 53 (2003) 107–112.


[14] I. Mohammed, W.M. Muller, E.P.C. Lai, J.M. Yeung, Is biosensor a
viable method for food allergen detection? Anal. Chim. Acta 444 (2001)
97–102.


[15] M. Kim, K. Park, E.-J. Jeong, Y.-B. Shin, B.H. Chung, Surface plasmon
resonance imaging analysis of protein–protein interactions using on-chip-
expressed capture protein, Anal. Biochem. 351 (2006) 298–304.


[16] B. Hantusch, I. Scholl, C. Harwanegg, S. Krieger,W.-M.Becker, S. Spitzauer,
G. Boltz-Nitulescu, E. Jensen-Jarolim, Affinity determinations of purified IgE
and IgG antibodies against the major pollen allergens Phl p 5a and Bet v 1a:
discrepancy between IgE and IgG binding strength, Immunol. Lett. 97 (2005)
81–89.


[17] A.L. Ghindilis, P. Atanasov, M. Wilkins, E. Wilkins, Immunosensors:
electrochemical sensing and other engineering approaches, Biosens.
Bioelectron. 13 (1998) 113–131.


[18] J. Wang, B. Tian, K.R. Rogers, Thick-film electrochemical immunosensor
based on stripping potentiometric detection of a metal ion label, Anal.
Chem. 70 (1998) 1682–1685.


[19] F. Darain, S.U. Park, Y.B. Shim, Disposable amperometric immunosensor
system for rabbit IgG using a conducting polymer modified screen-printed
electrode, Biosens. Bioelectron. 18 (2003) 773–780.


[20] X.-H. Qi, J.-Q. Mi, X.-X. Zhang, W.-B. Chang, Electrochemical studies on
the interaction of morphine and its analogs with its antibody, Electrochem.
Commun. 7 (2005) 227–232.


[21] J. Ma, Y.M. Chu, J. Di, S.C. Liu, N.H. Li, J. Feng, Y.X. Ci, An
electrochemical impedance immunoanalytical method for detecting
immunological interaction of human mammary tumor associated glyco-
protein and its monoclonal antibody, Electrochem. Commun. 1 (1999)
425–428.


[22] R.J. Pei, Z.L. Cheng, E.K. Wang, X.R. Yang, Amplification of antigen–
antibody interactions based on biotin labeled protein–streptavidin network
complex using impedance spectroscopy, Biosens. Bioelectron. 16 (2001)
355–361.


[23] Y. Houa, S. Helali, A. Zhang, N. Jaffrezic-Renault, C. Martlet, J. Minic, T.
Gorojankina, M.-A. Persuy, E. Pajot-Augy, R. Salesse, F. Bessueille, J.
Samitier, A. Errachid, V. Akimov, L. Reggiani, C. Pennetta, E. Alfinito,
Immobilization of rhodopsin on a self-assembled multilayer and its

specific detection by electrochemical impedance spectroscopy, Biosens.
Bioelectron. 21 (2006) 1393–1402.


[24] I. Navratilova, P. Skladal, The immunosensors for measurement of 2,4-
dichlorophenoxyacetic acid based on electrochemical impedance spec-
troscopy, Bioelectrochemistry 62 (2004) 11–18.


[25] E. Katz, I. Willner, Probing biomolecular interactions at conductive and
semiconductive surface by impedance spectroscopy: routes to impedi-
metric immunosensors, DNA-sensors, and enzyme biosensors, Electro-
analysis 15 (2003) 913–947.


[26] A.B. Kharitonov, L. Alfonta, E. Katz, I. Willner, Probing of bioaffinity
interactions at interfaces using impedance spectroscopy and chronopo-
tentiometry, J. Electroanal. Chem. 487 (2001) 133–141.


[27] D. Tang, R. Yuan, Y. Chai, J. Dai, X. Zhong, Y. Liu, A novel
immunosensor based on immobilization of hepatitis B surface antibody
on platinum electrode modified colloidal gold and polyvinyl butyral as
matrices via electrochemical impedance spectroscopy, Bioelectrochemis-
try 65 (2004) 15–22.


[28] M. Wang, L. Wang, G. Wang, X. Ji, Y. Bai, T. Li, S. Gong, J. Li,
Application of impedance spectroscopy for monitoring colloid Au-
enhanced antibody immobilization and antibody–antigen reactions,
Biosens. Bioelectron. 19 (2004) 575–582.


[29] N.T.K. Thanh, Z. Rosenaweig, Development of an aggregation-based
immunoassay for anti-protein A using gold nanoparticles, Anal. Chem. 74
(2002) 1624–1628.


[30] Y. Zhuo, R. Yuan, Y. Chai, D. Tang, Y. Zhang, N. Wang, X. Li, Q. Zhu,
A reagentless amperometric immunosensor based on gold nanoparticles/
thionine/Nafion-membrane-modified gold electrode for determination of
α-1-fetoprotein, Electrochem. Commun. 7 (2005) 355–360.


[31] H. Huang, Z. Liu, X. Yang, Application of electrochemical impedance
spectroscopy for monitoring allergen–antibody reactions using gold
nanoparticle-based biomolecular immobilization method, Anal. Biochem.
356 (2006) 208–214.


[32] S. Liu, Y. Li, J. Li, L. Jiang, Enhancement of DNA immobilization and
hybridization on gold electrode modified by nanogold aggregates, Biosens.
Bioelectron. 21 (2005) 789–795.


[33] C.-Z. Li, Y. Liu, J.H.T. Luong, Impedance sensing of DNA binding drugs
using gold substrates modified with gold nanoparticles, Anal. Chem. 77
(2005) 478–485.


[34] J.B.B. Randles, Kinetics of rapid electrode reactions, Discuss. Faraday
Soc. 1 (1947) 11–19.


[35] F. Patolsky, M. Zayats, B. Katz, I. Willner, Precipitation of an insoluble
product on enzyme monolayer electrodes for biosensor applications:
characterization by Faradaic impedance spectroscopy, cyclic voltammetry,
and microgravimetric quartz crystal microbalance analyses, Anal. Chem.
71 (1999) 3171–3180.


[36] Y. Hou, S. Helali, A. Zhang, N. Jaffrezic-Renault, C. Martelet, J. Minic, T.
Gorojankina, M.-A. Persuy, E. Pajot-Augy, R. Salesse, F. Bessueille, J.
Samitier, A. Errachid, V. Akimov, L. Reggiani, C. Pennetta, E. Alfinito,
Immobilization of rhodopsin on a self-assembled multilayer and its
specific detection by electrochemical impedance spectroscopy, Biosens.
Bioelectron. 21 (2006) 1393–1402.


[37] A.J. Bard, L.R. Faulkner, Electrochemical Methods: Fundamentals and
Applications, Wiley, New York, 2000.


[38] L. Yang, Y. Li, AFM and impedance spectroscopy characterization of the
immobilization of antibodies on indium-tin oxide electrode through self-
assembled monolayer of epoxysilane and their capture of Escherichia coli
O157: H7, Biosens. Bioelectron. 20 (2005) 1407–1416.


[39] Y. Lu, T. Ohshima, H. Ushio, Y. Hamada, K. Shiomi, Immunological
characteristics of monoclonal antibodies against shellfish major allergen
tropomyosin, Food Chem. 100 (2007) 1093–1099.





		Impedance sensing of allergen–antibody interaction on glassy carbon electrode modified by gold .....

		Introduction

		Experimental section

		Reagents and materials

		Apparatus

		Gold electrodeposition

		Allergen immobilization and allergen–antibody reactions

		Electrochemical impedance measurement



		Results and discussion

		Morphology characterization of nanogold modified electrodes

		Immobilization of allergen Der f2 on modified electrodes

		Impedance sensing allergen–antibody interaction



		Conclusions

		Acknowledgements

		References








(2007) 263–268
www.elsevier.com/locate/bioelechem

Bioelectrochemistry 70

Voltammetric determination of ethinylestradiol at a carbon paste
electrode in the presence of cetyl pyridine bromine


Chunya Li


College of Chemistry and Materials Science, South-Central University for Nationalities, Wuhan 430074, China
Key Laboratory of Analytical Chemistry of the State Ethnic Affairs Commission, Wuhan 430074, China


Received 18 May 2006; received in revised form 18 September 2006; accepted 3 October 2006
Available online 10 October 2006

Abstract


Electrochemical behaviors of ethinylestradiol at a carbon paste electrode (CPE) in the presence of cetyl pyridine bromide (CPB) are
investigated by electrochemical techniques. Compared with that at a CPE without CPB, the oxidation peak potential of ethinylestradiol shifts
negatively and the peak current is increased significantly, due to the enhanced accumulation of ethinylestradiol via electrostatic interaction with
CPB at the hydrophobic electrode surface. It is verified by the influences of different kinds of surfactants on the electrochemical signals of
ethinylestradiol. Some parameters such as pH, scan rate, accumulation potential and accumulation time on the oxidation of ethinylestradiol
are optimized. Under optimal conditions, the oxidation peak current is proportional to ethinylestradiol concentration in the range of 5.0 × 10−8 to
2.0 × 10−5 mol L−1 with a detection limit of 3.0 × 10−8 mol L−1 for 150 s accumulation by linear sweep voltammetry (LSV). The proposed
procedure is successfully applied to determine ethinylestradiol in pharmaceutical formulation (Levonorgestrel and Etinylestradiol tablets) and the
results are satisfying compared with that of high-performance liquid chromatography (HPLC).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Ethinylestradiol is a semisynthetic estrogen female sex hor-
mone that is widely used as oral contraceptives. The deter-
mination of synthetic estrogen has attracted much attention since
these compounds are included in the endocrine disrupting chem-
icals and able to cause the deleterious reproductive dysfunction of
animals and humans [1].


Primarily because of its high estrogenic potency, ethinylestra-
diol is also included as a test compound in a series of studies
designed to evaluate the developmental, reproductive, and chron-
ic toxicities of a series of hormonally active compounds with
estrogenic activity [2].


Many analytical methods have been established for its deter-
mination with a variety of sample matrices involved in surface
water, underground water, waste water, pharmaceutical formula-
tions and biological fluids. Spectrophotometry [3–6], liquid
chromatography [7,8], gas chromatography [9–13], high-perfor-
mance liquid chromatography [14–17], micellar electrokinetic
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capillary chromatography [18,19], isotope dilution mass spec-
trometry [20], electrophoresis [21], immunoassay [22,23] and
chromatographic separationwith amperometry detection [24] have
been employed for the determination of ethinylestradiol. Although
sensitive and selective, they are time-consuming, expensive and
require skilled personnel and therefore are unsuitable for on-line or
field monitoring. The versatility of electrochemical techniques and
the smallest detection limits as well as its low acquisition costs
made them widely applied in the various fields, especially in the
determination of biologic/chemical materials which possess
electroactive groups. However, few experiments have been carried
out to assay ethinylestradiol using any of electrochemical tech-
niques except that the voltammetric assay of the estrogen drug
ethinylestradiol in pharmaceutical formulation and human plasma
at a mercury electrode with adsorptive cathodic stripping
voltammetry [25]. Although lower detection limit can be obtained
for the determination of ethinylestradiol in pharmaceutical
formulation and in human serum and plasma without the necessity
for sample pretreatments and/or time consuming extraction or
evaporation steps prior to the analysis, the pollution of mercury
towards environmental protection and human health can not be
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neglected. Therefore, a rapid, sensitive, accurate and low cost
electrochemical procedure is desired for the determination of
ethinylestradiol and testing content uniformity of its dosage form.


In the presented paper, electrochemical behaviors of ethinyles-
tradiol are investigated at a carbon paste electrode in the presence
of cetyl pyridine bromide. Experimental results indicate that the
oxidation peak potential of ethinylestradiol shifts negatively and
its peak current is enhanced significantly with the cooperation of
CPB. Base on this, an electrochemical measurement is proposed
for the determination of ethinylestradiol in pharmaceutical for-
mulation. The procedure possesses a lower detection limit, a rapid
response, excellent reproducibility, simplicity and low cost, and
has a potential application in the successive detection of
ethinylestradiol in environmental conditions.


2. Experimental


2.1. Instruments and reagents


Electrochemical data are obtainedwith a three-electrode system
using a CHI 660 A electrochemical workstation (CH Instruments,
Texas, USA). A carbon paste electrode is used as the working
electrode, a platinum wire as the counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. HPLC system
consists of a LC-10AD model pump (Shimadzu, Japan), SPD-
10AV UV–Vis detector (detect at 250 nm), Kromasil ODS
analytical column (5 μm, 4.6 × 250mm), N2000 chromatographic
workstation (Zhida, China) and 20 μL injection loop. The mobile
phase is prepared with methanol and distilled water (70:30, V/V)
and is delivered at a constant flow-rate of 1.0 mL·min−1.


Ethinylestradiol stock solution of 5.0×10−3 mol L−1 is
prepared by dissolved in ethanol and keeps at 4 °C until used.
Then, they are diluted to required concentration using
phosphate buffer solution. Phosphate buffer (PB) is prepared
from KH2PO4 and Na2HPO4 with distilled water. CPB
(purchased from Shanghai Reagent Corporation, China) is
dissolved in double-distilled water to form 1.0×10−2 mol L−1


homogeneous solutions. Other chemicals used are of analytical
grade and are used without further purification. All electro-
chemical experiments are carried out at room temperature.


2.2. Preparation of a carbon paste electrode


Carbon paste electrode is prepared as following procedure:
500 mg graphite and 200 μL paraffin oil are mixed in a small
mortar to form a homogeneous mixture. The mixture is pressed
by hand into the end cavity of a home-made polytetrafluor-
oethylene (PTFE) cylindrical electrode body and the electrode
surface is polished manually on a piece of weighing paper. The
freshly prepared CPEs are activated in blank supporting
electrolyte by using successive cyclic scans from −0.10 V to
1.00 V until stable voltammograms are obtained.


2.3. Electrochemical measurements


Electrochemical experiments are carried out in a conven-
tional electrochemical cell, containing 10 mL 1/15 mol L−1 PB

solution (pH=8.04) and a certain concentration of ethinyles-
tradiol and CPB. After accumulating at 0.30 V for 150 s with
stirring the solution and keeping quiescent for 10 s, the
voltammograms are recorded in the potential range from
−0.10 V to 1.00 Vat the scan rate of 100 mVs−1. The oxidation
peak currents are measured at 0.56 V for the quantification of
ethinylestradiol. After each measurement, in order to remove
the previous deposits completely, the electrode surface is
refreshed by cyclic voltammetric sweeps from −0.10 V to
1.00 V in a blank supporting electrolyte solution to produce a
reproducible electrode surface. The same procedure is applied
in the samples analysis and all electrochemical experiments are
carried out at room temperature (20±2 °C). Removal of oxygen
is achieved by using high purity N2.


2.4. Sample preparation


Samples of Levonorgestrel and Etinylestradiol tablets (Tri-
phasic) are obtained from Schering Gmbh and Co. Produktions
KG (Weimar, Germany). Sugar-coat of the sample (three pieces)
is peeled off by hand and weighed, then is extracted with 10 mL
ethanol for 24 h. After centrifugation (5 min at 10000 rpm), the
extract is filteredwith 0.45μmmembrane filters, then the residues
are washed twice with ethanol. The extracts and washings are
combined and then diluted in a volumetric flask with ethanol. The
extracts are further diluted with supporting electrolyte solution
prior to their analysis.


3. Results and discussion


3.1. Electrochemical behavior of ethinylestradiol at a carbon
paste electrode


The electrochemical behaviors of ethinylestradiol in the
absence or presence of 5.0×10−5 mol L−1 CPB are investigated
by cyclic voltammetry (CV) (Fig. 1). It can be seen that no
apparent redox peaks appear in the phosphate buffer in the
presence of CPB within the potential window from −0.10 to
1.00 V (curve a). When in the absence of CPB, a weak oxidation
peak is observed at 0.592 V during the CV scan (curve b). After
the addition of CPB, the oxidation peak current of ethinyles-
tradiol are markedly enhanced and the anodic peak potential
shifted negatively to 0.543 V (curve c). It suggests that the
electrochemical process of ethinylestradiol is facilitated by the
addition of cation surfactant CPB.


It is well known that surfactants can be adsorbed on
hydrophobic surface to form surfactant film, which may alter
the overvoltage of the electrode and influence the rate of
electron transfer. When in the presence of CPB, the electrode
surface may form a hydrophilic film with positive charge.
Nevertheless, in a basic solution (pH 8.04), ethinylestradiol is in
the form of phi-O−. The anions can be adsorbed to the surfactant
film through electrostatic interaction and the concentration of
ethinylestradiol at the electrode surface is therefore increased.
The conclusion is well demonstrated by the effect of various
surfactants on the electrochemical behaviors of ethinylestradiol
at the carbon paste electrode.







Fig. 1. Cyclic voltammograms of ethinylestradiol in 1/15 mol L−1 phosphate
buffer (pH=8.04) at a carbon paste electrode: (a) in the presence of CPB; (b) in
the presence of ethinylestradiol; (c) in the presence of ethinylestradiol and CPB.
Scan rate: 100 mVs−1; Accumulation time: 150 s; ethinylestradiol concentra-
tion: 2.0×10−5 mol L−1; CPB concentration: 5×10−5 mol L−1.


Fig. 2. Dependence of the oxidation peak current on the scan rate.
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The influence of different kinds of surfactants including
anionic sodium dodecyl sulfate (SDS) and sodium dodecyl
benzene sulfonate (SDBS), neutral polyethylene glycol (2000)
(PEG-2000), cationic cetyltrimethyl ammonium bromide
(CTAB) and CPB on the oxidation of ethinylestradiol at the
carbon paste electrode are investigated, and the specific values
of Ip and Ep in the presence of different surfactants were
summarized in Table 1. The results indicated that the oxidation
peak current and potential are almost not improved in the
presence of PEG-2000, indicating weak adsorption of ethiny-
lestradiol to the electrode surface. Whereas, after the addition of
anionic surfactants (SDS and SDBS), the peak current is found
to decrease greatly. However, in the case of CPB and CTAB, the
peak potential shift negatively and peak current increase greatly
with diverse degree. The enhancement of peak current in the
presence of CPB is larger than that in the presence of CTAB,
thus, CPB is chosen for the further determination of
ethinylestradiol. Above results indicate that the enhancement
of the peak current mainly come from the increase of the
amount of surface adsorption via electrostatic interaction.


Useful information involving electrochemical mechanism
usually can be acquired from the relationship between peak

Table 1
Electrochemical data for the oxidation of ethinylestradiol in presence of different
surfactants


Surfactants Ethinylestradiol concentration
(mol L−1)


Peak potential
(V)


Peak current
(μA)


SDS 1.0×10−5 0.595 0.274
SDBS 1.0×10−5 0.603 0.287
PEG-2000 1.0×10−5 0.588 0.470
CTAB 1.0×10−5 0.545 1.356
CPB 1.0×10−5 0.543 1.493
None 1.0×10−5 0.592 0.451

current and scan rate. Therefore, the effects of scan rate (ν) on
the oxidation of ethinylestradiol at the carbon paste electrode
are investigated by linear sweep voltammograms. From Fig. 2,
we can see that the oxidation peak current increased linearly
with the scan rate in the range of 10–275 mVs−1, and can be
expressed as following: Ipa (μA)=0.0167 ν (mVs−1)+0.557,
r=0.999. Thus, the electrochemical reaction is rather an
adsorption-controlled step than a diffusion-controlled process.


Electrooxidation of ethinylestradiol at the carbon paste
electrode in the presence (curve a) and absence (curve b) of
CPB is characterized by chronocoulometry which is an
electrochemical measuring technique used for electrochemical
analysis or for the determination of the kinetics and mechanism
of electrode reactions. As shown in Fig. 3, after the background
subtraction, the plot of the charges (Q) against the square root
of time (t1/2) shows a linear relationship. According to the
integrated Cottrell equation [26], the diffusion coefficient of

Fig. 3. Plots of Q vs. t1/2 for 1.0×10−4 mol L−1 ethinylestradiol at the carbon
paste electrode in the present of 5.0×10−5 mol L−1 CPB (a) and the absence of
CPB (b). Initial potential 0.30 V, final potential 0.70 V, and pulse width 0.25 s.







Fig. 4. Voltammograms for ethinylestradiol at the carbon paste electrode in the
presence of different concentration of CPB (from a to g): 5.0×10−8, 2.0×10−7,
1.0×10−6, 5.0×10−6, 1.0×10−5, 5.0×10−5, 1.0×10−4 mol L−1.


Fig. 5. Dependence of the oxidation peak current on the solution pH.


Fig. 6. Dependence of the oxidation peak potential on the solution pH.
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ethinylestradiol can be estimated from the slope of the plot of Q
versus t1/2.


Q ¼ 2nFAcD1=2t1=2p−1=2 þ Qdl þ Qads


Where A is the area of the carbon paste electrode, c is the
concentration of ethinylestradiol, Qdl is the double layer charge,
Qads is the adsorption charge. Other symbols have their usual
significance. According to the investigation of the electrochem-
ical oxidation of ethinylestradiol [27], the number of transfer
electrons involved in this process should be two and
A=0.00785 cm2 (geometric area of the used electrode),
c=1.0×10−4 mol L−1. The values of slope are 3.368 μCs−1/2


in the absence of CPB and 9.055 μCs−1/2 in the presence of
CPB, respectively. It is calculated that D=3.87×10−6 cm2 s−1


without CPB, which increased to 2.80×10−5 cm2 s−1 after the
addition of CPB. From the intercepts of plots (Q vs. t1/2), the
excess charge (Qads) corresponding to the adsorbed component
(after background charge correction from the backward step)
can be obtained, and the results showed that Qads of
ethinylestradiol at the carbon paste electrode in the absence
and presence of CPB are 0.0665 μC and 0.998 μC, respectively.
Under identical conditions, the value of Qads of ethinylestradiol
at the CPE in the absence of CPB is much lower than that in the
presence of CPB, suggesting that CPB offers more effective
accumulation of ethinylestradiol. There is no doubt that the
carbon paste electrode in the presence of CPB can give more
sensitive signals to ethinylestradiol.


Meanwhile the surface coverage Γ of ethinylestradiol at the
carbon paste electrode can be evaluated from the following
equation:


Qads ¼ nFAC


Qads can be obtained by the difference of the intercepts of the plot
of Q versus t1/2 in the presence and absence of ethinylestradiol
when Qdl is assumed unchanged. In the absence of CPB, Qads is
0.0665 μC and the value of Γ is 2.20×10−11 mol cm−2. In the

presence of CPB, Qads increased to 0.998 μC and the value of Γ
reached 3.29×10−10 mol cm−2. It reveals that the adsorption
amount of ethinylestradiol on the electrode surface greatly
increased in the presence of CPB.


3.2. Effect of cetyl pyridine bromide concentration


The effects of CPB concentration on ethinylestradiol
oxidation peak current are shown in Fig. 4. The oxidation
peak current increases gradually in the beginning with the
increase of the concentration of CPB and reaches maximum at
5.0×10−5 mol L−1. It may be interpreted that the adsorptive
behavior of CPB changes from monomer adsorption to
monolayer adsorption with the increase of the concentration
of CPB, resulting in the increase of ethinylestradiol adsorbed to
the electrode surface. The CPB concentration of 5.0×10−5 mol
L−1 may have reach the critical micelle concentration (CMC),
but the reaction process is cooperated by the adsorption and the
accumulation of CPB. However, the peak current decreases as
further increasing the CPB concentration. It may be caused
by the micelle effect. Namely, the electron transfer between







Fig. 8. Effect of accumulation time on the oxidation peak current of
ethinylestradiol in the presence of CPB.


267C. Li / Bioelectrochemistry 70 (2007) 263–268

ethinylestradiol and the electrode surface would be inhibited
since aggregates of micelles. To sum up, the CPB concentration
of 5.0×10−5 mol L−1 can furthest enhance the electrochemical
signals of ethinylestradiol.


3.3. Influence of pH


Influences of solution pH on the oxidation of ethinylestradiol
at the carbon paste electrode in the presence of 5.0×10−5 mol
L−1 CPB are investigated with linear sweep voltammometry in
the pH range from 4.42 to 11.00. The effect of the pH value on
the oxidation peak current is demonstrated in Fig. 5. In the pH
range of 4.42–6.24, the influence of pH on the peak current
almost can be neglected. A lower peak current is obtained in the
pH 6.98, nevertheless, an increase can be observed above pH
6.98, and a maximum is reached at pH 8.04. With the further
improving solution pH value, a great decrease of the oxidation
peak current can be observed. Therefore, a pH of 8.04 is chosen
for the subsequent analytical experiments. As shown in Fig. 6, a
linear shift of the oxidation peak potential (Epa) towards
negative potential with an increase in pH indicated that protons
are directly involved in the oxidation of ethinylestradiol, and that
it obeys the following equation: Epa (V)=−0.0523 pH+0.959
(r=0.995). A slope of 0.0523 V per pH, fromwhich m/n value of
1 was estimated, suggested that the proton transfer number (m) is
equal to the electron transfer number (n).


3.4. Influence of accumulation potential and accumulation time


The influence of accumulation potential (Eacc) on the
oxidation peak current of ethinylestradiol is investigated at
different potentials from −0.20 V to 0.50 Vat a potential interval
of 0.10 V. When the accumulation potential shifts from −0.20 V
to 0.30 V, the peak current of ethinylestradiol increases slightly.
Then, a great decrease in the peak current is observed (Fig. 7). A
potential of 0.30 V is chosen as the accumulation potential which
gives well-defined peak and a more developed peak current.


The effects of accumulation time (tacc) range from 0 to 250 s
on the peak current following accumulation at 0.30 V is de-

Fig. 7. Effect of accumulation potential (Eacc) on the oxidation peak current of
ethinylestradiol at the carbon paste electrode in the presence of CPB.

monstrated in Fig. 8. The peak current is found to increase
linearly with the accumulation time up to 120 s. The longer the
accumulation time, the more the CPB-ethinylestradiol coexist
system is adsorbed to the electrode surface. Afterwards, the peak
current tends to be stable with further increasing accumulation
time beyond 150 s. This may be due to the saturated adsorption
of ethinylestradiol at the electrode surface. Therefore, an
accumulation time of 150 s is found reasonable for the present
analytical study.


3.5. Interference and reproducibility


Under optimal conditions, the interference of somemetal ions
and organic compounds on the oxidation of ethinylestradiol has
been evaluated. The tolerance limit of interferents is taken as the
maximum concentration that gives a relative error less than ±5%
at a concentration of 5.0×10−6 mol −1 ethinylestradiol. The
results show that 100-fold of NaCl, KCl, NH4Cl, ZnSO4 and
glucose, L-serine don't interfere with the electrochemical
response of ethinylestradiol. However, 10-fold Fe2(SO4)3, do-
pamine, acetaminophen, adrenaline, uric acid and vitamin C has

Fig. 9. Calibration curve for the determination of ethinylestradiol at the carbon
paste electrode in presence of CPB.
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apparent influence on the determination of ethinylestradiol. The
interference of Fe3+ may come from the formation of complexes
with ethinylestradiol. While, a similar structure, ph-OH, which
can be oxidized near the oxidation potential of ethinylestradiol
will be responsible for the interferences of these compounds.


The stability of the carbon paste electrode is evaluated by
measuring the oxidation peak current of 5.0×10−6 mol L−1


ethinylestradiol in the presence of CPB over a period of one week.
The electrode is used daily and stored in the air. The deviation of
3.86% from its original current response indicated that the sensor
possesses long-time stability. Performing seven successive mea-
surements for 5.0×10−6 mol L−1 ethinylestradiol solution demon-
strates the reproducibility of the results obtained by the proposed
procedure, and a relative standard deviation of 3.74% is obtained
for seven parallel measurements. The fabrication reproducibility of
seven electrodes, independently made, give an acceptable
reproducibility with a relative standard deviation of 4.24% for
the determination of 5.0×10–6 mol L−1 ethinylestradiol.


3.6. Analytical characterization


Linear sweep voltammetry was used to investigate the current
response of ethinylestradiol at the carbon paste electrode in the
concentration range from 0.05 μmol L−1 to 100 μmol L−1. It is
found that the oxidation peak current increase linearly with the
increase of ethinylestradiol concentration, moreover, the oxida-
tion peaks shift gradually towards more positive potential. The
calibration curve for the bulk ethinylestradiol is established using
the proposed voltammetric procedure after its accumulation on
the surface of the electrode (Fig. 9). Variation of peak current (Ip)
with the concentration of bulk ethinylestradiol gives a straight line
following the equation: Ip (μA)=0.125 C (μmol L−1)+0.263
(r=0.995). The linearity is observed in the concentration range
from 5.0×10−8 mol L−1 to 2.0×10−5 mol L−1 with a detection
limit of 3.0×10−8 mol L−1. For the concentration of ethinyles-
tradiol higher than 2.0×10−5 mol L−1, the peak current increase
only slightly and approaching a constant value due to the saturate
adsorption of ethinylestradiol on the electrode surface.


In order to confirm the sensitivity and generality of the
proposed method, the voltammetric procedure is applied for the
determination of ethinylestradiol in a pharmaceutical formula-
tion (Levonorgestrel and Etinylestradiol tablets). The prepared
sample solution is added to 10 mL supporting electrolyte so-
lution by micro syringe, and then is analyzed with the proposed
method. An acceptable reproducibility with a relative standard
deviation of 4.16% is obtained for four parallel measurements.
The calculated average content of ethinylestradiol in the
analyzed sample is 0.0786 g g−1. The result obtained from
voltammetric determination is consistent well with that obtained
from the analysis of high-performance liquid chromatograpy
(0.0791 g g−1, an average value for three determinations),
suggesting that the proposed procedure is very accurate,
selective and sensitive enough for practical application.

4. Conclusion


In the presented paper, electrochemical behavior of ethinyles-
tradiol has been investigated at a carbon paste electrode in the
presence of cetyl pyridine bromide. The results indicate that the
electrochemical response of ethinylestradiol can be facilitated by
the cationic surfactant CPB via electrostatic/hydrophobic inter-
action in the basic electrolyte solution. Advantages of the method
such as simple, sensitive, accurate and rapid have been
demonstrated by the successful application in the voltammetric
determination of ethinylestradiol in a pharmaceutical formulation.
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Abstract


Vaccines continue to be the most cost effective method to reduce the burden of disease in both human and animal health. However, there is a
need to improve the duration of immunity following vaccination, since maintenance of protective levels of antibody in serum or the ability to
rapidly respond upon re-exposure (memory) is critical if vaccines are to provide long-term protective immunity. The purpose of this experiment
was to test the duration of antibody responses and the ability to generate anamnestic responses following a single immunization with a DNA
vaccine encoding hepatitis B surface antigen (HBsAg) delivered by a variety of routes. Sheep immunized with the conventional HBsAg subunit
vaccine (Engerix-B) as well as sheep immunized with a HBsAg DNA vaccine, combined with electroporation, generated significant antibody
responses that were sustained for 25 weeks after primary immunization. At 25 weeks, all experimental groups received a secondary immunization
with the HBsAg subunit vaccine. Sheep that received a primary DNA immunization, in combination with electroporation, mounted an anamnestic
response similar to the cohort immunized with the HBsAg subunit vaccine. In contrast, animals immunized with DNA vaccines administered
without electroporation elicited no detectable memory response. The presence of immune memory was significantly correlated with the induction
of a prolonged primary immune response. Thus, a single DNA vaccination, in combination with electroporation, approached the efficacy of the
commercial subunit vaccine in the maintenance of long-term protective serum antibody titres and immune memory.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Vaccines are one of the most valuable tools for reducing
morbidity and mortality caused by infectious disease. There are,
however, still many infectious diseases that cause tremendous
suffering worldwide because no vaccine is currently available.
In addition, there are effective vaccines available for some
diseases, such as the recombinant hepatitis B surface antigen
(HBsAg) subunit vaccine, but cost restricts vaccine usage. The
next generation DNA vaccines, however, have the potential to
eliminate many of the limitations of current vaccine technol-
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ogies. DNA vaccine technology is a simple concept based on
relatively simple design and production technologies [1].
Another advantage of DNA vaccines over conventional protein
vaccines is the low cost of producing a highly purified product.
Furthermore, DNA vaccine distribution is not dependent upon
maintaining a cold chain so the vaccines can be easily
distributed, especially in developing countries. DNA vaccina-
tion works by using host cells as protein factories to produce the
plasmid encoded antigen. The translated protein is then
processed and presented by the immune system in a manner
similar to that which occurs following a natural infection. This
elegant concept has been demonstrated successfully for a wide
variety of vaccine antigens and has been effective in preventing
both infectious diseases and cancer in mouse models [2].


Unfortunately, translating the success of DNAvaccines from
mice to agriculturally important species [3] and humans [4] has
not been very successful. This is illustrated by the fact that the
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Table 1
Experimental groups and immunization protocol


Group/name n Immunization at day 0 Immunization
(week 25)


Route Vaccine Route Vaccine


1 Control 6 – PBS IMa Engerix-B
2 Protein 7 IMa Engerix-B IMa Engerix-B
3 ID 7 ID b 500 μg pHBsAg IMa Engerix-B
4 IM 7 IMa 500 μg pHBsAg c IMa Engerix-B
5 Electro+IM 7 IMa 500 μg pHBsAg c,


electroporation d
IMa Engerix-B


6 Electro+IM(2X) 7 IMa 1 mg pHBsAg c,
electroporation d


IMa Engerix-B


a All IM injections were in the right semimembranosus muscle.
b Each lamb received 100 μg plasmid/100 μl delivered to five sites between


the central ridges on the convex site of one ear.
c Two adjacent sites in each semimembranosus muscle were injected with


either 250 or 500 μg of plasmid in 500 μl of saline (for a total of 500 or 1000 μg
in a volume of 1 ml).
d Electroporation parameters: 6 pulses (200 V/20 ms, 5 Hz).
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only licensed DNA vaccine currently available is a vaccine for
West Nile virus in horses [5]. One potential reason for the poor
translation of DNA vaccine technology from mice to target
species is the low level of gene expression following plasmid
administration. A variety of approaches have been tested to
improve the efficiency of plasmid delivery, including polymer
and liposome formulations [6], biolistic delivery [7], and elec-
troporation [8]. Currently electroporation is the most effective
method for delivering plasmid DNA and has been reported to
increase gene expression 10- to100-fold in tissues such as skin
and muscle [9] and enhance immune responses in mice [11],
pigs [12], and sheep [13]. Electroporation works by permeabi-
lizing cell membranes through the creation of temporary pores
and increasing plasmid distribution throughout the tissues [10].
Furthermore, electroporation induces an acute, localized
infiltration of immune cells [14,15] with an up-regulation of
cytokines, heat shock proteins and other co-stimulatory
molecules [16]. Therefore, the acute inflammatory response
induced by electroporation works in concert with increased
gene expression to enhance immune responses to plasmid
encoded antigens [14].


It has been hypothesized that DNA vaccines may be able to
elicit sustained memory due to long-term expression of antigen
produced by plasmids. In mice, DNA immunization has been
able to maintain immune memory for at least 150 days [17].
There have been, however, few studies of the capacity of DNA
vaccines to maintain immune memory in large animal species.
In a fetal lamb model, memory was demonstrated to be present
at least 3 months after birth [18]. Using a fetal pig model with
an HBsAg DNA vaccine, immune memory was demonstrated
for at least 4 months after birth [19]. Although a variety of
methods are used to assess immune memory the best approach
is to analyze immune responses following an immune boost
with a protein antigen. For this study, sheep were chosen as a
large animal model to determine if a DNA vaccine encoding
HBsAg could elicit immune memory 6 months after primary
immunization.


2. Materials and methods


2.1. Animals


Experiments were performed with 2–3 month old, female or
castrated male Suffolk-cross lambs that were housed in a single
outdoor pen. All experiments were conducted following the
guidelines of the Canadian Council on Animal Care. Animals
were randomly assigned to 6 treatment groups (n=6 or 7 per
group) (Table 1).


2.2. Vaccines


The HBsAg encoding plasmid (pHBsAg) pMCG-16-HBsAg
was a generous gift from H. L. Davis and R. Weeratna (Loeb
Research Institute, Ottawa, Ontario, Canada) and contained
the open reading frame of the HBV S gene flanked by the
CMV promoter upstream and downstream with a bovine
growth hormone poly(A) region [20]. In addition, the plasmid

contained 16 copies of a murine CpG immunostimulatory
motif (1826). Murine CpG motif 1826 does not have detect-
able immunostimulatory activity in sheep [21]. HBsAg-plas-
mid was grown in E. coli DH5α (New England Biolabs,
Mississauga, ON), purified using the EndoFree™ Plasmid
Giga Kit (Qiagen, Mississauga, ON), re-suspended in endo-
toxin-free Dulbecco's PBS (Sigma-Aldrich, St. Louis, MO),
and stored at − 20 °C. Endotoxin levels, assessed using the
QCL-1000 Limulus Amebocyte Lysate Kit (BioWhittaker
Inc., Walkersville, MD), were b0.01 EU/ml, which is below
the minimal threshold required to induce non-specific immune
activity [22]. The HBsAg subunit Engerix-B vaccine (Smith-
Kline Beecham Pharma, Oakville, ON) was used at the pe-
diatric dose of 0.5 ml.


2.3. Electroporation and Immunization


Animals were sedated by intravenous injection of 12.5 mg/kg
Pentothal (Abbott Labs) and then injected in two adjacent sites in
the right semimembranosus muscle with either 250 or 500 μg of
pHBsAg in a 500 μl volume (a total of 500 or 1000 μg in 1 ml).
Immediately afterward, an electrode with six 23-gauge needles
arranged equidistant in a 1 cm diameter circle (Genetronics, San
Diego, CA) was placed directly over each injection site and
inserted to a depth of 1 cm into the muscle. Six pulses (200 V/
20ms, 5 Hz per pulse) were applied to each injection site (Babiuk
et al., 2002). For the intradermal immunization, sheep were
injected with 100 μg pHBsAg in 100 μl at five sites between the
central ridges on the convex site of the right ear. For the Engerix-
B immunization, sheep were injected in the right semimem-
branosus muscle with 500 μl of Engerix-B. Lambs were im-
munized on experimental day 0 and 25 weeks later as shown in
Table 1. For the primary immunization, the Control group
received phosphate buffered saline (PBS). Twenty-five weeks
following the primary immunization, all animals, including the
Control group, were injected IM with 500 μl of Engerix-B
vaccine.







Fig. 1. HBsAg-specific antibody responses at 25 weeks after primary
immunization. HBsAg-specific antibody responses were measured using the
AUSAB EIA kit and quantified in mIU/ml. Individual animal antibody
responses are presented for each group. The experimental groups were: no
immunization (Control); IM injection of 500 μl Engerix-B (Engerix-B); 500 μg
pHBsAg injected intradermally (ID); 500 μg pHBsAg injected intramuscularly
(IM); 500 μg pHBsAg injected IM with electroporation (Electro+IM); and
1000 μg pHBsAg injected IM with electroporation (Electro+ IM[X2]).
Statistical differences among treatment group were analyzed using the
Kruskal–Wallis test followed by Dunn's comparison of groups. Statistical
differences relative to the control group are shown as ⁎( pb0.05) and ⁎⁎( pb0.01).
There were no significant differences between the Engerix-B group and either of
the electroporation groups.
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2.4. Serum HBsAg ELISA


Serum samples were collected in Vacutainer®STT™ tubes
(BD Sciences, Franklin Lakes, NJ) and stored at − 20 °C until
analyzed. Anti-HBsAg antibodies were measured using the
AUSAB EIA Diagnostic Kit and expressed in milli-interna-
tional units (mIU)/ml using the AUSAB Quantification Panel
following instructions provided by the manufacturer (Abbott
Laboratories, Abbott Park, IL). In humans, a protective HBsAg-
specific titre is considered to be greater than 10 mIU/ml [23].


2.5. Statistics


Primary antibody responses were analyzed using the
Kruskal–Wallis test for non-parametrically distributed samples
followed by Dunn's comparison of (1) selected pairs to compare
each treatment group against the control group, and (2) multiple
groups to compare outcomes of different treatments (GraphPad
Prism 4.0, GraphPad Software, San Diego, CA).


3. Results and discussion


3.1. Electroporation enhances HBsAg primary antibody
responses


To determine whether different vaccine antigens and
different DNA vaccine delivery modalities would influence
primary immune responses and subsequent immune memory,
sheep were immunized as described in Table 1. Individual
animal HBsAg-specific titres were determined 25 weeks fol-
lowing the primary immunization (Fig. 1). None of the control
animals had detectable HBsAg-specific antibody titres in their
sera. The cohort immunized with Engerix-B subunit vaccine
displayed significant HBsAg-specific titres with 6 of 7 animals
having protective titres (N10 mIU/ml). In contrast, only 1 of 7
sheep immunized intradermally (ID) or IM with pHBsAg,
without electroporation, developed a detectable and protective
HBsAg-specific titre. A significant difference was observed
when DNA immunization was combined with electroporation.
This vaccination protocol, regardless of DNA vaccine dose,
resulted in 6 of 7 sheep developing detectable HBsAg-specific
titres at 25 weeks post-immunization. Doubling the dose of
DNA vaccine, however, increased the number of animals with
protective HBsAg-specific titres in 4 of 7 animals (Electro+IM)
to 6 of 7 animals (Electro+IM[X2]).


3.2. Electroporation generates an anamnestic response to
Engerix-B


Duration of immunity is a critical component of vaccine
efficacy that is not analyzed in most immunization studies. A
common experimental protocol is to use a short vaccination
schedule with the primary immunization followed within
1 month or less by a secondary immunization and immune
protection is often evaluated within 2 to 3 weeks after the
secondary immunization. This approach may demonstrate the
induction of immunity, but the duration of immune memory and

immune protection is completely ignored. The present study
analyzed the duration of immune memory following primary
immunization by boosting all groups with Engerix-B vaccine at
25 weeks following the primary immunization (Table 1).
HBsAg-specific antibody titres were then determined in sera at
2 and 4 weeks following the secondary immunization (Fig. 2).


Immune memory was analyzed by comparing the magnitude
of HBsAg-specific antibody responses following a protein
boost of all groups relative to a primary immunization of the
naive Control group. Based on the mean antibody titre in the
Control group plus two standard deviations a cut-off level was
established and any response above this level was considered to
represent an anamnestic response. Control animals developed a
primary immune response to HBsAg characterized by detect-
able antibody titres in 3 of 6 animals at 2 weeks post-
immunization and low levels of HBsAg-specific antibody titres
in all animals at 4 weeks post-immunization (Fig. 2B). Animals
receiving DNA vaccines administered intradermally or intra-
muscularly without electroporation developed similar antibody
responses at 2 and 4 weeks post-immunization which were
suggestive of a primary immune response. In contrast, animals
receiving two Engerix-B immunizations mounted an anamnes-
tic immune response characterized by high HBsAg-specific
antibody titres in 6 of 7 animals at 2 and 4 weeks (Fig. 2),
following the secondary immunization. Animals receiving
DNA, in conjunction with electroporation, also mounted rapid







Fig. 3. Regression analysis of ranked values for HBsAg-specific antibody titres
at 25 weeks post-primary immunization and 4 weeks following secondary
immunization with Engerix-B. Antibody titres at each time point were
numerically ranked relative to all other animals which had received a primary
immunization (n=35). Ranking was performed from lowest (value=1) to
highest (value=35) and animals with the same antibody titre received the same
ranking. Individual points represent the paired rankings at 25 weeks post-
primary immunization and 4 weeks following secondary immunization for each
animal.


Fig. 2. HBsAg-specific antibody responses following a secondary Engerix-B
immunization. Experimental groups were as defined in Fig. 1 and all groups
received a 500 μl IM injection of Engerix-B vaccine on week 25. HBsAg-
specific antibody responses were measured using the AUSAB EIA kit and
quantified in mIU/ml. Individual animal antibody responses are presented for
each group at (A) 2 weeks and (B) 4 weeks after secondary immunization.
Statistical differences among groups were analyzed using the Kruskal–Wallis
test followed by Dunn's comparison of groups. Statistical differences relative to
the control group are shown as ⁎( pb0.05). The horizontal dashed line
represented the mean plus two standard deviations of values for the Control
group and values greater than this line represent probable anamnestic responses.
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and elevated HBsAg-specific antibody responses following the
secondary immunization with Engerix-B vaccine in 5 of 7
animals (Electro+IM) and 6 of 7 animals (Electro+IM[X2]).


This investigation demonstrated that a single immunization
with a DNA vaccine, when combined with electroporation,
elicited an immune response in a large animal model that could
be considered protective for at least 25 weeks. Furthermore,
immune memory was apparent following a secondary immu-
nization with the commercial HBsAg subunit vaccine. This

booster vaccination resulted in a very rapid increase in antibody
titres to a level comparable to that observed following two
immunizations with the commercial HBsAg subunit vaccine.
Thus, the efficacy of the DNA vaccine administered with
electroporation approached the efficacy of the commercial
HBsAg subunit vaccine. The apparent lack of immune priming
following a single DNA immunization, in the absence of
electroporation, was surprising since an HBsAg DNA vaccine
administered without electroporation was able to prime HBsAg
antibody responses in pigs [12]. There was, however, only a two
week interval between DNA priming and protein boost in this
previous study [12]. A single DNA immunization, in the
absence of electroporation, may induce a transient immune
response with short-lived immune memory which may explain
the absence of a detectable anamnestic response at 25 weeks
following intradermal or intramuscular DNA immunization
without electroporation. The persistence of HBsAg-specific
antibody titres for 25 weeks following a single DNA immuni-
zation, in combination with electroporation, would be consis-
tent with an increased level of DNA transfection and more
prolonged period of DNA expression [14].


In this study, the amplitude of the HBsAg-specific antibody
response at 25 weeks following a single immunization was
significantly (p b0.001) correlated with the amplitude of the
secondary immune response (Fig. 3). Thus, immune memory
appeared to correlate with the duration of the primary immune
response and there was no difference in the immune memory
which persisted for 25 weeks following a single injection of a
conventional protein vaccine or a DNA vaccine administered
with electroporation. The prolonged immune response to a single
protein or DNA immunization may be explained, in part, by the
unusual nature of the HBsAg which self-assembles to form a
virus-like particle (VLP). Antigen presented as a VLP may have
superior immunogenicity over soluble, secreted monomeric or
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dimeric equivalent proteins [24,25]. The highly repetitive nature
of HBsAg VLPs may facilitate T-cell independent B cell
expansion as was reported for hepatitis B core antigen [26]. In
addition, VLPs may facilitate attachment to antigen presenting
cells and transport of endocytosed vesicles to the endosomal
compartment for increased processing of antigen onto MHC-I
molecules [27]. This route of antigen presentation results in the
preferential induction of cytotoxic T lymphocytes (CTLs) by
VLPs and may also contribute to prolonged immune memory
since CTLs have been shown to persist in the absence of further
antigenic stimuli for up to 2 years [28]. Thus, the present results
are encouraging since they demonstrate that DNA vaccines
which encode an appropriate antigen can elicit long-term
immune responses of a magnitude considered to be protective,
if delivered effectively by using electroporation. Further
improvements in electroporation technology should lead to a
more practical application of electroporation than is currently
available. These improvements might include using fewer pulses,
decreasing the number of needles on the electrode, using the
injection needle as an electrode in the electroporation device [29],
and creating a handheld battery powered electroporation device.


It is important to note that the animals in the groups
immunized with the HBsAg protein (Engerix-B) or pHBsAg in
combination with electroporation (Electro+IM and Electro+
IM[X2]), that did not respond following primary immunization
(Fig. 1) were the same three animals which failed to develop an
anamnestic response following boosting with Engerix-B
(Fig. 2). If these non-responder animals were removed from
their respective treatment groups, then the secondary immune
responses of these three groups were highly significant
( pb0.001) when compared to the Control group. The presence
of these non-responder animals indicates that the induction of
an immune response to the HBsAg is a complex process.
Furthermore, the low frequency of non-responders also meant
that it was not possible to determine if the DNA vaccine or the
HBsAg subunit vaccine was more effective for the induction of
a primary immune response and immune memory. We can only
conclude, based on the limited number of animals in the current
study, that when delivered appropriately the pHBsAg vaccine
was able to replicate the induction of protective immunity and
immune memory observed with a commercial protein-based
vaccine.
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Abstract


Electrical charging of lipid membranes causes electroporation with sharp membrane conductance increases. Several recent observations,
especially at very high field strength, are not compatible with the simple electroporation picture. Here we present several relevant experiments on
cell electrical responses to very high external voltages. We hypothesize that, not only are aqueous pores created within the lipid membranes, but
that nanoscale membrane fragmentation occurs, possibly with micelle formation. This effect would produce conductivity increases beyond simple
electroporation and display a relatively fast turn-off with external voltage. In addition, material loss can be expected at the anode side of cells, in
agreement with published experimental reports at high fields. Our hypothesis is qualitatively supported by molecular dynamics simulations.
Finally, such cellular responses might temporarily inactivate voltage-gated and ion-pump activity, while not necessarily causing cell death. This
hypothesis also supports observations on electrofusion.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electroporation; High Field; Electrical Conductivity; Lipid Membrane; Molecular Dynamics

1. Introduction


Biological membranes are good electrical insulators and the
main barrier for mass transport through cells. Their main function
is to maintain ionic gradients and electrolyte homeostasis. Under
physiological conditions, membranes resting potentials range
from 30 mV in mammalian cells to −300 mV in some plant cells.
If the transmembrane voltage reaches a critical level, the
membrane becomes permeable to small ions like Cl− or Na+,
independent of channel proteins. Lipid re-arrangement driven by
the electric field and short-range dipole interactions, is thought to
create conductive membrane pathways referred to as electropora-
tion [1–3]. For example, Neumann et al. [3] had proposed a lipid
head group permanent dipole reorientation mechanism, that
would finally result in a so-called hydrophilic pore. Typically, a
membrane voltage of about 1.0 V is necessary and nanosecond
duration voltage pulses have been shown to yield pore radii on the
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order of 1 nm [4]. Pore formation is also relevant during cell
fusion, drug release from liposomes, and passive transport of
protons and hydrophilic compounds.


The notion central to the electroporation process is the
gradual but well-organized, structural re-arrangement without
any molecular detachment or break-up [2,5,6]. It has also been
shown that the presence of localized membrane heterogeneities
and defects (such as charged DPPS molecules) enhance the
electroporation process [7]. Preferential electroporation at the
anodic side can then result, and this has been demonstrated both
experimentally [8,9] and through molecular dynamics (MD)
simulations [7,10].


The traditional electroporation model seems to work well for
relatively low-to-moderate electric fields (200 V/cm–5 kV/cm).
However, it appears to be inadequate in explaining several of the
observed phenomena at high electric field strengths. The various
inadequacies with regards to experimental reports are listed below.


(i) The high-field experimental data indicates strong con-
ductivity increases of the cell solution at the very
beginning of a high-voltage pulse [11]. Our current
experimental data sets (discussed in the next section)
show conductance increases far exceeding values that
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Fig. 1. Equivalent electrical circuit for the measurement chamber containing cell
suspension.
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might be predicted on the basis of simple membrane
electroporation or dissolution. Also, such increases
cannot be attributed to field-induced Wien effects.


(ii) The fast decrease in conductance [11], observed after the
pulse cessation, is not compatible with pore shrinking or
sealing [11]. The re-sealing process for electro-pores is
known to be slow and can take up to several seconds to
minutes [12]. An additional point of interest is the vesicle
formation at the plasma membrane (i.e., blebbing) that
has been observed [13]. This aspect is not addressed by
the electroporation models.


(iii) Recent reports by Tekle et al. [14] show loss of the
phospholipid membrane during high-voltage pulsing.
This phenomenon was shown to occur in addition to a
pore formation process. Their results demonstrated that
up to 14 percent of the membrane surface could be lost
upon electric field application.


(iv) Finally, it has been well documented that the application
of electric pulses facilitates the penetration of large
molecules through the membrane. This probably implies
the creation of large pores. For example, in multi-lamellar
systems such as the stratum corneum, contributions to
structural changes arise from electro-thermally induced
vesicle formation. However, electroporation theory, as
applied to the short-duration, high-intensity pulses,
predicts relatively small nano-pores [7,10]. Also, simple
nano-pore formation alone cannot explain the transport of
polyelectrolytes and DNA [15].


For quantitative studies of the macroscopic electric-field
induced electroporative effects, one can measure the electrical
conductance of a cell suspension under high-field conditions.
Without electroporation or any other cellular effects, the overall
conductance would remain unaffected. A 100% electroporation
would refer to a complete replacement of the membrane by
pores (or simply by the surrounding medium), thereby causing
an appreciable change in measured conductance. It is expected
that the measured conductance will lie somewhere between
these two extremes.


In order to measure the impedance of cells, pulses of defined
shape and amplitude can be applied to cell suspensions placed in
a coaxial chamber. The reflected signal can then be recorded, and
components of the electrical equivalent circuit as shown in

Fig. 1, calculated from the Fourier-transform of the excitation
and the reflected signal. In this equivalent circuit of Fig. 1, the
cells are represented by a capacitor Cm for the cell membrane
and a resistor Rint for the intracellular electrolytes including all
the cell substructures. The extra-cellular electrolyte is modeled
by a combination of a resistor (Rext) and capacitor (Cch). Re-
cording the impedance data at frequencies fairly large compared
to the characteristic β-dispersion frequency (inverse of the
charging time constant for the cell membrane) ensures that the
membranes are “electrically shorted”. For mammalian cells the
frequency range for this dispersion is in the range from 1MHz to
10 MHz. The use of ultra-high frequencies would need to be
avoided to ensure that the admittance was not dominated by
capacitive contributions of the aqueous medium (Cch). Since the
capacitance of the electrolyte filled chamber in our experiments
is approximately 48 pF, the typical 50 Ω resistance of our
experimental chamber is reached at about 10 MHz. A good
compromise for frequency dependent cell studies then, is the
frequency range between 50 kHz and 20 MHz. One expects that
measurements in this range will provide data on the upper limit
for conductivity increases associated with electroporation.


2. Materials and methods


2.1. Cells


Jurkat cells were obtained from American Type Culture
Collection (ATCC) and cultured in RPMI1640 medium,
supplemented with 1% L-glutamine, 1% penicillin/streptomycin
(all Mediatech Cellgrow, Herndon, VA), and 10% FBS (Atlanta
Biologicals, Norcross, GA) at 37 °C with 5% CO2. After
harvesting in the log-phase, they were washed and re-suspended
in osmotically balanced, buffered sucrose (7 mM PBS). For the
experiments, different cell volume fractions, ranging from 1%
to 15% were used.


2.2. Mice


Hairless mice (SKH-1) were purchased from Charles River
Laboratories (Whilmington, MA) and anesthetized using 1.6%
isoflurane. A skin fold of the mouse was placed between 5 mm
diameter stainless steel plate electrode disks covered with a thin
layer of 1% agar gel. To ensure a high conductivity, the gel was
made of 150 mM PBS.


2.3. Impedance measurements


The impedance of the cell suspension was measured by means
of time domain reflectometry (TDR). The cells were placed in a
stainless steel coaxial chamber with a gap of 0.725 mm and a
height of 5 mm. The inner diameter of the coaxial chamber was
5.97 mm while the outer diameter was 7.42 mm. A 25 ps rise-
time, 60 mV square wave pulse was used for excitation. A digital
oscilloscope (TDS7404, Tektronix, Beaverton, CA) monitored
the sum of the incident and the reflected signal. The generator, the
chamber, and the oscilloscope were matched to one another using
a resistive network. From the recorded signals, the object







Fig. 3. Measured conductance versus the field strength for a Jurkat cell
suspension (≈107 cells/mL). Only one pulse per experiment was applied and
fresh suspension was always used.
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impedance in a frequency range between 16 kHz and 300 MHz
was calculated. The maximum temporal resolution by using the
memory segmentation of the oscilloscope was 500 μs.


2.4. High-voltage application


The pulse length of the Blumlein-configuration pulser was
100 ns and 300 ns, respectively, determined on the length of the
cable that was used as pulse forming line [16]. The voltage and
total current were monitored using an oscilloscope. A high-
voltage switch, capable of switching within 10 ms from pulsing
to impedance measurement, was used for disconnecting the
chamber from the pulser immediately after the pulse was
applied and connecting it to the impedance measurement
system.


3. Experimental results


The measured conductance of the cell suspension, G, versus
frequency is shown in Fig. 2. The conductance is constant up to
frequencies of approximately 100 kHz, its value determined by
the extra-cellular electrolyte. It increases with frequency beyond
0.2 MHz due to the β-dispersion and the dispersion arising from
intracellular structures and stays constant in the range from
2 MHz to about 10 MHz. This range is characterized by the
“electrical shorting” of the cell membrane. As previously
mentioned, the highest conductance of a cell suspension is
expected at frequencies for which the cell membranes are
“electrically short-circuited”. For this scenario, the measured net
impedance is in effect determined by the parallel combination of
resistors Rint and Rext (Fig. 1). This frequency range is followed
by a dramatic increase in conductance in the range past 30 MHz.
This sharp rise in conductance is caused by the increasing
influence of the overall capacitance of the chamber, which is
roughly Cch=48 pF in our set-up.


The conductance of the cell suspension during pulse
application was measured by recording the current and voltage.
For a 300 ns, 30 kV/cm high-voltage pulse; the current-to-

Fig. 2. Conductance of a Jurkat cell suspension (≈107 cells/mL) versus
frequency. The dashed line indicates the measured conductance of the same
sample 200 ns after the onset of a 300 ns, 30 kV/cm electrical pulse.

voltage ratio (I/V) was obtained 200 ns after the onset of the
pulse. This frequency independent value is shown as a dashed
line in Fig. 2. The important point is that the conductance during
the high-voltage pulse exceeds the value measured by
impedance spectroscopy by at least 20% in a frequency range
where the cell membrane is already “electrically shorted.” Since
electroporation permeabilizes cell membranes, the electrical
conduction can only vary between that for “no electroporation,”
and that for an extreme scenario of complete membrane
dissolution. Here, the measured conductivity under pulsed
conditions is even larger than the high frequency “membrane
dissolution” scenario. Also, the enhancement observed here
cannot simply be accounted for by either membrane electro-
poration, the Wien effects [17], or field-induced water
dissociation. This is because such effects can only contribute
to a modest increase in conductance by about 3% [17].


The measured conductance can also not be attributed to any
displacement current. The charging time constant for the water
filled chamber is on the order of 1 ns. Since the measurements
were taken at 200 ns into the 300 ns long pulse, displacement
currents are negligible.


The conductance increase with field strength is shown in
Fig. 3 for a Jurkat cell suspension. The measurements show an
increase in conductance of up to 140% for the highest applied
electric field strength of 45 kV/cm. For comparison, the
conductance corresponding to the “shorted” regime obtained at
zero dc bias from frequency domain measurements is also given.
This large change with electric field cannot be accounted for by
the Wien effects or by simple electroporation. Both the field
distortion of counter ion clouds (i.e., the first Wien effect) and
the field dissociation of weakly bound molecules and multi-
poles (i. e., the second Wien effect) only lead to very modest
conductance increases. Electroporation alone would not increase
the conductance beyond that expected for completely electro-
porated membranes. Hence, the measured conductivity
increases suggest that either new charge carriers are being
created in a field-dependent manner, or existing immobile
charges are being liberated by the applied voltage pulse.







Fig. 4. The ratio I/V (here referred to as the conductance) during the pulse (at
200 ns) depending on the voltage applied to the skin fold of a mouse.


Fig. 5. Conductance ratio between ending (over 80–90 ns) and beginning (over
1 ns–10 ns) time for a 100 ns pulse.
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With in-vivo experiments on mice skin, the same general
trend was found. Fig. 4 shows the results of current and voltage
measurements at 200 ns (during the pulse) for a 300 ns pulse.
Plotted is the current-to-voltage ratio versus electric field
strength. The data show a conductance much higher than the
high frequency impedance value. This latter is roughly 6.02±
2.11 mS and was obtained from impedance measurements at
10 MHz. It has been indicated at 0 V in Fig. 4, since the
frequency measurements had no net “dc bias”. The experiments
were conducted by randomly changing the electrode positions
at the mice, and measuring the current-to-voltage ratio, which is
roughly the averaged impedance. Each dot in Fig. 4 denotes one
single experiment. The dotted line has been inserted in Fig. 4
only serves as a guide indicating a probable conductance curve.


The ratio of conductance at the beginning (averaged from
1 ns to 10 ns) of a voltage pulse to its value at the end of the
pulse (averaged from 80 ns to 90 ns) for mice skin is shown in
Fig. 5. It is a plot as a function of applied field strength for a
100 ns pulse. The highest voltage applied was ∼7 kV. Larger
values were not used to avoid possible electric “flash-over” and
arcing between the electrodes. The experimental results in Fig. 5
clearly show: (i) the application of an external voltage changes
the system conductance. At lower fields (b5 kV/cm) the
increase in conductivity is small (b5%), but it rises strongly for
electric fields exceeding 5 kV/cm. (ii) The dramatic temporal
changes occur over time scales that are on the order of 100 ns or
less.


3.1. Model hypothesis for high-field membrane effects


Lipids at very low concentrations are stable as hydrated
molecules in bulk water. With increasing concentration of
lipids, they begin to form micelles. As the density is further
increased, the micelles merge into double-layered membrane
structures, and can even form vesicles spontaneously. Forma-
tion of a double layer at high lipid concentrations lowers the
energy cost, which arises from repulsive forces between the
hydro-carbon tails within a finite volume. Also, in a bilayer

structure, the lipid molecules are able to randomly drift (the
fluid mosaic model), favoring entropy increases.


Micelle structures at high lipid concentrations are only stable
in an environment with low permittivity. Since water typically
has a high permittivity, the micelles tend to merge into double-
layered structures and vesicles in an aqueous medium. However,
if the permittivity of water can be reduced, at least over localized
regions that are in the immediate vicinity of micelles, then these
entities would remain stable and exist in this form.


The creation of high electric fields is a process that can
decrease the permittivity [18,19]. The relative permittivity (εr)
is related to the mean dipole moment bM> as [20]:


er � 1ð Þ=3½ � 2eRF þ 1ð Þ= 2eRF þ erð Þ½ �
¼ 4 p=3ð Þ bM2N� bMN2


� �
= 3VkBTð Þ� �


; ð1Þ
where εRF is an effective reaction field permittivity, V the
volume, kB the Boltzmann constant, and T the temperature in
Kelvin. The εRF term accounts for the finite-size of all
simulations. Due to the finite simulation region, each dipole
only interacts with entities that lie within a finite distance and
contributions from far-lying regions are ignored. Such trunca-
tion can lead to physical errors that are corrected by invoking
the effective reaction field permittivity εRF. Usually εRF can
roughly be set to the permittivity εr under the continuum
approximation. In any case, the individual dipoles tend to line-
up when an external field is applied, thereby increasing the
bMN value. This naturally leads to a lowering of εr from Eq. (1)
above. Hence, the application of high external electric fields
facilitates lowering of the permittivity, and so would favor
membrane break-up into micelle structures.


The following scenario can then be evoked. (i) The high
externally applied electric fields causes electroporation and
forces water inside the bilayer structure. (ii) Spatial confinement
of water dipole molecules within the nano-pores effectively
reduces the liquid permittivity. Such reductions in dielectric
constant due to finite-size effects are well known [19,21], and
arise from the inability of dipoles to effectively screen potential,
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as their free movement is curtailed. (iii) The high electric field
near lipid membrane surfaces also facilitates the movement of
charged molecules [e.g., phosphatidyl-serine (PS)] causing
further structural re-arrangement. (iv) Since the permittivity (ε)
decreases with electric field, a positive feedback mechanism
would arise. Any field-induced reduction in permittivity would
lead to further increases the local electric field since the
displacement vector D=εE is roughly constant. This local
increase, in turn, would produce further reductions in permit-
tivity. (v) The presence of a high electric field could also alter the
electronic states and cause energy-level mixing through the
Stark effect. It could become possible for the hybrid bonding
states of one site to align with the anti-bonding energies at
adjacent sites. Field-induced electronic transfer (e.g., hopping),
leading to the weakening of molecular bonds could then follow
as a naturally consequence. Hence, field-assisted fragmentation
andmicelle formationmight be facilitated in the presence of high
fields.


The recent application of ultrashort pulses (e.g., 10 ns
duration voltage with a 1 ns rise and fall-times) to cells open up
the possibility of membrane over-charging and the attainment of
highly non-equilibrium conditions [22]. A transient “overshoot”
in the transmembrane potential can result [4], leading to higher
local electric fields than in conventional electroporation. Also,
lower aqueous permittivities can be achieved [19,23]. Such
overcharged porated membranes are very unstable, especially
under highly non-equilibrium conditions. Hence, molecules in
contact with the low-permittivity, aqueous medium might
loosen and begin forming localized micelles. Micelles contain-
ing charged molecules (e.g., phosphatidyl-serine) derived from
the membrane structure, would provide a net source of mobile
charges within the aqueous medium. These micelles could
contribute to the conductivity increases seen experimentally.


Since most cell membrane typically tend to be negatively
charged, and consequently the micelles are likely to be negative
entities, lipid molecules for micelle formation can be easier
released at the anodic pole than at the cathodic pole of the cell.
Experimental data by Tekle et al. [14] has indeed shown such a
polarity effect with membrane loss preferentially at the anodic
side. This has been confirmed bymolecular dynamic simulations
[7,10]. Furthermore, in this scenario, the conductivity enhance-
ments would be expected to rapidly decrease following voltage
turn-off. Such rapid conductivity decreases have been observed
experimentally [11]. The conductivity slow-down would arise
from scattering of charged micelles with the aqueous medium,
and on-going self-organization into larger lipid structures.


For completeness, we would also like to point out that other
possibilities for field-induced conductivity enhancements have
been discussed in the literature. For example, the notion of
protein release by electric fields of about 20 kV/cm, was first
suggested several years ago by Neumann and Rosenheck [1].
This group probed the possibility of field-induced permeability
changes, leading to the release of biogenic amines. This work
was primarily experimental, and no specific process quantifi-
cation or atomistic-level details were reported. Another possible
source of conductivity increases in the aqueous media might
arise from the efflux of ions (e.g., Potassium) from the cells

upon electric-field induced poration. Such a possibility has also
been discussed by several groups [24,25].


Here we take the view that the conductivity increases are due
to membrane fragments that are essentially charged. The
lowering of the local dielectric permittivity would favor micelle
formation. This, however, is not necessary or critical, since the
release charged fragments would contribute to conductivity
modulation regardless of the shape, structure, or molecular
organization. The earlier suggestion of charged proteins [1] is
certainly a valid possibility. However, in the broadest sense,
such protein detachment is naturally included within the present
domain of charged molecular generation arising from mem-
brane fragmentation. While we have not explicitly introduced
proteins into our atomic level membrane simulations of this
contribution, their detachment upon membrane fragmentation is
implied and perhaps somewhat obvious. The second possibility
of conductivity increase [24,25] due to the efflux of potassium
ions from inside the cell after electroporation is not very
significant in the present cases. Results from such a process
would depend on the ionicity of the extra-cellular medium. At
low ionic concentrations of the extra-cellular medium, one
would expect the potassium efflux process to produce a stronger
conductance enhancement. In our case, the experiments were
carried out at several different background electrolyte conduc-
tivities and amphiphiles. The highest ionic extra-cellular content
was considered. However, in our experiments, only amphiphiles
showed a dramatic increase in conductivity.


3.2. Atomistic simulations


While the above hypothesis perhaps seems plausible,
evaluations are necessary to provide simple “proof-of-concept”
and to ascertain the overall likelihood of such events. Towards
this end, MD simulations of cellular response to high electric
fields were performed to probe the dynamical behavior. MD
simulations rely on the application of classical Newtonian
mechanics for the dynamical movement of ions and neutral
atoms, taking account of the many-body interactions [26–28]. In
our study, the GROMACS (Groningen Machine for Chemical
Simulations) package in NpT ensemble [29] was used for the
MD simulations of field-induced membrane effects. Details on
our MD implementation for membranes in an aqueous medium,
subject to external electric fields can be found elsewhere [7,10].
The dipalmitoyl-phosphatidyl-choline (DPPC) membrane was
chosen with some embedded PS molecules, and the force fields
for membrane molecular motion taken from the literature
[27,28,30]. In all a total of 169,891 atoms were used comprising
of 54,485 water molecules, 119 DPPC chains, 9 phosphatidyl-
serine and 9 Na+ ions for overall charge neutrality. The system
was coupled using a semi-isotropic Berendsen pressure coupling
of 1 atm with compressibility of 4×10−5 along the z direction,
and zero along the x and y directions. A 323 K heat bath is
chosen to retain the liquid phase of the membrane. The requisite
time constants for pressure and temperature coupling were set to
1 ps and 0.1 ps, respectively.


Fig. 6 shows the initial configuration of a lipid bilayer
structure at the start of MD simulations. The membrane was







Fig. 6. The initial configuration of a DPPC lipid bilayer used for the MD
simulations. Water is shown in brown, lipid headgroups in yellow and lipid
chains in cyan.
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comprised of a 8×8 square grid at the top and bottom surfaces.
A constant, large electric field of 0.6 V/nm was imposed
perpendicular to the membrane. The electric field value used
here is large and this choice perhaps needs some explanation.
The corresponding transmembrane voltage at this field is
roughly 3 V. For traditional electroporation, the accepted
potential values are on the order of 1 V [2]. However, for short-
duration pulses highly non-equilibrium conditions exist, giving
rise to transient overshoots in transmembrane voltage [31].
Hence, the use of membrane voltages larger than 1 V under
transient conditions is not unphysical. Also, MD simulations are
very computationally intensive and require small time steps in
the femto-second range. Calculations of the dynamic response
can only be carried out to tens of nano-seconds. In actual
practice, membrane effects under a high external field could

Fig. 7. Snapshot of the DPPC lipid bilayer patch at 1.85 ns. Slow membrane
fragmentation is predicted during the electric pulse.

take as long as milliseconds to manifest. So here, a very high
electric field was deliberately chosen to increase the driving
force, and hence, produce a tangible outcome within tractable
time scales. Since the underlying physics produced by the
external field would be the same, the high value used here
simply allows for the attainment of the final state at much
shorter times — thus a “steered” result. Since the present focus
is on the “proof-of-concept,” and it is adequate to quantitatively
demonstrate the final outcome via such “numerically acceler-
ated testing.”


A snapshot of the membrane patch shown in Fig. 7 at 1.85 ns
reveals the membrane disruption and the onset of fragmentation.
The headgroups are beginning to separate and move into the
aqueous medium. Our results strongly suggest an intermediate
state of a closed hydrophilic pore (HI), representing a non-
conductive pre-pore on the pathway to a final HI pore. The
fragmentation is more obvious in Fig. 8, which is a 2.05 ns
snapshot from the MD simulations. The 0.6 V/nm field acting
on a charged PS lipid molecule roughly corresponds to a 96 pN
force that facilitates lipid extraction from the DPPC membrane.
This force is slightly lower than previous estimates for bio-
membrane rupture [32,33] based on pure mechanical stress. A
slight lowering on the force requirement in this electric field
context is perhaps to be expected based on the following
qualitative aspects. Lipid bilayer membranes derive their
resilience to structural dissolution, in part, by the hydrophobic
interactions between lipid tails and the surrounding water. This
interaction helps keep the lipid tails sequestered away from the
water, maintains the structure and prevents membrane break-up.
However, unlike pure mechanical stresses, the application of
external electric fields creates nano-pores and lowers the local
permittivity. Forced entry of water into the lipid bilayer system
weakens the drive towards an organized structure. Collectively,
electrostatic forces tugging on charged ions, the short-range
dipole interactions, reductions in localized aqueous permittivity,

Fig. 8. A 2.05 ns simulation snapshot of the DPPC lipid bilayer patch with the
voltage pulse applied. One lipid at the anode side (top) is seen to break loose.
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and the possibility for increased entropy, all serve to facilitate
lipid membrane fragmentation under strong external electric
fields.


The above MD simulations clearly demonstrate the follow-
ing aspects: (i) It is possible to get membrane rupture and
fragmentation in response to a large externally applied electric
field. In practice, such effects are expected to occur at the poles
due to the highest electric fields in those regions. (ii) The effects
are predicted to be stronger at the anodic side due to the
existence of negatively charged molecular species within
membranes. Such a clear polarity effects was previously
shown by our group with MD simulations [7] and matched
the experimental reports on PS externalization [8]. (iii) The
ejection of lipid molecules from parts of the membrane has been
shown to occur. Furthermore, such fragments are likely to
cluster together and form micelles in the immediate vicinity of
the parent membrane. (iv) Finally, though not shown here
explicitly, it is conceivable that the uncharged micelles would
tend to diffuse back and self-organize into the parent membrane.
However, micelles containing charged entities would drift away
due to the applied electric field, and also due to the mutual
electrostatic repulsion between different micelles. Upon
termination of the electric field, not all of such charged micelles
would coalesce back due to the mutual electrostatic repulsion.
Hence, a certain fraction of the membrane segment might be
lost, in keeping with the reports of Tekle et al. [14].


4. Discussion


The molar conductivity of a suspension of micelles is higher
than that of an aqueous medium alone. The collection of
micelles formed due to the dis-integration of a charged
membrane would itself be charged. A structural transition and
membrane nanofragmentation in the presence of high electric
fields would explain the unexpected high conductivities
observed experimentally. The fast decrease in aqueous
conductivity [11] would also be consistent with this picture,
rather than the “pore-resealing” mechanism.


Under the present hypothesis, micelles could rearrange
through self-reorganization after voltage pulse termination to re-
constitute the membrane structure. Reorganization and pattern
formations of membrane channels (or pumps) are ubiquitous in
biological cells and tissues driven away from their equilibrium
[34]. However, this does not necessarily imply that the entire
membrane would fully recover. Instead, one might expect a
number of small vesicles besides the recovered membrane,
visible as “blebbing” at the membrane level. Also, this scenario
does not necessarily imply “cell death” or irreversibility. If the
area involved in micelle formation was small compared to the
entire cell surface, it might be possible to “repair the membrane”
through the action of transporter proteins functioning as
flipases. Glycolipids, however, cannot flip back, since they
need membrane recycling processes provided by the cell itself.
Hence, it would appear logical that as long as the organnelle
membranes were not destroyed by the voltage pulse, the plasma
membrane could potentially be repaired within several minutes.
Such cell-recovery following external voltage pulsing has been

observed and is well documented. However, destruction of the
nuclear membrane (or other inner membranes, e.g., the
mitochondrial sites) would probably constitute severe biolog-
ical disruption, leading to irreversibility and cell death.


In closing, we would like to point out that the present
hypothesis also has relevance to the electrofusion phenomena.
Electrofusion is believed to occur at the electroporated sites of
adjacent cell membranes. However, several issues remain
unexplained in this context. For example, the voltage needed
across the two membranes for cell fusion is considerable higher
than twice that required for electroporating a single membrane.
Secondly, due to the existence of glycocalyx, it is very unlikely
that the lipid structures of the fusing membranes actually touch
each other. This makes lipid material exchange unlikely or
difficult at best. Also, short-duration, higher voltage pulses are
known to be more effective at cell fusion, rather than long-
duration pulses.


All of the above could perhaps be understood in the context
of the micellar formation hypothesis, by postulating that this
process may be a key proponent of cell fusion. As discussed
previously, the high fields might yield a diffuse distribution of
lipid material, preferentially at the polar caps. This material can
then redistribute back, after a short period of time (μs-range),
into a single joint membrane. Since very high electric fields are
necessary for micelle formation, the requirement of large
external voltages would be logical for electrofusion based on
the current hypothesis. The glycocalyx paradox would also be
circumvented. The “ablation” of membrane materials from
adjacent cell sites during the voltage pulsing, and their gradual
inter-mingling during the recovery phase would produce field-
assisted cell-fusion.


5. Summary


The physical phenomena of electrically stressing cells to
high external voltages has been re-examined in the light of
recent experimental data. It has been shown that under such
conditions, significant increases in conductivity of the cellular
medium can result, and that this conductivity rapidly decreases
upon voltage termination. Such conductivity increases and the
relatively fast conductivity turn-offs cannot be accounted for on
the basis of simple electroporation alone.


A new hypothesis of localized membrane rupture and
fragmentation on the “nanoscale” at high electric fields has
been proposed. Its key feature is the transition from a double
layer to membrane dis-organization, and partial fragmentation
driven by a high external electric field. Such a response would
lead to conductivity increases beyond the electroporative
effects, and display a relatively fast turn-off with the external
voltage. In addition, such fragmentation and material loss can
be expected at the anode side of cells. This feature would be in
keeping with the reports at high fields by the Tekle group [14].
Our hypothesis was qualitatively supported by MD simulations.
Finally, such cellular responses might temporarily inactivate
voltage-gated and ion-pump activity, though not necessarily
leading to cell death. This hypothesis would also support
several observations on electrofusion.
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Abstract


Eight patients with 29 lesions of histologically verified 1st stage of Mycosis fungoides were successfully treated by electrochemotherapy with
interferon-α. For this purpose 8 biphasic pulses were used, each of 50+50 μs duration with 900 μs interpulse intervals, resulting in a burst of
7.1 ms total duration. Compared to the traditional monoimmunotherapy with interferon-α applied three times weekly for a total of 4 weeks, the
electrochemotherapy was very efficient. Complete response (CR) was observed in 25 (86%) of the 29 treated lesions by single-act
electrochemotherapy with interferon-α. At the end of the 12-month period, all 29 lesions showed 100% complete response (CR). New lesions for a
period of 12 months were not observed.


The expected mechanism involved in multiple cytotoxic action of interferon-α could be the local increased concentration in the tumour and
prolongation of the time of its action after the application of pulses.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrochemotherapy; Mycosis fungoides; Interferon-α

1. Introduction


Electrochemotherapy could be considered as an established
method for the treatment of malignant cutaneous and subcuta-
neous tumours. Since its introduction by Mir et al. [1], several
clinical trials (for example [2–5]) confirmed its high efficiency.
Recently we also applied electrochemotherapy and bleomycin
to basal and spin cell carcinoma and malignant melanoma
metastases with complete response [6]. These results stimulated
us to treat other skin tumours by electrochemotherapy.


Mycosis fungoides is related to the skin T-lymphoma,
which in itself is a low-grade malignant lymphoma with 3
clinical phases of the disease. The first stage is expressed by
premycosal eruptions and tumour-like formation and is
initiated by a generalized and constant skin itching. Erythemas
and urticaria-like rashes appear and are later transformed in
erythema-squamos infiltrations. Sometimes the lesions are like
swellings.

⁎ Corresponding author. Tel.: +35 92 9792622; fax: +35 92 9712493.
E-mail address: itsoneva@obzor.bio21.bas.bg (I. Tsoneva).
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Interferon-α was the first cytokine to be used in clinical trials
that proved to be useful in the treatment of several types of
cancer [7–9]. However, the half-life of interferon recombinant
protein is so short that high doses need to be administered
repeatedly to obtain an effective concentration. Such adminis-
trations lead to the repetitive fluctuation between extremely
high peak levels to basal level of interferon-α in the serum and
could cause untoward systemic effect [10].


In view of these considerations, we were tempted to try and
use predominantly a single-act electrochemotherapy combining
interferon-α with a short duration burst of biphasic pulses.
Some of our previous experience in electrical stimulation of
innervated muscles [11] suggested that biphasic stimuli were of
better tolerance. A new type of biphasic electrical pulse
sequence was introduced for electrochemotherapy, resulting in
improved efficiency and toleration by patients [4,12]. In
addition, bidirectional electrical field might induce permeabi-
lisation of a greater number of tumour cells. Moreover, pore
formation is considered a process that develops with micro-
seconds [13,14]. The enhanced effect of biphasic pulses applied
at higher frequencies was subsequently proven by independent
theoretical and experimental studies of other authors [15–17].



mailto:itsoneva@obzor.bio21.bas.bg
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2. Method and patients


Electrical stimulation was carried out with 8 biphasic pulses
that were used each of 50+50 μs duration with 900 μs
interpulse intervals (the period of repetition of pulses was 1 ms),
resulting in a burst of 7.1 ms total duration [12]. The electrical
pulses were applied 10 min after the injection of interferon-α,
according to the accepted electrochemotherapy protocol by the
National Oncological Centre in Bulgaria. The electrodes were a
pair of parallel stainless steel wires of 0.8 mm in diameter and
15 mm of length. The interelectrode distance was adjustable
(calliper type) in the range of 5–30 mm.


The threshold sizes of treated Mycosis fungoides tumours in
1st clinical stage were 30 mm in diameter. Lesions bigger than
30 mm were treated with radiation and/or chemotherapy.


The patients were selected according to the following
conditions:


• diagnosis confirmed by histology;
• absence of critical heart rhythm disturbances;
• informed consent to acceptance of the type of treatment,
including comparison with other treatment modalities of the
disease;


• post-treatment follow-up of at least 12 months.


Eight patients with 29 lesions, being in the 1st clinical stage
of Mycosis fungoides were treated.


We applied the already established procedure for electro-
chemotherapy [6], approved by the Ethical Committee of the
National Centre of Oncology. Shortly, we injected a local
anesthetic (lidocaine 1%) and interferon-α into the tumour. The
dosage of the used interferon α-2a with trade name Roferon A
(Roche) was 3–6 MU, its volume approximately corresponding
to the lesion volume: 3 MU for tumour volume up to 100 mm3,
4–5 MU for volume in the range of 100 to 150 mm3 and 6 MU
for volumes of 150 to 500 mm3. One MU contains 3.7 μg
interferon α-2a (Roche). The volume of tumour lesions was
calculated according to the formula V=a×b×c, where a is the
length, b is the width and c is the thickness of the tumour, used
in our former investigation [6]. The size of the lesions was
measured by a calliper instrument (Arimedex). Good contact
between the skin and electrodes was assured by a conductive
gel. The treatment response was evaluated at least 4 weeks
(one month) after the treatment according to WHO guidelines as
follows: 1) Complete response (CR): the absence of any trace of
tumour; 2) Partial response (PR): decrease in the tumour volume
by 50% or greater; 3) No change (NC): decrease of b 50% or an
increase of b 25% in the tumour volume; 4) Progressive disease
(PD): tumour volume enlarged more than 25%.


The field strength was considered taking into account some
parameters: the longest length, place, and conciseness of the
lesions. The applied field intensity was lower when the lesions
were near to the heart. Low field strengths were used in cases
when the lesions were on the face (on the cartilaginous tissue) or
near to the mucous tissue to avoid necrosis. The field intensity
was the same when a need to treat the same lesion again was
indispensable.

Control experiments were done on 3 patients with 5 tumours.
During the first experiments, only 8 electrical pulses were
applied (Table 1, A). After one month the same patients were
treated with interferon-α injected in the lesions but without
electrical pulses (Table 1, B). The results were accounted after
24 h, 72 h, 2 weeks and one month. After that the same patients
were treated with interferon-α and electrical pulses (Table 1, C).


The next 5 patients (N 4–8) were treated only by interferon-
α and electrical pulses (Table 1, C).


The patients were subjected to monthly examinations for the
first 6 months and to three-month check-ups for the remaining
period of up to one-year total post-treatment follow-up.


The treated lesions in one experiment were no more than
three in number. Other lesions were treated after a period of
three days.


3. Results and discussion


After one month, when only electrical pulses were applied no
change in the volume, pigmentation, or epidermal atrophy was
observed (Table 1, A). Therefore, we decided to continue the
chemotherapy with interferon-α because with this kind of
tumour the lesions could increase in size and number. The
tumour size was reduced by one third in a period of one month
when treated with interferon-α injected in the lesions, but no
electrical pulses were used (Table 1, B). It gives 100% complete
response (CR) when applying combination of interferon-α plus
electrical pulses to the same patients from group B (Table 1, C,
patients 1–3). In cases A⁎ and C⁎ the patient was treated with
two electrical pulse applications using inter-rod distances up to
15 mm and field intensity of 1500 V cm−1.


The 18 mm (diameter) lesion on the chest of patient N4 was
treated at the end of the 3rd month and at the end of the 5th
month. There were no signs of recurrence up to the end of the
follow-up period.


The 20 mm lesion on the back of patient N6 was treated at
the end of each control month from the beginning of the first
three months. Full resorption was observed during the
remaining 8 months of follow-up. After each electrochemother-
apy, the volumes of the tumours were reduced approximately to
30%.


Patient N8 lesions on the left thigh and right gluteus were
treated once more at the 1st month of the control examination.
They were fully healed during the remaining 10 months. In
addition, this patient had a marked side effect after the injection
of interferon-α. His temperature rose to 39°, with headache and
apparent weakness for about 12 h. He also had pronounced
erythema around the right gluteus lesion, which was near to the
mucous membrane.


Here we have to mark down that, when NC or PR were
scored (Table 1#) lesions were still present either in the treated
lesion center or at its periphery.


At the end of the 12-month period, all 29 lesions showed
100% complete response. New lesions for a period of 12 months
were not observed.


Application of electrical pulses only or treatment only with
drug had minimal or no effect upon tumour growth.







Table 1
Parameters of the treatments by electrochemotherapy with interferon-α


Patient N, age, gender Lesion location Lesion sizes
(a,b,c) [mm]


Interferon-α
[MU]


Field strength
[V cm−1]


Response after
one month


Duration of CR
response (months)


A
1. Age 72, F Back⁎ 30/10/1.5 – 1500 NC
2. Age 47, M Back 8/6/2 – 1000 NC


Right arm 15/12/2 – 1200 NC
Left arm 11/8/1.6 – 1200 NC


3. Age 27, M Nose 4/4/3 – 800 NC


B
1. Age 72, F Back 30/10/1.5 6 – NC
2. Age 47, M Back 8/6/2 3 – NC


Right arm 15/12/2 6 – NC
Left arm 11/8/1.6 5 – NC


3. Age 27, M Nose 4/4/3 3 – NC


C
1. Age 72, F Back⁎ 22/8/1.5 6 1500 CR 11
2. Age 47, M Back 6/5/1.5 3 1000 CR 11


Right arm 12/10/1 6 1200 CR 11
Left arm 9/7/1 5 1200 CR 11


3. Age 27, M Nose 4/3/2 3 800 CR 11
4. Age 58, F Low back 7/7/2 3 1500 CR 11


Left arm 15/8/1.2 4 1000 CR 11
Back 8/8/1.6 3 1500 CR 11
Chest-left side-low 10/8/1.1 3 1300 CR 11
Chest-centrum# 18/8/1.1 5 890×3 PR 6


5. Age 42, M Right arm 9/8/1.4 3 1100 CR 11
Back 6/5/3.5 3 1500 CR 11
Back 12/10/1.2 4 1000 CR 11


6. Age 30, M Back-left side# 20/13/1.8 6 850×3 NC 8
Back 9/6/2 3 1300 CR 11
Back 5/5/4 3 1500 CR 11
Left forearm 13/10/1.3 4 1000 CR 11


7. Age 65, M Neck 10/10/1.5 4 1100 CR 11
Right shoulder 4/4/5 3 1500 CR 11
Right wrist 6/6/3 3 1500 CR 11
Back-left side 17/15/2 6 890 CR 11
Back 10/8/1.8 5 1100 CR 11


8. Age 25, M Back 5/5/4 3 1500 CR 11
Back 9/7/1.8 4 1200 CR 11
Back 13/10/2 6 1000 CR 11
Left shoulder 8/8/3.2 6 1500 CR 11
Right upper arm 12/8/3 6 1200 CR 11
Right thigh# 15/10/1.2 6 1000×2 NC 10
Right gluteus# 25/10/1.2 6 700×2 NC 10


⁎Lesion with two electrical pulse applications in one experiment; #lesions treated two (×2) or three (×3) times (see Results and discussion); a: length, b: width and
c: thickness of the lesion; Response, determined according to WHO classification: Complete (CR) and Partial (PR) responses, and No change (NC); Duration of CR in
months after the first documented CR.
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When looking at Table 1, it can be seen that the lesions which
requiredmore than one treatment procedurewere of relatively large
dimensions, placed near the heart, the mucous tissue or the carti-
lage. In these cases a considerably lower field intensitywas applied.
The reason for this was to avoid possible skin necrosis or erythema
under the electrodes when higher voltage was applied in body
regions with tender skin or to avoid some fibrillation of the heart.


In our practice the standard procedure until 1998 for treat-
ment of Mycosis fungoides at its 1st stage was with interferon-α,
applied 3 times weekly for a total of 4 weeks (unpublished data).
Compared to the traditional monoimmunotherapy, the electro-
chemotherapy was very efficient (Table 1).

The mechanism of action of electrochemotherapy is the
electropermeabilisation of cells and thus it increases the
concentration of cytotoxic drugs as bleomycin and cisplatin in
the tumour cells [2–5]. The target of the cytotoxic effect of the
above drugs is attacking of DNA in the nucleus. Interferon-α is
another candidate that possesses antitumourous properties [7–
9]. According to the latest reviews, the variety of biological
functions of interferon-α is expressed by the interaction with
interferon-α receptors, which are composed of two identified
subunits, resulting in the activation of a number of signalling
pathways [18–21]. The difference between bleomycin and/or
cisplatin and interferon-α is that the latest drug expresses its
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cytotoxic effect on the surface of the cells by interactions with
the receptors. Furthermore, the higher concentration of
interferon-α in the serum could give some side effects and
develop serum antibodies [10]. An appropriate technology for
improving the practical application of interferon-α could
involve the increase of its local delivery in the tumours, also
to overcome systematic side effects.


Other mechanisms that are involved in the antitumour ef-
fectiveness of electrochemotherapy with bleomycin or cisplatin
have been reported [22,23]. The application of electric pulses
with high field intensities induces transient but reversible
reduction of blood flow. Restoration of blood flow in normal
tissues is much faster than in tumours. The decreased blood
flow in the tumour might induce the entrapment in the tumour of
drug injected intratumourally, providing more time for the drug
to exert its cytotoxic activity. For this reason, we supposed that
the expected mechanism of the observed positive effect of
interferon-α with the use of high voltage electrical pulses is due
to the increase of the local concentration of interferon-α and the
prolongation of the time for the action of this cytokine inside the
tumour.


4. Conclusions


Taking into account the 100% complete response for the 29
lesions treated by electrochemotherapy with interferon-α, the
method can be recommended for treatment of Mycosis
fungoides in the 1st stage. Compared to other treatments for
this condition, this non-traumatic and predominantly single-act
procedure has definite advantages. The expected mechanism
involved in multiple cytotoxic action of interferon-α could be
the increased concentration for a longer time in the tumour after
the application of pulses.
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Abstract


Electroporation is used for in vivo gene therapy, drug therapy and minimally invasive tissue ablation. Applying electrical pulses across cells
can have a variety of outcomes; from no effect to reversible electroporation to irreversible electroporation. Recently, it has been proposed that
measuring the passive electrical properties of electroporated tissues could provide real time feedback on the outcome of the treatment. Here we
describe the results from the impedance characterization (single dispersion Cole model) for up to 30 min of the electroporation process in in vivo
rat livers (n=8). The electroporation sequence consisted of 8 pulses of 100 μs with a period of 100 ms. Half of the animals were subjected to field
magnitudes considered to have reversible effects (R group, E=450 V/cm) whereas for the other half irreversible field amplitudes were applied
(I group, E=1500 V/cm). As expected, there was an immediate increase of conductivity (R group Δσ /σt=0=9±3%; I group Δσ /σt=0=43±1%).
However, the overall long term pattern of change in conductivity after electroporation is complex and different between reversible and irreversible
groups. This suggests the superposition of different phenomena which together affect the electrical properties.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electroporation; Electrical impedance; Electrical conductivity; Liver

1. Introduction


Electroporation, or electropermeabilization, is the phenom-
enon in which cell membrane permeability to ions and
macromolecules is increased by exposing the cell to short
(microsecond to millisecond) high voltage electric field pulses
[1]. While the exact mechanism of permeabilization is not
precisely understood experiments show that the application of
electrical pulses can have several different effects on the cell
membrane, as a function of various pulse parameters; such as
amplitude, length, shape, number of repeats and intervals
between pulses. As a function of these parameters, the
application of the electrical pulse can have no effect, can have
a transient permeabilization effect known as reversible electro-
poration or can cause permanent permeabilization known as
irreversible electroporation. Both, reversible and irreversible
electroporation have important application in biotechnology
and medicine [2]. Reversible electroporation is now commonly
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used with micro-organisms and cells in culture for transfection
and introduction or removal of macromolecules from individual
cells. Irreversible electroporation is used for sterilization of
liquid media from micro-organisms. During the last decade
reversible electroporation has started to be used in living tissues
for in vivo gene therapy (electrogenetherapy) [3–5] and to
enhance the penetration of anti-cancer drugs into undesirable
cells (electrochemotherapy) [6]. Recently, irreversible electro-
poration has also found a use in tissues as a minimally invasive
surgical procedure to ablate undesirable tissue without the use
of adjuvant drugs [7–9].


Successful electroporation, either reversible or irreversible,
depends on toomany factors to be reliably applied in an open loop
procedure [10,11], in particular when a yield of close to 100% is
desired; such as in the treatment of cancer or when rare cells such
as oocytes are treated. It is obvious that for optimal application of
electroporation it is desirable to be able to close the open loopwith
feedback information on the outcome of the applied pulse or
pulses generated by electropermeabilization systems [12].


A possible method for assessing the effects of electropora-
tion is through measurements of the electrical properties of the
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Fig. 1. General architecture of the developed system. The “quasi-DC” resistance
is recorded by the oscilloscope during the electroporation pulses whereas AC
impedance is measured afterwards.
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electroporation affected cells or tissues. A simplistic model of a
cell can be used to qualitatively understand the effects of
electroporation on the cell electrical properties. In such a model,
a resistance representing the extra-cellular medium is in parallel
with a capacitance accounting for the cell membrane in series
with a resistance representing the intra-cellular medium. When
electropermeabilization is achieved, then the membrane capac-
itance is partially shunted by a membrane resistance. After-
wards, resealing of the membrane causes the shunting resistance
to increase and the impedance returns to its original values. From
these considerations, measuring changes in electrical properties
of cells has been proposed for determining the effectiveness of
electroporation protocols in individual cells [13,14] and in cell
cultures [15]. Similarly changes in electrical properties were
proposed for detecting electroporation in tissues [16], including
the creation of images of the electroporated tissue volumes by
means of Electrical Impedance Tomography [17,18].


The present study is part of a comprehensive effort to fully
characterize the changes in electrical properties of tissue with
reversible and irreversible electroporation. This information
should serve as feedback for real time control of the process of
electroporation.


2. Materials and methods


A total number of 8 rats were randomly assigned into two
different groups:


▪ Group “R”: Reversible electroporation group (n=4); nom-
inal electrical field=450 V/cm.


▪ Group “I”: Irreversible electroporation group (n=4); nom-
inal electrical field=1500 V/cm.


In both cases the liver was exposed in vivo and a sequence of
8 pulses of 100 μs duration and 100 ms period was applied
through two flat circular electrodes separated at a distance of
5 mm. DC conductance was measured during the pulses and AC
impedance was recorded in the inter-pulse intervals and for
30 min after the electroporation sequence. Resulting spectro-
scopic data were parameterized according to the Cole equation
for a single dispersion.


Two hours and a half after the electroporation sequence,
animals were euthanized and liver samples were prepared for
histological analysis.


The following sections describe in more detail the employed
materials, instruments and methods.


2.1. Apparatus


The general architecture of the system is shown in Fig. 1.
The electroporation voltage pulses are applied to the sample
through a pair of large annular electrodes, shown at the bottom
left corner. These pulses are generated by a commercial pulse
generator (ECM 830, Harvard Apparatus; Holliston, MA).


Passive electrical properties of the tissue are measured during
and after the application of the electroporation pulse thanks to an
automated switching scheme (this strategy has been employed

previously by some researchers in the field [19,20]). After the
electroporation pulse the impedance of the tissue between the
electrodes is measured by using the four-electrode method in
which the electroporation electrodes are used as the current
injection electrodes and a pair of smaller inner electrodes are used
to measure the induced voltage difference across the tissue
sample. Recording of current and voltage during the electropora-
tion pulse application is performed with a strategy similar to that
described in Refs. [15,21,22]. Specific to our apparatus is the use
of a small sensing resistor (1Ω) for measurements instead of the
use of amagnetic based current sensor.We choose to use a resistor
rather than magnetic sensors because the sample impedances are
expected to be much larger (N200Ω) than in the previous studies
and the error introduced by restive measurement becomes
insignificant when taking into account the typical vertical
resolution of oscilloscopes (8 bits).


2.1.1. Impedance analysis system
The post pulse impedance measurement is made with a


custom developed impedance analyzer that is embedded in a
single Printed Circuit Board (PCB) with the rest of components
of the system. This subsystem is disconnected from the sample
during the pulse application. Otherwise, the electronics would
be damaged because of the high voltages applied for
electroporation (up to 1500 V). As an alternative, we considered
using surge protection mechanisms. However, such protection
may have caused distortion of the impedance measurement or
the electroporation fields.


Automatic connection and disconnection are performed by
means of high-voltage reed relays with switch times below 2 ms
(MS Series, Meder Electronic AG) that are controlled by a Field
Programmable Gate Array (FPGA) that governs the whole
system. Initially, the sample is connected to the electroporation
pulse generator and disconnected from the AC impedance
meter. After a high-voltage (HV) pulse signal is detected and a
signal sent to FPGA through an optical-coupler, the system
waits for a specified amount of time before connecting the
impedance meter.


The impedance analyzer architecture (Fig. 2) is based on
previous designs described in [23–25]. Briefly, an AC signal is







Fig. 2. Schematic representation of the fast impedance analyzer.


Fig. 3. Finite-element simulation (FEMLAB) of the electric field produced by the
probe (axial symmetry). The selected electric field for reversible electroporation
is 450 V/cm (225 V were applied between electrodes I+ and I−). At the electrode
edges the field is higher and, presumably, irreversible electroporation or burning
could be caused. Under electrodes V+ and V− a shadowed volume appears since
current is shunted by these electrodes.
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generated by using a Direct Digital Synthesizer (DDS) and
injected into the sample through a limiting resistor (maximum
current=100 μAp). Then, voltage difference and current signals
are collected separately and processed to obtain their real and
imaginary parts in relation to a reference signal. Basically, such
processing is a digital cross-correlation between the input
signals and the reference signal.


The system was configured to measure in the multi-
frequency mode (1 kHz and 15.5 kHz) up to 500 ms after the
end of last pulse. After this time point, frequency scans (ten
frequencies from 1 kHz to 400 kHz) were recorded for 30 min.


2.1.2. Electrode setup
Fig. 1 shows the electrode setup in relation to the entire


apparatus. It is used for both electroporation and impedance
measurement. It consists of two parallel plates that clamp the
liver lobe. Plates are separated 5 mm apart by spacers inserted in
between them and the whole setup is held by clips.
Mechanically it is equivalent to the setup used in Ref. [9].


Fig. 3 shows a schematic of the electrodes and their
placement. The vertical left line in Fig. 3 is the line of symmetry
and the figure shows half the plates. Each plate is made of a large
external annular electrode (external diameter=10 mm) for
electroporation and current injection (I+, I−) and a smaller
circular electrode (external diameter 1 mm) for voltage detection
(V+, V−). Fig. 3 also shows a typical electrical field magnitude
distribution during the experiments discussed later in this paper.
For the reversible group, the voltage that was set across the
electroporation electrodes was 225 V, which in the experiment
were applied in eight 100 μs pulses separated by 100 ms. This
voltage was chosen to produce an electrical field around 450 V/
cm and it should produce reversible electroporation [7]. The
calculations in the figure show that presence of the inner voltage
measurement electrodes distorts the electric field during
electroporation when compared to a two disk arrangement.
However, as shown in the simulation depicted in Fig. 3, the
“shadowed” tissue volume is not significant (b1% of electro-
porated volume).

The electroporation plates were produced by using standard
Printed Circuit Board technology (Sierra Proto Express Inc.,
Sunnyvale, CA, USA). FR-4 was selected as the board material
and soft bondable gold was selected as finishing for the
electrodes.


In order to reduce the electrode-tissue interface impedance,
platinum black was deposited with electrochemical deposition
on the gold electrodes [26]. Such interface impedance reduction
is useful for four-electrode impedance measurements [27].
Here, we have also found that it reduces the magnitude of the
electrochemical DC voltage after the application of the HV
pulses.


The cell constant, K, defined as the ratio between the
resistivity and the measured resistance, will depend on the
sample geometry. However, taking into account a range of
reasonable expected geometries, finite-element simulations
provide a value for K=2.76±0.05 cm. Experimental measure-
ments with saline solutions give a slightly larger value,
K=2.9 cm. The results are evaluated with K=2.8 cm.


In the case that the external annular electrodes are used both
for current injection and voltage drop reading, simulations
provide a value for K=2.3 cm. This is the cell constant value
that we employ here to scale conductivity values during the
electroporation pulses.


At this point it may be worth to note that four-electrode
method is advisable, if not necessary, for small-signal impedance
measurements in order to avoid the error introduced by the
parasitic electrode-tissue interface impedance, particularly at
low frequencies since it shows a capacitive behavior. On the
other hand, at high voltages or current densities this impedance is
minimized and becomes resistive rather than capacitive [26]
since electrode transfer reactions can occur at the electrodes.


2.1.3. Data processing and representation
In an electrical component, electrical impedance at a specific


frequency defines the mathematical relation between the
applied alternating current and the resulting voltage between
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the component terminals. In addition to the relation of
magnitudes between the voltage and the current (“impedance
magnitude”), a relative time delay between both signals can also
be observed that can be expressed in degrees (“impedance phase
angle”; a phase angle of −90° means that the voltage signal is
delayed with respect to the current signal by a quarter of the
period). Therefore, for each frequency the impedance can be
represented with two numerical values that are usually
expressed as a complex number.


The simplistic cell model presented in the introduction, which
consists of a resistance for the extra-cellular medium in parallel
with a capacitance accounting for the cell membrane in series
with a resistance representing the intra-cellular medium, was
first proposed by Fricke and Morse in 1925 [28]. It represents
one relaxation process with a single characteristic time constant
and, in the frequency domain, corresponds to a single dispersion,
that is, a transition between two frequency-independent levels
(see Ref. [29] for more details about these concepts). However,
since the first studies, it was observed that this capacitive model
was not accurate enough to fit the experimental results in cell
suspensions or living tissue studies. When the impedance values
measured at multiple frequencies are represented in a Bode plot,
it is observed that the behavior of the capacitive model is steeper
than the results from actual bioimpedance data. Moreover, in the
complex plane (imaginary part versus real part) both, the
capacitive model and the experimental results, produce a
semicircle but, in the case of the actual data the center is not
on the real axis. This phenomenon is usually described as
“depressed semicircles” and it is not only observed in living
tissues but also in some composite materials [30].


In 1940 Keneth S. Cole [31] introduced the first mathemat-
ical expression able to fit the “depressed semicircles” found
experimentally. It is known as the Cole equation and here we
have employed it to characterize the impedance spectrogram
obtained from multi-frequency measurements recorded before
and after electroporation (Cole equation expressed here as in
Ref. [29]):


Z ¼ Rl þ DR


1þ ð jxsÞa ; DR ¼ R0−Rl ð1Þ


where Z is the impedance value at frequency ω, j is the complex
number (−1)1/2, R∞ is the impedance at infinite frequency, R0 is
the impedance at zero frequency, τ is the characteristic time
constant and α is a dimensionless parameter with a value
between 0 and 1.


In other words, for each time sample, the parameters R∞, R0,
τ and α were adjusted to reproduce the actual impedance
spectrogram. The fitting was automatically performed from the
measurements at frequencies from 1 kHz to 65 kHz (8 points)
with custom developed routines based on the fitting algorithm
presented in Ref. [32]. Higher frequencies were not used for
fitting since significant phase error due to parasitic capacitances
was detected. As it can be observed in Fig. 6, Cole modeling
produced reasonable good results.


After the fitting, the Cole parameters (R∞, R0, τ and α) were
plotted (expressed as mean±standard deviation). The R∞ and

R0 parameters were scaled according to the probe cell constant
(K=2.8 cm) and their values were expressed as resistivities (Ω
cm) instead of resistances (Ω).


Quasi-DC conductance was computed at the end of the
pulses from recorded current, i(t), and voltage, v(t), as g(t)= i
(t) /v(t). Then it was scaled by 1/K (1/2.3) in order to obtain the
quasi-DC conductivity.


During the inter-pulse intervals and up to 500 ms after the
electroporation sequence, impedance was only obtained at two
frequencies. This is insufficient to generate a Cole approxima-
tion. However, since Cole modeling provided good results
before electroporation and after the 500 ms time lag, we have
considered that the pre-pulse Cole model is still valid during
these intervals and that R0 and τ are the only parameters that
change significantly. This yields us to compute the value of R0


as proportional to the impedance magnitude at 1 kHz, in
particular:


R0 ¼ 1:03� jZj1 kHz ð2Þ
To obtain the 1.03 scaling factor we have averaged the ratio


R0/|Z|1 kHz for all Cole fittings obtained before and immediately
after electroporation.

2.2. Animals and anesthesia


Male Sprague-Dawley rats (250–350 g) were obtained from
Charles River Labs through the Office of Laboratory Animal
Care at the University of California, Berkeley. They received
humane care from a properly trained professional in compliance
with both the Principals of Laboratory Animal Care and the
Guide for the Care and Use of Laboratory Animals, prepared
and formulated by the Institute of Laboratory Animal Resources
and published by the U.S. National Institutes of Health (NIH).


The experiment started with anesthetization of the animal via
intraperitoneal injection of Nembutal solution (50 mg/ml
sodium pentobarbital, Abbott Labs, North Chicago, IL) for a
total of 100 mg sodium pentobarbital per kg of rat. Thirty
minutes later, the liver was exposed via midline incision. Then,
one lobe of the liver was clamped between the two electrode
plates at a separation of 5 mm, multi-frequency impedance was
measured for 2 min and the corresponding sequence of square
pulses was applied. After that, impedance was recorded for
30 min continuously. Finally, after 2 hours and a half, the animal
was euthanized and liver samples of the area of interest were
prepared for histology.


2.3. Histology


To fix the liver at its current state for microscopic viewing,
we flushed the vasculature with physiological saline for 10 min
at a hydrostatic pressure of 80 mmHg from an elevated IV drip.
This was accomplished by injecting the fluid into the left
ventricle and letting it exit from a cut made in the right atrium.
Immediately following saline perfusion, a 5% formaldehyde
fixative was perfused in the same way for 10 min. The treated
liver lobe was then removed and stored in the same







Fig. 5. Conductivity evolution during the electroporation sequence in an
example from the irreversible group (8 pulses of 100 μs and 1500 V/cm). Points
marked with circles and joined with a dashed line represent the quasi-DC
conductivity obtained at the end of each electroporation pulse.
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formaldehyde solution. Hematoxylin–eosin staining was then
performed on cross-sections through the center of the treated
region to elucidate the morphology.


3. Results


3.1. Conductivity evolution during electroporation


As shown in the examples of Figs. 4 and 5, tissue conductivity
increases during the electroporation sequence in the reversible
and the irreversible cases. Specifically, taken into account pre-
electroporation values and values immediately after the last pulse,
there is an increase of conductivity equal to 9±3% in the
reversible group and equal to 43±1% in the irreversible group.


It is interesting to note that the conductivity during the 100 μs
pulses (“in-pulse” conductivity) is quite higher than the
conductivity during the inter-pulse intervals, particularly in the
irreversible group. Such in-pulse conductivity is reached
immediately in the reversible group in terms of time resolution
of the oscilloscope captured data (5 μs). On the other hand, in the
irreversible group the in-pulse conductivity increases continu-
ously during the pulse after an immediate initial step in
conductivity. Unfortunately, electrical interference generated
by the pulse generator made impossible to register waveforms
suitable for graphical representation. Only individual samples
could be assessed. In particular, in Figs. 4 and 5 the circles
represent the in-pulse conductivity values at the end of the pulse.


It is also noticeable the fact that the in-pulse conductivity
values saturate in the irreversible group whereas in the
reversible group increase almost linearly with each pulse.
Nevertheless, the inter-pulse conductivity increases in both
cases after each pulse.


Phase angle measurement at 1 kHz during this stage does not
produce significant results due to its low absolute value (∼ |−1|°).
On the other hand, phase angle at 15.5 kHz gives similar
information to that shown in Figs. 4 and 5. Mean value before
electroporation is −18.7° and, because of electroporation, it

Fig. 4. Conductivity evolution during the electroporation sequence in an
example from the reversible group (8 pulses of 100 μs and 450 V/cm). Points
marked with circles and joined with a dashed line represent the quasi-DC
conductivity obtained at the end of each electroporation pulse.

increases 7.4±0.9° in the irreversible group and 2.2±0.9° in the
reversible group.


3.2. AC impedance after electroporation


As it can be observed in the example depicted in Fig. 6, Cole
model fits reasonably well actual data before electroporation.
After the high voltage pulse sequence, all Cole parameters,
except R∞, change significantly across time (Figs. 7–10) but the
single dispersion model is still valid. That is, actual data can be
approximated by a single semicircle in the impedance locus
plot.


Figs. 7 and 8 show an interesting phenomenon related to the
reversible group: after the expected initial drop of DC resistivity
(=R0=ρ=1 /σ) caused by electroporation (Fig. 4), R0 starts to
increase, surpasses its original values before electroporation and
reaches a peak at about 100 s after electroporation. After that,
R0 slowly decreases to a value slightly below its original value.

Fig. 6. Example of impedance locus (imaginary part of impedance, Im [Z],
versus real part of impedance, Re [Z]) before electroporation. Circles denote
actual data and the continuous line and crosses denote the corresponding Cole
model. Measured impedance values and Cole parameters are scaled according to
the probe cell constant (K=2.8 cm) in order to provide cell geometry
independent values, that is, they are scaled for the reference measurement cell
(section=1 cm2, length=1 cm).







Fig. 7. Examples of evolution of Cole parameters R0 and R∞ from the reversible
(R) and the irreversible (I) groups after electroporation (time=0). Values are
scaled according to the probe cell constant (K=2.8 cm). Fig. 9. Evolution of mean value of Cole parameter τ in the reversible (R) and the


irreversible (I) groups after electroporation (time=0). Error bars represent
±standard deviation.
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The irreversible group also shows a peak in resistivity after
the initial drop caused by electroporation. However, in this case,
after-electroporation values are significantly lower than the
original ones. Moreover, at about 12 min after this first
resistivity drop due to electroporation there is a second step
decrease.


The time constant (τ) also distinguishes both groups
markedly after electroporation (Fig. 9). Quite interestingly, the
α parameter is not significantly different between both groups
just after electroporation (Fig. 10). Nevertheless, after 30 min it
is the parameter that produces most significant differences
between both groups.


3.3. Macroscopic and microscopic observations


Naked-eye observation of electroporated livers after saline
perfusion yields very different results for both groups:

Fig. 8. Evolution of mean value of Cole parameter R0 in the reversible (R) and
the irreversible (I) groups after electroporation (time=0). Error bars represent
±standard deviation. R∞ is not displayed since its time variation is much lower
than the standard deviation.

irreversibly electroporated livers show a very distinctive dark
red circular area at the location of the electrodes whereas livers
from reversible group have no sign except an occasional, slight
and thin reddening where the electrode edges were placed.


Presumably, the distinctive dark reddening of irreversibly
electroporated livers is due to the accumulation of red blood cells
(RBC) that can be microscopically observed (Fig. 11) [9]. Such
entrapping of RBCs could to be related to the observed destruction
of endothelial structures of the liver vasculature system.


Besides the pooling of RBCs and the destruction of
endothelial structures, microscopy (Fig. 11) also shows a very
significant increase of the inter-hepatocyte space that seems to
be caused by massive cell lysis.


Microscopy of reversibly electroporated areas shows that the
hepatocytes appear intact, with intact cell membranes and
distinct clear nuclei. Some of the hepatocytes give the
impression to be divided or to be in the process of division.

Fig. 10. Evolution of mean value of Cole parameter α in the reversible (R) and
the irreversible (I) groups after electroporation (time=0). Error bars represent
±standard deviation.







Fig. 11. Microscopic pictures of electroporated livers. (a) Portal vein branch,
hepatic artery branch and bile duct in an area of a reversibly electroporated liver
where electrical fields are below 300 V/cm; intact hepatocytes and some damage
to endothelial cells. (b) Presumably location of portal vein and hepatic artery
branches in a treated area of an irreversibly electroporated liver; very significant
entrapping of RBCs into the hepatic sinusoids, destruction of endothelial
structures. (c) Another treated area of an irreversibly electroporated liver;
significantly increased inter-hepatocyte spaces and loss of cell membrane
integrity. Bars indicate 100 μm.
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On the other hand there are several sites in which the endothelial
cells appear to have become detached from the blood vessels
walls. At other sites the endothelial cells are intact.


In contrast, at irreversibly electroporated areas (Fig. 11b),
hepatocyte membrane integrity is not clear and nuclei are

mostly pyknotic. In addition, RBCs are trapped inside the
sinusoids and there is hemorrhage near the large blood vessels.
Similarly to results presented in [9], the larger blood vessels
have retained their structure and are devoid of debris. At some
sites in the irreversible electroporated area (Fig 11c) the damage
to the cell membrane is profound and the cells have completely
lost integrity.


4. Discussion


As expected, tissue conductivity increases during the
electroporation pulse sequence due to cell membrane “shunt-
ing” and it tends to slowly recover its original value afterwards,
presumably because of membrane resealing (Figs. 4 and 5).
Such recovery can be approximated by an exponential function
with a time constant of the order of 0.1 s.


In the case of reversible electroporation, passive electrical
properties almost recover their original values 15 min after
electroporation. In fact, the slight differences could be attributed
to irreversible electroporation of localized portions of tissue due
to nonuniform electric fields caused by edge effects at the
electrodes (Fig. 3.). Therefore, impedance seems to confirm that
tissue properties are only temporarily affected by electropora-
tion if certain electrical field thresholds are not surpassed.


It is more interesting, however, the unexpected stage of
increased resistivity after electroporation (Figs. 7 and 8). Since it
occurs within the time scale in which reversible blood occlusion
is manifested after electroporation [33] it is reasonable to think
that both phenomena are linked. A possible explanation could be
based on the fact that ischemia (i.e. blood occlusion) induces cell
swelling and, consequent, narrowed extra-cellular paths for low-
frequency currents [25]. This type of behavior was found at low
frequencies in liver in response to artificial ischemia (Δ|Z|N10%
in 1 min) [34]. Therefore, although membrane conductivity
would be increased due to electroporation, overall conductivity
would be reduced because of narrowed extra-cellular paths due
to ischemia.


Short term (minutes) perfusion impediment after electro-
poration has been described as being the result of reflex
constriction of afferent arterioles [33]. For longer times,
occlusion could be related to the direct effect of pulses on
vascular endothelial cells. In this case, permeabilization of
vasculature would lead to increased interstitial pressure and
decreased intravascular pressure which would finally yield to
occlusion. As explained in Ref. [35] for intestinal epithelial
monolayers, different causes can be argued to explain an
increase of endothelial permeability due to electroporation:
a) opening of tight junctions due to cytoskeleton alteration;
b) transcellular transport through reversible electropores; and
c) direct transport through holes left by killed cells.


Another plausible explanation for the stage of increased re-
sistivity after electroporation could be based on the fact that
electroporation increases cell membrane permeability to water
and, consequently, induces cell swelling due to unbalanced os-
motic pressure. Such explanation was proposed by Abidor et al.
to interpret a similar observation in the case of cell pellets [36],
which are simple cells aggregates obtained through centrifugation
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and obviously do not have blood vessels and do not experience
systemic response to electroporation. Both explanations are
feasible and it is possible that they occur simultaneously.


Fig. 12 shows clearly that three distinctive regions can be
identified in the evolution of R0 after the reversible electro-
poration sequence. Up to 10 s after electroporation the response
is compatible with the exponential response observed in Fig. 4.
Thus, we hypothesize that such evolution is dominated by
membrane resealing. After that, the slope increases significant-
ly, indicating that another phenomenon is active. In this case, as
it has been already pointed out, we suggest that the dominant
process may be blood occlusion. Finally, we attribute the
resistivity decrease to cessation of the occlusion mechanism
(“deocclusion”). Hence we are assuming that the blood
occlusion mechanism is reversible in this case.


Irreversible effects on tissue are noticeable both in histology
and impedance characterization. Low R0 values 30 min after
electroporation are probably caused by the enlargement of inter-
hepatocyte spaces that can be observed in histological samples
(Fig. 11c) and that is presumably caused by cell destruction.
However, permanent cell membrane permeabilization or cell
fusion could also explain such result.


In Fig. 12 the number of distinctive regions for the irrevers-
ible case is six. As in the reversible case, we attribute the first one
to the membrane resealing process. Unfortunately, we are not
able to satisfactorily explain the second region in which R0


decreases slightly. The third and fourth regions are similar in
slope to the second and third regions in the reversible case.
Moreover, they occur in the same time range. Thus, we
hypothesize that they are dominated by the reversible blood
occlusion mechanism. In order to explain the last two regions we
make use of the histological observations. We suggest that
entrapping of RBCs into the hepatic sinusoids (Fig 11b) after
blood flow resumes may explain the increase of R0 observed in
the fifth region. That is, the accumulation of RBCs in the
sinusoids would narrow the extra-cellular paths for low-

Fig. 12. Examples of evolution of Cole parameter R0 depicted with logarithmic
time scale (same examples than in Fig. 7). For different regions we have
hypothesized a dominant process. The origin of the time scale (t=0) is at the end
of the electroporation pulse sequence. Values are scaled according to the probe
cell constant (K=2.8 cm).

frequency currents and that would lead to R0 increase. Finally,
the observed enlargement of inter-hepatocyte spaces and the loss
of membrane integrity would explain the last region in which
resistivity decreases dramatically. Such abrupt decrease could be
the result of the superposition of opposite mechanisms. That is,
progressive cell lysis would be happening progressively since the
electroporation sequence but it would be “hidden” by processes
that tend to increase R0, then, after those processes finish,
resistivity decrease would be manifested abruptly. The fact that τ
and α parameters change progressively after electroporation and
that they do not show any abrupt change seems to reinforce the
hypothesis of the superposition of processes.


R∞ represents the impedance at infinite frequency. At high
frequencies (N10 MHz) cell membranes are not an impediment
for currents and they become “invisible” in terms of impedance.
Therefore it was expected that R∞ would not to show significant
changes because of electroporation. Only combined extra-
cellular and intra-cellular conductivity changes would have
produced R∞ changes. As a matter of fact, the slight decrease of
R∞ at about 3 min after electroporation in the reversible group in
Fig. 7 could be explained as being the result of metabolic by-
products accumulation caused by occlusion. That is, this
observation would reinforce the blood occlusion hypothesis.
Nevertheless, despite this phenomenon was repetitively ob-
served in the four animals, it is advisable not to extract this sort
of conclusions from R∞ since it does not change significantly
and the associated error could be quite important (note that
higher frequencies are not considered for Cole fitting due to
detected phase angle error).


Colemodel parameters τ and α are more difficult to interpret in
biophysical terms than R0 and R∞. Some researchers derive an
equivalent capacitance from the time constant (τ) and the cell
model described in the introduction in order to understand the
behavior of the membranes. However such procedure would only
be valid in the case that α=1.


The α parameter is even more cryptic. There is no general
agreement on the physical meaning of this parameter. Most
authors suggest that it is related to the heterogeneity of cell sizes
and shapes in living tissues. However, it is difficult to fit such
explanation to experimental results such as those presented here
in which α decreases significantly and an increase of cell size
heterogeneity is not observed. On the other hand, current results
and observations seem to reinforce the idea that α is strongly
related to the morphology of the extra-cellular spaces [37].


5. Conclusion


From the results presented here it can be concluded that
impedance measurements can be employed to detect and
distinguish reversible and irreversible electroporation in in vivo
and in situ liver tissue. Although multi-frequency measurements
provide interesting information for characterization purposes,
single-frequency measurements will be sufficient for practical
purposes. Both, impedance magnitude at low frequencies and
impedance phase angle at intermediate frequencies (from 10 kHz
to 100 kHz) should produce reliable immediate assessment of the
electroporation outcome.
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Nevertheless, if it is required to avoid distortion from blood
occlusion effects, measurements should be taken immediately
after the electroporation sequence, ideally in tenths of second.
On the other hand, later impedance measurements can be
employed to follow up the blood occlusion phenomenon and to
confirm destruction of tissue due to irreversible electroporation.


Finally, it must be noted that not only the impedance during
the inter-pulse intervals or immediately after the whole
electroporation sequence is useful to distinguish between
reversible and irreversible electroporation but also the in-pulse
conductivity can be employed for such a purpose.
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Abstract


In this paper, some electrochemical parameters of ethamsylate at a multi-walled carbon nanotube modified glassy carbon electrode, such as the
charge number, exchange current density, standard heterogeneous rate constant and diffusion coefficient, were measured by cyclic voltammetry,
chronoamperometry and chronocoulometry. The modified electrode exhibits good promotion of the electrochemical reaction of ethamsylate and
increases the standard heterogeneous rate constant of ethamsylate greatly. The differential pulse voltammetry responses of ethamsylate were
linearly dependent on its concentrations in a range from 2.0×10−6 to 6.0×10−5 mol L−1, with a detection limit of 4.0×10−7 mol L−1.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Carbon nanotube; Modified electrode; Ethamsylate; Electrochemistry; Determination

1. Introduction


Carbon nanotubes (CNTs), generated by rolling single or
several layers of graphite into a seamless and hollow cylinder,
can be divided into multi-walled carbon nanotubes (MWNTs)
[1] and single-walled carbon nanotubes (SWNTs) [2] based on
the numbers of carbon atom layers of the wall of the nanotubes.
Since its discovery by Iijima [1] in 1991 using transmission
electron microscopy, CNTs have been the subject of numerous
investigations in chemical, physical and materials areas due to
their novel structural, mechanical, electronic, and chemical
properties [3,4]. Depending on their atomic structure, CNTs
behave electrically as a metal or as a semiconductor [5,6]. The
subtle electronic properties suggest that CNTs have the ability to
promote charge-transfer reactions when used as an electrode
[7–11]. Recent studies demonstrated that a CNT modified
electrode can impart strong electrocatalytic activity to some
important biomolecules, including cytochrome c [8,10], NADH
[11], hydrogen peroxide [12,13], and catecholamines such as
dopamine [14] and ascorbic acid [10].


Ethamsylate (ETH) (Fig. 1), as one of the catecholamines, has
distinct antihemorrhagic and angioprotective properties. It restores

⁎ Corresponding author. Tel.: +86 27 5086 5498.
E-mail address: wangsf@hubu.edu.cn (S.-F. Wang).


1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2005.12.005

the decreased capillary resistance, improves microcirculation,
normalizes the prolonged bleeding time and enhances the adhesion
of platelet. A few papers have been published for the determination
of ETH in recent years [15–21], such as chemiluminescence
[16,18] and spectrophotometry methods [19]. Some electrochem-
ical methods have also been reported [15,20]. Hassan et al.
proposed a potentiometric method for the determination of ETH.
The detection limit of ETH was 1.0×10−4 mol L−1 [21], which
was not satisfactory for the microscale analysis purposes. The
detection of ETH with MWNT-modified glassy carbon electrode
(GCE) has not been reported yet. In this paper, the electrochemical
behavior of ETHwas investigated in detail at theMWNT-modified
GCE, which showed favorable electrocatalytic behavior toward the
electro-oxidation of ETH, and a fast, simple and sensitive detection
method for ETH was developed.


2. Experimental


2.1. Instruments


Cyclic voltammetric (CV), differential pulse voltammetry
(DPV), chronoamperometric and chronocoulometric experi-
ments were performed using a CHI660A electrochemical
workstation (CH Inc., USA) coupled with a conventional
three-electrode cell. The working electrode was a MWNT-
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Fig. 1. Chemical structure of ethamsylate.


Fig. 2. TEM image of the purified MWNTs.
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modified GCE or GCE, the auxiliary electrode platinum wire,
and the reference electrode saturated calomel electrode (SCE).
All the potentials are given against the SCE. The anodic current is
assigned to be negative, and the cathodic current positive. TEM-
100SX (Tokyo, Japan) was used to characterize the MWNTs.


2.2. Chemicals


Ethamsylate was obtained from Chinese Institute for the
Control of Pharmaceutical and Biomedical Products (Beijing,
China). Crude MWNTs were purchased from Huazhong
Normal University (Wuhan, China). Crude MWNTs were
ultrasonically agitated in 3 mol L−1 HNO3 for 1 h and refluxed
in 5 mol L−1 HCl for 4 h at 110 °C. After acid treatment, the
samples were calcined in static air at 350 °C for about 2 h. 1 mg
purified MWNTs were dispersed ultrasonically in 1 mL of N, N-
dimethylformamide (DMF) to give a 1 mg mL−1 black
suspension. Other reagents were of analytical grade. All
solutions were prepared with double distilled water.


2.3. Preparation of the MWNT-modified electrode


The GCE was carefully abraded with emery paper, polished
on chamois leather containing 0.05 μm alumina slurry, and then
washed ultrasonically in water, ethanol and water, respectively.
The cleaned GCE was coated by casting 20 μL of the black
suspension of MWNT in DMF and dried in the air to remove the
solvent. Then the MWNT-modified GCE was prepared.


The microscopic areas of the MWNT-modified GCE and the
bare GCE were obtained by CV using 1 mmol L−1 K3Fe(CN)6
as a probe at different scan rates. For a reversible process, the
following equation exists:


ipa ¼ 2:69� 105n3=2Ac0D
1=2
R m1=2 ð1Þ


where ipa refers to the anodic peak current. For K3Fe(CN)6,
n=1, DR=7.6×10


−6 cm s−1(0.1 mol L−1 KCl), then from the
slope of the ipa–ν


1/2 relation, the microscopic areas can be
calculated, with 0.04897 cm2 for the bare GCE and 0.08617 cm2


for the MWNT-modified GCE being obtained. Evidently, the
modified electrode increased by nearly 76% in area.
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Fig. 3. Cyclic voltammograms at a MWNT-modified GCE (a) and a bare GCE
(c) in the presence of 1.0×10−3 mol L−1 ETH, and a MWNT-modified GCE (b)
in the absence of ETH 0.2 mol L−1 PBS (pH 5.5) at scan rate 0.1 V s−1.

3. Results and discussion


3.1. TEM characterization


MWNTs can be uniformly dispersed in DMF. Fig. 2 shows
the structure of a MWNT pipe clearly. Some MWNTs were
formed as boundless tubes because of van der Waals forces.

3.2. Electrochemical behavior and the electrochemical
parameters of ETH at the MWNT-modified GCE


Fig. 3 shows the CVs of ETH at the MWNT-modified GCE
(Fig. 3a) and the bare GCE (Fig. 3c) in 0.2 mol L−1 PBS (pH
5.5). As can be seen, ETH exhibits an irreversible behavior at
the bare GCE with a separation of the anodic peak potential Epa


and the cathodic peak potential Epc, ΔEp of 652 mV at a scan
rate of 0.1 V s−1. However, a well-defined redox wave of ETH
was observed at the MWNT-modified GCE with ΔEp=68 mV.
Thus the reversibility of ETH was significantly improved. The
peak current also increased greatly. The reason for the better
performance of the MWNT-modified CGE may be due to the
nanometer dimensions of the CNTs, the electronic structure and
the topological defects present on the CNTs surfaces [22].
Meanwhile the CNTs increase the effective area of the
electrode. The modified electrode has no electrochemical
activity in 0.2 mol L−1 PBS (pH 5.5) (Fig. 3b), but the
background current becomes larger, which is attributed to the
fact that MWNT can increase the surface activity markedly.


The influence of scan rate on the oxidation of ETH at the
MWNT-modified GCE was studied by cyclic voltammetry (Fig.
4). The redox peak current of ETH increased linearly with the
square root of the scan rate in the range from 0.01 to 0.2 V s−1,







-40


-20


0


20


40


60


3 54 6 7 8
0.05


0.10


0.15


0.20


0.25


0.30


0.35


0.40


E
pa


 / 
V


pH


ha


i 
/ 


1
0


-6
A


0.8 0.6 0.4 0.2 0.0 -0.2 -0.4
-4


-3


-2


-1


0


1


2


3


4


0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5


b


a


v1/2 / V1/2s1/2


g


a


i /
 1


0-4
A


i /
 1


0-4
A


E / V vs SCE


Fig. 4. Cyclic voltammograms of 1.0×10−3 mol L−1 ETH in 0.2 mol L−1 PBS
(pH 5.5) at scan rates of (from a to g): 0.01, 0.02, 0.03, 0.05, 1.0, 1.5, 2.0 V s−1.
Insert: The relationship between the peak currents (a—ipc, b—ipa) and scan
rates.
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suggesting that the electrode reaction of ETH was a diffusion-
controlled process.


3.3. Measurement of some electrochemical parameters of the
electrode reaction


3.3.1. Charge number
The charge transfer number n is the basic parameter of an


electrode reaction. Chronoamperometry and CV were used to
measure the charge transfer number of ETH at the MWNT-
modified GCE. The step potentials (E2) for chronoamperometry
were set near the Epa/2. A series of currents, I(τ), at some fixed
time τ were obtained from each of the step experiments. When
the step potential was more positive than 0.19 V, the
chronoamperometric curves became identical, indicating that
the step potential entered the “mass-transfer-limited” region and
the current I(τ) reached the limited current Id(t). For a fixed
sampling time τ [24]


E ¼ E0Vþ RT
nF


ln
D1=2


R


D1=2
O


þ RT
nF


ln
IdðsÞ−IðsÞ


IðsÞ ð2Þ


If DR=DO, Eq. (2) is rewritten as


E ¼ E0Vþ RT
nF


ln
IdðsÞ−IðsÞ


IðsÞ : ð3Þ


The charge transfer number n can be calculated based on the E
vs. ln IdðsÞ−IðsÞ


IðsÞ curve. Table 1 lists the results when τwere selected
as 150 and 200 ms, respectively. So the charge transfer number
n was about 2 and E0′ was 0.121 V.

Table 1
Electron transfer number calculated from the chronoamperometry experiment


τ (ms) Id(τ) (10
−6 A) Slope n E0′ (V) R


150 88.89 0.0332 1.7 0.1210 0.9973
200 75.80 0.0327 1.8 0.1213 0.9944

From the CVof ETH at the MWNT-modified GCE (Fig. 3),
an Epa value of 0.210 V and an Epa/2 value of 0.178 V were
obtained. For a reversible system


jEp−Ep=2j ¼ 56:5
n


mV : ð4Þ
The charge transfer number n can also be calculated to be
about 2.


3.3.2. The proton number
Fig. 5 shows CVs of 1.0×10−3 mol L−1 ETH in PBS at


different pHs. With increasing solution pH, the anodic peak
potential shifted negatively, and obeyed the following equation:


Epa=V ¼ 0:53−0:056pH r ¼ 0:9912


The proton number intervening in the redox process was 2,
which could be calculated from the slope of the equation above.
Therefore, the proposed redox mechanism for ETH can be
written as follows (Fig. 6):


3.3.3. Exchange current density j0 and standard heterogeneous
rate constant k0 at the MWNT-modified GCE, and the k0 of
ETH at bare GCE


Chronoamperometry was used to determine the exchange
current density j0 and standard heterogeneous rate constant k0 of
ETH at the MWNT-modified GCE (Fig. 7). When the step
potentials were set near the formal potential, the perturbation in
potential was small in size, and the reaction controlled by the
electrochemical step at the modified electrode took place under
almost reversible conditions. The current density and over-
potential were linked by a linear j–η relation [24]:


j ¼ j0nFg=RT : ð5Þ
For chronoamperometric experiments [23]


jðtÞ ¼ jt¼0ð1−2kt1=2=k1=2Þ ð6Þ
where jt=0 refers to the polarized current density corresponding
to the overpotential η (i.e. E2−Eeq) without concentration
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Fig. 5. Cyclic voltammograms of 1.0×10−3 mol L−1 ETH in 0.2 mol L−1 PBS at
different pHs (a–h): 3.0, 4.0, 5.0, 5.5, 6.0, 6.4, 7.0, 8.0. Scan rate v: 0.1 V s−1.
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polarization. The jt=0 can be obtained from the intercept of the
j(t)–t1/2 relation (Fig. 7a). Then Eq. (5) can be rewritten as


jt¼0 ¼ j0nFðE2−EeqÞ=RT : ð7Þ
Different jt=0 values can be obtained with different step


potentials (E2). Fig. 7b shows the jt=0–E2 relation, with a
correlation coefficient of 0.9999. According to the slope of
0.0112 A cm−2 V−1, an exchange current density ( j0) of
1.43×10−4 A cm−2 was obtained. From Eq. (8) [23]


j0 ¼ nFk0c ð8Þ
the standard heterogeneous rate constant of ETH at the modified
electrode can be calculated, with a k0 value of 7.4×10−3 cm s−1.
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Fig. 7. (a) Chronoamperomogram for the oxidation of ETH at a MWNT-
modified GCE. The inset is the plot of j− t1/2 obtained from the data of the initial
stage of (a). (b) Plot of jt=0 against E2 obtained from a series of potential step
measurements of the MWNT-modified GCE in 0.2 mol L−1 PBS, pH 5.5
containing 1.0×10−4 mol L−1 ETH.

The k0 of ETH at the bare GCE was 8.35×10−9 cm s−1 and
the charge transfer coefficient α was 0.425, both of which can
be calculated from the plot of Epa vs. logν in Eq. (10) [23].


Epa ¼ E0Vþ RT
ð1−aÞF 0:780þ ln


D1=2
R


k0


 !
þ ln


ð1−aÞnFm
RT


� �1=2( )
:


ð10Þ
The standard heterogeneous rate constant k0 is a kinetic


facility of a redox couple. A system with a large k0 will
achieve equilibrium in a short time scale, but a system with
small k0 will be sluggish [23]. Compared with the k0 value at
the MWNT-modified GCE, 7.4×10−3 cm s−1, it is clear that
the modified electrode can promote the electrochemical
reaction significantly.

3.3.4. The diffusion coefficient (DR)
The diffusion coefficient of ETH was determined at the


MWNT-modified GCE using chronocoulometry based on the
following equation [24]:


Q ¼ 2nFAD1=2
R c0t1=2


k1=2
þ Qdl þ nFACo ð9Þ


The potential step was from 0 to 0.3 V (Fig. 8), the curve of
Q vs. t1/2 with a correlation coefficient of 0.9963. Based on the
slope of Q–t1/2 curve, 0.233 μC s−1/2, the diffusion coefficient
(DR) of ETH was estimated as 6.15×10−6 cm2 s−1.
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3.4. Determination of ETH at the MWNT-modified GCE


The calibration curve for ETH in pH 5.5 PBS was measured
by DPV. Fig. 9 shows the DPV curves of ETH at the MWNT-
modified GCE at various concentrations. The peak current
increased linearly with increment of ETH in the range from
2.0×10−6 to 6.0×10−5 mol L−1. The linear regression
equation was expressed as i / 10−6 A=0.530+0.147cETH /
10−6 mol L−1, r=0.9911, and the detection limit (three
times the signal blank/slope) was 4.0×10−7 mol L−1. The
RSD of 1.0×10−4 mol L−1, ethamsylate signal is 2.5%
(n=10).


4. Conclusion


The electrochemistry of ETH was studied by several
electrochemical methods at a glassy carbon electrode modified
with MWNTs. A pair of well-defined redox waves was
obtained. The electrochemical behavior of ETH at the
MWNT-modified GCE is a diffusion-controlled process
involving two charges accompanied by a transfer of two
protons. Some electrochemical parameters of ETH electro-
oxidation were measured. The MWNT-modified GCE showed
promising promotion of the electrochemical reaction of ETH.
The standard heterogeneous rate constant k0 is increased by an
order of magnitude. The peak currents of DPV increased
linearly with the concentrations of ETH in the range from
2.0×10−6 to 6.0×10−5 mol L−1 and the detection limit was
4.0×10−7 mol L−1.
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Abstract


The interactions between double-stranded DNA (dsDNA) and three different kinds of surfactants, i.e., cationic, anionic, and nonionic
surfactants, were investigated by cyclic voltammetry, electrochemical impedance spectroscopy and UV–vis spectroscopy. Multilayer films
composed of DNA and surfactants were prepared at gold electrode by electrostatic or hydrophobic interactions. It was found that the cationic
surfactant, CTAB, can bind to DNA by electrostatic interaction, and the electron transfer resistance of CTAB–DNA complex film increases first
and then decreases with CTAB concentration. The anionic surfactant, LAS, can bind to DNA but by hydrophobic interaction, and the electron
transfer resistance of the complex film keeps decreasing with LAS concentration. Nonionic surfactants can also directly bind to DNA by
hydrophobic interaction. All the three different kinds of surfactants can form multilayer films with DNA on the electrode surface. The chemical
structure of DNA keeps unchanged during interacting with these surfactants. The binding modes of DNA with these three different kinds of
surfactants were also deduced.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrochemical study; Cationic surfactant; Anionic surfactant; Nonionic surfactant; dsDNA; Multilayer film

1. Introduction


Interactions between DNA and surfactants have been studied
extensively in recent years [1–5]. It is very important in bio-
technological and biomedical applications, particularly for the
possibility of using such system for in vivo gene delivery and
gene transfer [6,7].


DNA can form tight complex with surfactants through
hydrophobic or electrostatic binding [8–10]. Among three dif-
ferent kinds of surfactants, i.e., cationic, anionic and nonionic
surfactants, the interaction of cationic surfactant with DNA
attracts the most attention. The binding of cationic surfactant to
DNAwas shown to proceed in two stages [11]. In the first stage,
surfactant ions exchange with counterions condensed on the
surface of DNA driven by hydrophobic interaction, and the
effective charge on DNA does not change. In the second stage,
surfactant molecules bind to DNA without exchange of con-
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E-mail address: szyao@hnu.cn (S. Yao).
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densed counterions, thus the effective charge of DNA changes
dramatically, usually followed by phase separation at high
surfactant concentration. This feature suggests that DNA–
surfactant system have some further applications, such as DNA
purification and condensation [12]. Meanwhile, with the in-
crease of cationic surfactant concentration, the conformation of
DNA–surfactant complex undergoes a discrete transition from
extended coils to collapsed globules, and the two states coexist
below a certain critical concentration. This phenomenon has
been demonstrated by a number of techniques, e.g., fluores-
cence microscopy [13], ellipsometry [14], viscosimetry and
dynamic light scattering [15]. Notably, the conformation of
single-stranded DNA (ssDNA)–surfactant complex differs from
that of double-stranded DNA (dsDNA)–surfactant complex,
probably due to the difference in chain flexibility between
ssDNA and dsDNA. For example, with flexible ssDNA inter-
acting with cetyltrimethylammonium bromide (CTAB), the
complex shows a cubic structure while the complex between
rigid dsDNA and CTAB prefers a structure of 2D hexagonal
close packing of cylinders [16].
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As an anionic polyelectrolyte with a unique double helical rod-
like structure,DNAhas a potential to be a good candidate for future
nanodevices [17] and a good component to fabricate the higher
order or hierarchical DNA-basedmolecular assemblies [18–20]. A
lot of methods have been developed for the immobilization of
DNA on the electrode surface to prepare novel and sensitive
biosensors [21], such as hydrophobic adsorption [22], covalent
binding [23], etc. However, fewer reports focus on the char-
acterization of multilayer films formed by DNA and surfactants,
especially by anionic and nonionic surfactants. Either, to our
knowledge, there has been no systematic study on the interaction
of DNAwith three different kinds of surfactants.


In this work, the interactions of dsDNA with three different
kinds of surfactants, i.e., cationic, anionic, and nonionic surfactants
were comparatively studied by cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS) and ultraviolet–visible
(UV–vis) spectroscopy. The difference in these interactions was
discussed in detail. Through electrochemical methods, it is very
easy to investigate the formation ofmultilayer films by dsDNA and
these surfactants. The electrochemical parameters of the films can
be simultaneously determined. Moreover, UV–vis spectroscopy
offers a simple way for monitoring the interactions of dsDNAwith
surfactants in aqueousmedium. The bindingmodes of dsDNAwith
three different kinds of surfactants were also deduced.


2. Experimental section


2.1. Materials


Nonionic surfactants including nonyl phenol polyoxyethy-
lene-10 ether (NP-10), nonyl phenol polyoxyethylene-30 ether
(NP-30), and polyoxyethylene coconut-oil fatty acid mono-
ethanolamide ester (SFC-910) were obtained from Shengzhong
Ltd. (Shanghai, China). Anionic surfactant linear alkylbenzene
sulphonates (LAS)was purchased fromYingpeng Ltd. (Shanghai,
China) and cationic surfactant CTAB was from Medicine Group
of Chemistry Reagent (Shanghai, China). Methylene blue (MB)
was obtained from Beijing Chemical Reagent Company (China)
and recrystallized before use. Fish spermdsDNAwas bought from
Shanghai Biological Company (China). Other chemicals were all
of analytical grade. Double-distilled water was used throughout.


2.2. Apparatus


Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were performed on a CHI 660B electro-
chemical analyzer (Chenhua Company, China). A conventional
three-electrode cell with a gold working electrode (0.2 mm in
diameter), a Ag/AgCl reference electrode and a platinum foil
counter electrode was employed. DU-800 spectrophotometer
(Beckman, America) was used to determine the UV–vis spectra
of DNA and the surfactants.


2.3. Preparation of DNA and surfactant–DNAmodified electrode


The gold electrode was smoothedwith 0.05 μm alumina slurry
on a polishing cloth, rinsed with water three times and immersed

inH2SO4 solution (0.5M) for 10min, then cycled in 0.5MH2SO4


until a stable oxidation/reduction cyclic voltammogram was ob-
tained. After the freshly cleaned electrode was dried under room
temperature, 10 μL of 2 mg/mL fish sperm dsDNA solution was
dropped onto the electrode surface carefully, followed by air-
drying overnight at 4 °C. In this way, the DNAmodified electrode
(DNA/Au) was prepared. Subsequently, the DNA/Au electrode
was dipped in water for 30 min then rinsed with water to remove
the redundant DNA that did not bind to the gold electrode. The
mass of DNA adsorption on the DNA/Au electrode was about
1.02×10−6 g/cm2, which was estimated by the piezoelectric
quartz crystal microbalance (PQCM) method.


The DNA/Au electrode was immersed in surfactant solution
of different concentrations and incubated for 30 min, then rinsed
with water three times to remove the nonspecifically adsorbed
surfactant. In this way, the surfactant–DNA modified electrode
(surfactant/DNA/Au) was obtained. The surfactant/DNA/Au
electrode was immersed into 2 mg/mLDNA solution for 60 min,
and then rinsed with water three times. The resulted electrode
was DNA–surfactant–DNA modified electrode (DNA/surfac-
tant/DNA/Au).


2.4. Procedure


Cyclic voltammetry experiment was carried out in 5 mM
K3Fe(CN)6+0.1 M KCl or 67 mM phosphate buffer solution
(PBS, pH 7.0) containing 100 μM MB. In electrochemical
impedance measurements, 5 mMK3Fe(CN)6+5 mMK4Fe(CN)6
was employed as probe and 0.1 M KCl as supporting electrolyte
with open potential 0.25 V, amplitude 5.0 mV and frequency
range of 0.1 to 105 Hz.


A 5 μg/mL DNA solution was incubated with different kinds
of surfactants at 37 °C for 30 min, and then the UV–vis spectra of
suchmixture were recorded by using water as blank solution. The
UV–vis spectra of each surfactant and DNAwere also recorded.


3. Results and discussion


3.1. Electrochemical behavior of K3[Fe(CN)6] at modified
electrodes of different kinds


Fig. 1 shows the CVs of K3[Fe(CN)6] at different surfactant/
DNA/Au and DNA/surfactant/DNA/Au electrodes. It can be
seen from Fig. 1A–C, the peak current of redox probe (ip) at
bare gold electrode (curve a) is larger than that at DNA/Au
electrode (curve b), indicating that the adsorption of negative
DNA hinders the negative probe accessing to the electrode
surface.


To investigate the effect of CTAB concentration on its
interaction with DNA, we modified the DNA/Au electrode with
CTAB in concentration range from 0.5 to 20 μg/mL. The results
of two typical concentrations, 1 and 15 μg/mL, are shown in
Fig. 1A. After DNA/Au electrode is further modified with
cationic surfactant CTAB at a low concentration such as 1 μg/
mL (curve c), ip increases to some degree (from 34.9 to
39.1 nA); while CTAB is at a high concentration such as 15 μg/
ml (curve d), ip decreases significantly (from 34.9 to 13.2 nA),
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Fig. 1. Cyclic voltammograms of 5 mM [Fe(CN)6]
3− at different electrodes. (A): (a) bare, (b) DNA/Au, (c) DNA/Au modified with 1 μg/mL CTAB, (d) DNA/Au


modified with 15 μg/mL CTAB, and (e) DNA/CTAB/DNA/Au; (B): (a) bare, (b) DNA/Au, (c) DNA/Au modified with 2 mg/mL LAS, and (d) DNA/LAS/DNA/Au;
(C): (a) bare, (b) DNA/Au, (c) DNA/Au modified with 2 mg/mL NP-10, and (d) DNA/NP-10/DNA/Au. Scan rate: 50 mV/s.
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and the peak potential difference (ΔEp)increases from 96 to
251 mV. The reasons may be as follows: when at low concen-
tration, cationic surfactant CTAB mainly neutralizes the net
negative charges of DNA adsorbed on the electrode surface,
which is favorable for the redox of the negative probe. With the
CTAB concentration increasing, the adsorption of CTAB can
also increase the film density and hinders the electron transfer,
which is unfavorable for the redox of probe. Therefore, ip shows
a trend that increase first and then decrease. From the phe-
nomena above, it can be deduced that positive CTAB bound to
DNA is mainly related to electrostatic adsorption. When CTAB/
DNA/Au electrode is further modified with DNA (curve e), ip
continues to decrease and the reversibility of the redox peaks
becomes even worse, indicating that DNA can adsorb on the
surface of CTAB/DNA/Au electrode and the multilayer film
forms consequently.


Fig. 1B shows the CVs of probe at LAS–DNA modified
electrodes of different kinds. Comparing the DNA/Au electrode
(curve b) with the LAS/DNA/Au electrode (curve c), the anodic
ip decreases from 26.9 to 20.0 nA, and ΔEp increases from 155
to 245 mV. This indicates that although electrostatic repulsion
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Fig. 2. Cyclic voltammograms of 100 μMMB at different electrodes. (A): (a) bare, (b
CTAB; (B): (a) bare, (b) DNA/Au, and (c) DNA/Au modified with 1 mg/mL LAS; (C
rate: 50 mV/s.

between negatively charged LAS and DNA may occur, LAS
can still bind to DNA by hydrophobic interaction due to its long
hydrophobic alkyl chain. Therefore, the net negative charge on
the electrode surface increases. This enhances the electrostatic
repulsion between the negative probe and the electrode, re-
sulting in ip decrease. Like CTAB/DNA/Au electrode, LAS/
DNA/Au electrode can further adsorb DNA to form multilayer
films (curve d).


Fig. 1C shows the CVof the probe after the DNA/Au electrode
is modified with nonionic surfactants NP-10. From curve b to c, ip
decreases significantly and the reversibility of the redox peaks
becomes bad, for the adsorption of NP-10 increases the film
density and hinders the electron transfer. From curve c to d, ip
decrease obviously after NP-10/DNA/Au electrode is further
modified with DNA, suggesting that NP-10 has directly bound to
DNA; otherwise NP-10 will be washed off with water from the
electrode surface (see Section 2.3). Similar experimental phe-
nomena were also observed for NP-30 and SFC-910 (not shown).
Therefore, the interaction between DNA and nonionic surfactant
may be attributed to hydrophobic binding because nonionic sur-
factant holds no net charge. Moreover, when the three nonionic
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Fig. 3. Schematic representation for the supposed binding mode of DNA–CTAB complex (A) and DNA–LAS complex (B).
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surfactant/DNA/Au electrodes were further modified with DNA,
the anodic ip changed most greatly for NP-30; while the cathodic
ip changed most greatly for SFC-910. This indicates that the
difference in structure of the nonionic surfactants can affect their
binding to DNA.


3.2. Electrochemical behavior of MB at modified electrodes of
different kinds


Oxidized MB holds one positive charge and reduced MB
holds no net charges, so using MB as redox probe we can
further compare the interactions of DNAwith the different kinds
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Fig. 4. Electrochemical impedance spectra of 5 mMK3[Fe(CN)6]/K4[Fe(CN)6] at: (a) b
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of surfactants. As shown in Fig. 2A–C, ip of DNA/Au electrode
(curve b) is much larger than that of bare gold electrode (curve
a). MB cannot only adsorb to DNA by electrostatic attraction
[24], but also specifically binds to the G bases of DNA strands
[25]. Therefore, more MB is accumulated at the surface of
DNA/Au electrode than bare gold electrode.


We investigated the CVs of MB after DNA/Au electrode was
modified with CTAB in concentration range of 0.5–20 μg/mL.
Fig. 2A shows the results of two typical concentrations, 1 and
10 μg/mL. After DNA/Au electrode (curve b) is modified with
1 μg/mL of cationic surfactant CTAB (curve c), ip decreases to
some extent; while the CTAB concentration increases by 10
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fold (curve d), the cathodic peak tends to disappear, and the
anodic peak potential shifts positively. That may be because
when CTAB is at low concentration, the binding of CTAB
mainly weakens the interaction between MB and DNA, thus
less MB is accumulated at the electrode surface; while CTAB
concentration is relatively high, the binding of CTAB mainly
increases the film density, thus the activation energy of the
electrode reaction of MB rises. Furthermore, the increase of the
film hydrophobicity is favorable for the adsorption of neutral
reduced MB but unfavorable for that of positive oxidized MB,
so the anodic peak remains but the cathodic peak declines in
curve d. From the discussion above, we can infer the binding
mode of CTAB–DNA complex: as shown in Fig. 3A, the
positive groups of CTAB bind with the negative phosphate
groups of DNA by electrostatic attraction, and the hydrophobic
groups of CTAB extend outside the DNA structure.


Fig. 2B shows the CVs of MB on DNA/Au and LAS/DNA/
Au electrodes. Obviously, ip of LAS/DNA/Au electrode (curve
c) is smaller than that of DNA/Au electrode (curve b) due to the
increase of film density. It is worth noting that the anodic ip
decreases more rapidly than the cathodic ip, indicating that the
increase of net negative charges on the electrode surface greatly
hinders the binding of hydrophobic reduced MB. Therefore, the
binding mode of LAS–DNA complex can be inferred as Fig.
3B: the negative groups of LAS face the bulk solution, and the
hydrophobic chains of LAS face DNA.
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Fig. 5. UV spectra of DNA and surfactants. (A): (a) 1 μg/mL CTAB, (b) 5 μg/mL DN
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Fig. 2C shows the CVs of NP-10–DNA modified electrode.
After DNA/Au electrode (curve b) is modified with NP-10
(curve c), ip increases to some extent, and ΔEp almost remains
unchanged. This indicates that the adsorption of NP-10 cannot
greatly affect the electrode reaction of MB. Similar phenom-
ena were also observed for NP-30 and SFC-910 (not shown).
However, as concluded in Section 3.1 (Fig. 1C), the nonionic
surfactants can directly bind to DNA through hydrophobic
interaction. Therefore, it can be concluded that the interaction of
DNA with nonionic surfactant has no effect on the net negative
charge of DNA, and the electrode reaction of MB still goes on.
Moreover, due to the increase of the film hydrophobicity, anodic
ip increases more rapidly than the cathodic ip.


3.3. Electrochemical impedance characteristics of modified
electrodes of different kinds


It is well known that EIS is a useful tool for studying the
interface properties of the modified electrode [26]. The typical
impedance spectra of the three different kinds of surfactant–
DNA modified electrodes are shown in Fig. 4. The semicircle
diameter in the impedance spectrum equals to the electron
transfer resistance, Ret, which is related to the electron-transfer
kinetics of the redox probe at the electrode surface. As shown in
Fig. 4A, with the increase of CTAB concentration (from curve b
to g), Ret decreases first and then increases; while in Fig. 4B–D,
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with the increase of surfactant concentration, Ret keeps in-
creasing. The results of SFC-910 were similar with that of NP-
10 and NP-30, thus not shown. This indicates that with the
increase of the cationic surfactant concentration, the electron-
transfer rate of the redox probe at surfactant/DNA/Au electrode
increases first and then decreases; while for the other two kinds
of surfactants, the electron-transfer rate of the probe at sur-
factant/DNA/Au electrode surface keeps decreasing. This is in
consistence with the experimental results obtained in the CV
measurements. It can be seen that Ret in Fig. 4A increases most
rapidly, indicating that the interaction of cationic surfactant with
DNA is the strongest among the three kinds of surfactants.


As shown in Fig. 4C and D, Ret increases more rapidly in the
latter than that in the former. Considering that NP-10 and NP-30
have the similar structure, it may be concluded that the longer
alkyl chain the nonionic surfactant has, the more rapid the Ret
increases. This means that the NP-30–DNA complex film is
denser than the NP-10–DNA complex film. Meanwhile, after the
surfactant/DNA/Au modified electrode is further modified with
DNA (curve h in Fig. 4A–D), Ret increases obviously, indicating
the formation of DNA/surfactant/DNA multilayer films.


3.4. UV–vis spectroscopy for characterization of the
interactions of DNA with surfactants


The UV absorption of DNA is an important property for
determining whether π–π stacking of nucleobases occurs. The
dsDNA in aqueous solution has a specific absorption λmax at
260 nm. Fig. 5 shows the UV spectra of surfactants (curve a),
DNA (curve b) and surfactant–DNA mixtures (curve c). There
are peaks at about 220 nm in curve a (Fig. 5B–D), which is
assigned to the absorption of the hydrophobic groups of LAS,
NP-10 and NP-30. All the three kinds of surfactant–DNA
mixtures have an absorption λmax at 260 nm, which is assigned
as the characteristic absorption of the nucleabases in DNA.
These mixtures have the same absorption λmax as that of DNA,
indicating that the chemical structure of DNA in these mixtures
is identical with that of DNA in solution [27].


However, the absorbance for all the three kinds of surfactant–
DNAmixtures changed significantly compared with that of DNA
aqueous solution. After DNA incubating with CTAB, NP-30 and
SFC-910, the absorbance of DNA decreases; while it increases
with LAS and NP-10. It indicates that the π–π stacking structure
of the DNA strands changes to some extent [27]. Probably, the
interaction of DNA with surfactant changes the equivalent ab-
sorption area of DNA. How it varies is determined by the sur-
factant structure and concentration. Additionally, it is worth
noting that after interacting with DNA, the peaks at about 220 nm
of LAS, NP-10 and NP-30 disappear. It may suggest that the
structure of hydrophobic groups in LAS, NP-10 and NP-30 is
greatly affected due to the interaction with DNA.


4. Conclusion


The interactions between dsDNA and three different kinds of
surfactants, i.e., cationic, anionic and nonionic surfactant, have
been investigated by CV, EIS and UV–vis spectroscopy. The

results show that the cationic surfactant CTAB can bind to DNA
mainly by electrostatic interaction. With the CTAB concentra-
tion increasing, the electron transfer resistance of CTAB–DNA
complex film increases first and then decreases. The anionic
surfactant LAS can also bind to DNA but by hydrophobic inter-
action. The nonionic surfactants tested can interact with DNA
directly through the hydrophobic binding as the anionic sur-
factant. The UV spectra of the surfactant–DNA mixtures show
that the chemical structure of DNA keeps unchanged during the
interaction with the surfactants, indicating that these surfac-
tants can be used for DNA purification, protection, separation
and fabricating DNA complex film materials.
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Abstract


Although the physiological role of endogenous monoamine oxidase (MAO) inhibitor still remains unclear, the present study examined whether
or not immobilization stress (IMMO) induce MAO inhibitor. An endogenous inhibitor of MAO was separated by gel filtration from 105,000 g
supernate in rat liver cytosol following IMMO. The molecular weight of this inhibitor was estimated to be 500–600 by gel filtration. This inhibitor
was proved to be heat-stable resistant to protease treatment. IMMO for 2 h significantly decreased MAO. These results suggest that this inhibitor is
induced by IMMO. MAO activity in rat liver might be regulated by the level of this inhibitor.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Monoamine oxidase (MAO); Immobilization stress (IMMO); Endogenous MAO inhibitor; Benzylamine; Rat liver

1. Introduction


Some evidence indicate that stress can cause a reduction in
monoamine oxidase (MAO; EC, 1.4.3.4) activity [1]. Immobi-
lization stress (IMMO) causes an increase in plasma epinephrine
and norepinephrine concentration in rat plasma [2]. It is known
that endogenous MAO inhibitor in rat brain is significantly in-
creased following stress [3,4]. Our laboratory already reported [5]
that endogenousMAO inhibitor have been detected in the cytosol
of rat liver. These studies imply that endogenous MAO inhibitor
might be important in physiological regulation of MAO activity
[6,7]. In the present study, I found an endogenous MAO inhibitor
in rat liver cytosol could be induced by subjected to IMMO.


2. Experimental


2.1. Drugs


Benzylamine hydrochloride was purchased from Sigma
Chemical Co. (St Louis. MO. USA). The radioactive substrate

Abbreviations: IMMO; immobilization stress; MAO; monoamine oxidase.
⁎ Tel./fax: +81 24 932 9238.
E-mail address: t-obata@pha.ohu-u.ac.jp.


1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.04.003

[7-14C]-benzylamine hydrochloride (1.85–2.29 Gbq/mmol) was
obtained from Amersham International (Amersham, England).


2.2. Animals


Male Wistar rats, weighing 200–250 g at the start of the
experiments were kept at room temperature (control group).
Rats from the IMMO group were immobilized for 1 h or 2 h
after being kept under the same conditions as the control group.
This study was approved by the Ethical Committee for Animal
Experiments, Oita Medical University, Japan.


2.3. Experimental protocol


IMMO was carried out by taping all four limbs of the rat to
metal mount attached to a board [8]. The rats were killed by
decapitation with a guillotine, and their liver were quickly re-
moved and homogenized in 10 vol. of 10 mM phosphate buffer,
pH 7.4 containing 0.25 M sucrose. The homogenate was centri-
fuged at 105,000 g for 60min, and the supernate (cytosol fraction)
was applied on a Sephadex G-25 column (1.0×60 cm), pre-
viously equilibrated with 20 mM phosphate buffer (pH 7.4). The
columnwas elutedwith the same buffer at a rate of 10ml/h and the
fractions were collected in 2.5 ml each [5]. An aliquot of each
fraction was assayed for MAO inhibition activity, and active
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Fig. 1. Gel filtration of rat heart cytosol extract on sephadex G-25
chromatography. Cytosolic fraction (10 mg protein) was applied to a Sephadex
G-25 column (1.0×60 cm). The IMMO group (1 h and 2 h) was compared with
the control group. The activity of MAO in homogenate was assayed with
100 μM benzylamine as a substrate. Arrows indicate the position of marker
compounds. The molecular for markers used were as follows: a, cyanocobal-
amine; b, FAD; c, DNP-Alanin; Vo; dextran. The broken line shows the
absorbance at 280 nm.


Fig. 2. Sephadex G-25 chromatography of cytosolic fraction from IMMO for 2 h
treat rat liver.(A) Separation of a standard mixture. The flow rate was 10 ml/h and
effluent fractions were monitored at 280 nm. The arrows shows the mobility of the
peak of endogenous MAO inhibitor (EMI). The Ve/Vo for markers used were as
follows: a, cyanocobalamine (MW, 1355); b, FAD (MW, 255); c,DNA-Alanin (MW,
255); Vo; dextran (MW, 2,000,000).(B) Estimation of molecular weight of end EMI.


Fig. 3. Effect of immobilization stress (IMMO) on MAO activity in rat liver.
MAO activity was assayed radiochemically. Substrate concentration used
100 μM benzylamine, final concentration. MAO activity is expressed as nmol/
min/mg protein. Values are mean±S.E.M. for six animals: ⋆Pb0.05 versus
control group. ns, nonsignificant.
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fractions were combined and used for further characterization.
This fraction is referred to as “endogenous MAO inhibitor
(EMI)”.


2.4. Assay of MAO activity


The MAO activity was measured using the radioactively
labelled [14C]-benzylamine as substrate. Rat liver homogenates
were used as source of MAO activity. The 10% (w/v) homo-
genates of these were prepared in 0.25 M sucrose plus 10 mM
phosphate buffer, pH 7.4. MAO activity was assayed radiochem-
ically as reported previously [9,10]. Protein concentrations of the
enzyme preparations were measured by the method of [11] with
bovine serum albumin as the standard.


2.5. Statistical analysis


All values are presented as means±SE. The significance was
determined by using ANOVA with Fisher's post hoc test. A P
value of less than 0.05was regarded being statistically significant.


3. Results and discussion


The gel-filtration of IMMO-treated rat liver cytosol with Se-
phacryl S-200 column showed that fractions that inhibit activity

were eluted in a low molecular weight area (b1300) (data not
shown). Therefore, I used Sephadex G-25 column to separate
the inhibitor and determine the molecular size (Fig. 1). The







310 T. Obata / Bioelectrochemistry 70 (2007) 308–310

molecular weight of the inhibitor was estimated to be 500–600
in IMMO treated rat liver cytosol (Fig. 2). The fractions 19–21
were found to inhibit MAO activity with 100 μM benzylamine
as a substrate. Some endogenous MAO activity was observed
in fractions 7–10. When similar experiments were repeated,
the inhibition activities of IMMO significantly increased from
4.7±2.9% to 48.9±8.8% (Pb0.05, n=8; not illustrated). This
activity may be to the contamination of the liver enzyme.When
EMI was treated at 100 °C for 10 min, the inhibition activity
was not changed. Also, treatment of EMI with subtilism or
protease at 37 °C for 12 h did not affect the inhibition activity
of EMI. These results suggest that EMI is a non-peptide inhi-
bitor. IMMO for 1 h decreased MAO activity, but this change
was not significant. However, IMMO for 2 h significantly
decreased MAO activity from 1.54±0.18 to 0.98± 0.13 nmol/
min/mg protein (n= 6, Pb0.05) (Fig. 3). Therefore, I
confirmed the existence of endogenous EMI following IMMO.


I found an endogenous MAO modulator of a low molecular
weight (500–600) in liver cytosol of IMMO treated rats. Al-
though the nature of this inhibitor is not clear at present, the
present study showed that this compound is heat-stable and
resistant to protease treatment. Between stress and MAO inhi-
bitor may account for the function of catecholamine degrada-
tion, at least in part. Because MAO has a high affinity for
neurotransmitter monoamines such norepinephrine [12], stress
might influence the physiological function of the control and
peripheral neuron system by catalyzing the deamination of
such neurotransmitter monoamines [6,7]. There were no corre-
lations between brain levels and those in the other sources [13].
This inhibitor is involved in MAO inhibiting regulation in the
liver [1]. My finding suggested that IMMO-induced modulator
may have an important role inMAO activity. I consider that this
inhibitor may play some role in regulating the MAO activity in
rat liver. While the role of this inhibitor is no doubt important,
their mechanism remain to be elucidated. Further in vivo stu-
dies using EMI are under way in our laboratory to elucidate the
physiological function of MAO in rat liver.
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Abstract


Positively charged hemoglobin (Hb) or myoglobin (Mb) at pH 5.0 in solutions and negatively charged zeolite particles in dispersions were
alternately adsorbed onto solid surfaces forming {zeolite/protein}n layer-by-layer films, which was confirmed by quartz crystal microbalance
(QCM) and cyclic voltammetry (CV). The protein films assembled on pyrolytic graphite (PG) electrodes exhibited a pair of well-defined, nearly
reversible CV peaks at about −0.35 V vs. SCE at pH 7.0, characteristic of the heme Fe(III)/Fe(II) redox couples. Hydrogen peroxide (H2O2) and
nitrite (NO2


−) in solution were catalytically reduced at {zeolite/protein}7 film modified electrodes, and could be quantitatively determined by CV
and amperometry. The shape and position of infrared amide I and II bands of Hb or Mb in {zeolite/protein}7 films suggest that the proteins retain
their near-native structure in the films. The penetration experiments of Fe(CN)6


3− as the electroactive probe into these films and scanning electron
microscopy (SEM) results indicate that the films possess a great amount of pores or channels. The porous structure of {zeolite/protein}n films is
beneficial to counterion transport, which is crucial for protein electrochemistry in films controlled by the charge-hopping mechanism, and is also
helpful for the diffusion of catalysis substrates into the films. The proteins with negatively charged net surface charges at pH 9.0 were also
successfully assembled with like-charged zeolite particles into layer-by-layer films, although the adsorption amount was less than that assembled
at pH 5.0. The possible reasons for this were discussed, and the driving forces were explored.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Layer-by-layer assembly; Zeolite; Hemoglobin; Myoglobin; Direct electrochemistry; Electrochemical catalysis

1. Introduction


Zeolites are a large family of crystalline aluminosilicates or-
ganized into regular three-dimensional networks with inter-
connected channels and cages [1,2]. In recent years, there has
been much interest in the applications of zeolite in immobili-
zation of proteins or enzymes since the inorganic zeolite has
good biocompatibility, high mechanical, thermal, and chemical
stability, large surface areas, and unique hydrophilic and elec-
trostatic property [3–5]. It is well known that the immobilization
of enzymes on solid surfaces plays a key role in the development
of biosensors, bioreactors and biodevices, and has aroused
increasing interest among researchers [6,7].


Zeolite has also been used to immobilize enzymes on electrode
surface and construct electrochemical biosensors [8,9]. The direct

⁎ Corresponding author. Fax: +86 10 5880 2075.
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electrochemistry of some redox proteins at zeolite or molecular-
sieve modified electrodes has been realized recently [10–12]. For
example, Ju and coworkers investigated the direct electron
transfer of cytochrome c immobilized on aNaY zeolitematrix and
applied the modified electrode in biosensing of hydrogen
peroxide [13]. The study on direct electrochemistry of redox
enzymes may establish a foundation for fabricating the new type
of biosensors without using mediators, and provide a model for
the mechanistic study of redox process commonly observed in
biological systems [14,15]. Since it is usually difficult for redox
proteins in solution phase to transfer electron directly at naked
solid electrodes, various types of films have been developed
to immobilize proteins on electrode surface, and the direct
electrochemistry of the proteins in the film phase has been
realized [16,17].


Layer-by-layer assembly, which originated from the alternate
adsorption of oppositely charged polyions from their solutions
onto solid surfaces, has been developed into a general approach
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for fabricating ultrathin films [18–20] and extended to immo-
bilize proteins or enzymes [16,21]. Recently, the direct elec-
trochemistry of redox proteins in layer-by-layer films with
polyelectrolytes or nanoparticles has been realized [22–26]. The
advantage of layer-by-layer films over cast or dip-coating films
is their precisely tailored layer thickness on nanometer scale with
predesigned architecture. While the assembly of layer-by-layer
films of zeolite with oppositely charged polyelectrolytes has
been reported [27–29], to the best of our knowledge, the as-
sembly of layer-by-layer films of zeolite with redox proteins and
the direct electrochemistry of the proteins in these films have not
been studied yet.


In the present work, hemoglobin (Hb) and myoglobin (Mb)
were assembled respectively with zeolite particles by alternate
adsorption on solid surfaces, forming {zeolite/protein}n layer-
by-layer films. The {zeolite/protein}n films grown on pyrolytic
graphite (PG) electrodes showed direct and reversible electro-
chemistry for the protein heme Fe(III)/Fe(II) redox couples, and
were characterized by cyclic voltammetry (CV) and square wave
voltammetry (SWV). The electrocatalytic reduction of hydrogen
peroxide and nitrite were also investigated at {zeolite/protein}n
film electrodes. The structure feature of the films was studied by
IR spectroscopy, scanning electron microscopy (SEM) and CV
with electroactive probe. The driving forces for the assembly of
the films under different conditions were also explored.


2. Experimental section


2.1. Chemicals


Bovine hemoglobin (Hb, MW 66,000) and horse heart myo-
globin (Mb, MW 17,800) were purchased from Sigma and used
as received. Poly(diallyldimethylammonium chloride) (PDDA,
20%, MW 60,000), poly(sodium 4-styrenesulfonate) (PSS, MW
70,000), and 3-mercapto-1-propanesulfonate (MPS, 90%) were
from Aldrich. Zeolite (b45 μm) was purchased from Fluka. All
other chemicals were reagent grade. NaNO2 and H2O2 were
freshly prepared before being used. The water for preparing
solutions was purified twice successively by ion exchange and
distillation.


2.2. Instruments


A CHI 660A electrochemical workstation (CH Instruments)
was used for electrochemical studies. A typical three-electrode
cell was used with a saturated calomel electrode (SCE) as the
reference electrode, a platinumwire as the counter electrode, and
a basal plane pyrolytic graphite (PG, Advanced Ceramics,
geometric area 0.16 cm2) disk modified with films as the
working electrode. Buffers were purged with highly purified
nitrogen for at least 15 min prior to a series of experiments. A
nitrogen environment was then kept in the cell by continuously
bubbling N2 during the whole experiment.


Quartz crystal microbalance (QCM) measurements were done
with a CHI 420 electrochemical analyzer. AT-cut quartz
resonators (fundamental frequency 8 MHz) coated by thin gold
films on both faces (geometric area 0.196 cm2 per one face) were

used. Microscopic reflection absorption infrared (RAIR) spec-
troscopy was done with a Magna-IR 670 spectrometer (Nicolet).
Scanning electronmicroscopy (SEM)was performedwith a JSM-
6700F field emission scanning electron microscopy (JEOL).
Transmission electronmicroscopy (TEM) was performed with an
H-600 transmission electron microscopy (Hitachi).


2.3. Film assembly


Before being used, zeolite was pretreated with ultrasonication
and centrifugation in order to obtain smaller-sized particles with
better purity. In brief, the zeolite was dispersed in water at 1 mg
mL−1 by ultrasonication for about 2 h. After centrifugation at
1500 rpm for 15 min, the supernatant was collected and freeze-
dried. TEM showed that sheet-like zeolite had an irregular shape
with an average size of about 200 nm at this stage. These pu-
rified, smaller-sized particles were then dispersed in buffers at
pH 5.0 (3 mg mL−1) by ultrasonication for about 1 h. This
cloudy suspension of zeolite was relatively stable. Right before
the preparation of zeolite films, the suspension was ultrasoni-
cated for another 15 min.


For electrochemical studies, the basal plane PG electrode was
roughened withmetallographic sandpaper, and the “edge” surface
was uncovered, which was negatively charged by virtue of the
surface oxygen functionalities and had a partly hydrophobic
character [30]. After immersed into PDDA solutions (3mgmL−1,
containing 0.5 M NaCl) for 20 min, the PG electrode became
positively charged owing to the adsorption of PDDA precursor
layer. After washed in water, the PG/PDDA electrode was
alternately immersed for 20 min in aqueous dispersion of zeolite
(3 mg mL−1) and Hb or Mb solutions (3 mg mL−1, containing
0.1 M KCl) at pH 5.0 with intermediate water washing and
nitrogen stream drying. This cycle was repeated to obtain the
{zeolite/protein}n layer-by-layer films with the desired number of
bilayers (n).


For QCM study, a cleaned gold QCM electrode was im-
mersed in MPS ethanol solutions (4 mM) for 24 h, and an MPS
monolayer was formed on gold surface by formation of Au–S
bond between Au andMPS, introducing negative charges on the
surface. The following assembly of PDDA/{zeolite/protein}n
films on the Au/MPS surface was the same as that on PG. After
each adsorption step, the gold QCM electrode was washed in
water, dried in N2 stream, and measured by QCM in air. The
{zeolite/protein}n films on Au QCM electrodes were also used
for RAIR spectroscopy and SEM.


3. Results


3.1. Assembly of {zeolite/protein}n layer-by-layer films


The surface charge of zeolite is dependent on the type of
zeolite and the condition in experiments, and usually negative in
its dispersions [31]. In our situation, the zeolite would be
negatively charged in dispersions according to the experimental
results of layer-by-layer assembly of Hb at different pH with the
zeolite (see later). With the isoelectric point (pI) at 7.4 for Hb
[32] and 6.8 for Mb [33], both Hb and Mb have net positive







Table 1
QCM results for each layer of {zeolite/protein}n films assembled on Au/MPS/
PDDA surfaces


Films Frequency decrease
−Δf, Hz


Nominal
thickness d, nm


Γ, mol cm−2


Zeolite Protein Zeolite Protein Protein


{zeolite/Mb}n 1189±145 348±59 18.8 9.1 6.7×10−11


{zeolite/Hb(pH 5.0)}n 1059±189 449±68 16.7 11.6 2.33×10−11


{zeolite/Hb(pH 7.0)}n 133±66 185±49 2.1 4.8 0.96×10−11


{zeolite/Hb(pH 9.0)}n 126±50 104±31 2 2.7 0.54×10−11
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surface charges at pH 5.0. Thus, the layer-by-layer films of the
zeolite and the proteins were assembled mainly by Coulombic
attraction between them, designated as {zeolite/protein}n. QCM
and CV were used to monitor or confirm the growth of the films.


QCM can detect tiny mass changes on the QCM resonator
electrodes. Based on the Sauerbrey equation [34]


Df ¼ −2f 20 Dm=AðlqÞ1=2 ð1Þ
the frequency shift, Δf (Hz), would be proportional to the
adsorbed mass, Δm (g), by taking into account the properties of
quartz resonator used in this work, where f0 is resonant fre-
quency of the fundamental mode of the quartz crystal (8 MHz),
μ is the shear modulus of quartz (2.947×1011 g cm−1 s−2), ρ is
the density of the crystal (2.648 g cm−3), and A is the geometric
area of the QCM electrode (0.196 cm2). Thus, 1 Hz of fre-
quency decrease corresponds to 1.35 ng of mass increase. The
frequency change or mass increase can also be used to estimate
the nominal thickness of adsorbed layer, d (cm), which can be
expressed by


d ¼ Dm=ð2qmAÞ ð2Þ
where ρm is the density of the layer material (g cm−3). For the
protein, the density is estimated to be 1.3±0.1 g cm−3 [35],
while the density of zeolite is about 2.15±0.15 g cm−3 [36].
There are two gold film electrodes coated on both sides of the
QCM resonator, the total mass adsorbed on gold QCM elec-
trodes should therefore be divided by 2 in estimation.


QCM results showed a roughly linear decrease in frequency
with the adsorption step for both {zeolite/Hb}n and {zeolite/Mb}n
films grown on Au/MPS/PDDA surfaces (Fig. 1), indicating that
the building up of {zeolite/protein}n films is in a regular and
reproducible manner with nearly the same amounts of zeolite and
protein in each adsorption bilayer, respectively. The QCM results
are listed in Table 1 for comparison. For example, each Hb
adsorption layer for {zeolite/Hb}n films caused a frequency dec-
rease of 449 Hz, larger than that of Mb layer for {zeolite/Mb}n
films (348 Hz), which is qualitatively consistent with the fact
that Hb has larger molecular weight than Mb. The nominal
thickness of Hb and Mb layer was 11.6 and 9.1 nm, about twice
larger than the dimension of Hb (5.0×5.5×6.5 nm3 [37]) andMb

Fig. 1. Dependence of QCM frequency shift on adsorption step for {zeolite/
protein}n films assembled on surface of Au/PDDA/MPS: (O) MPS/PDDA, (+)
zeolite, (○) Hb, and (●) Mb adsorption step.

(2.5×3.5×4.5 nm3 [38]), respectively, indicating possible aggre-
gation of the proteins in adsorption.


The assembly of {zeolite/protein}n multilayer films on PG/
PDDA surface was also monitored by CV. Taking {zeolite/Hb}n
films as an example, after each adsorption cycle creating a new
zeolite/Hb bilayer, the electrode was washed with water and then
transferred to a pH 7.0 buffer solution containing no Hb. A pair
of well-defined, nearly reversible CV peaks was observed at
about −0.35 V vs. SCE (Fig. 2A), characteristic of the Hb heme
Fe(III)/Fe(II) redox couples [39]. The reduction and oxidation
peak currents grew with the number of zeolite/Hb bilayers (n)
until n=7. When nN7, no further increase in the peak currents
was observed, indicating that Hb in the eighth and following
bilayers is not electrochemically addressable. {Zeolite/Mb}n
films showed the similar results (Fig. 2B).


3.2. Electrochemical properties


For a specific system, CVs of {zeolite/protein}n films showed
symmetric peak shapes and nearly equal heights of their reduction
and oxidation peaks (e.g. Fig. 2), and the heights of the reduction
or oxidation peaks were linearly proportional to scan rates from
0.05 to 2.0 V s−1. Integration of reduction peaks at different scan
rates in this range gave nearly constant charge (Q) values. All

Fig. 2. CVs of (A) {zeolite/Hb}n and (B) {zeolite/Mb}n films at 0.2 V s−1 in pH
7.0 buffers with different numbers of bilayers (n).







Table 2
Electrochemical parameters of {zeolite/protein}7 films assembled on PG/PDDA
electrodes in pH 7.0 buffers


Films Γ ⁎ a


(mol cm−2)
Γ ⁎/
Γ a


ΔEp
a


(mV)
ks


b


(s−1)
E°′ vs. SCE (V)


CVa SWVb


{Zeolite/Hb}7 6.04×10−11 44% 88 36.7 −0.347 −0.353
{Zeolite/Mb}7 28.6×10−11 61% 77 35.1 −0.345 −0.358
a Data from CVs at 0.2 V s−1.
b Data from SWVwith average values for analysis of ten SWVs at frequencies


of 100–200 Hz, amplitudes of 60–75 mV, and a step height of 4 mV.
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these results indicate the diffusionless, surface-confined electro-
chemical behavior for the protein film system [40]. Thus, the
charge (Q) value by integration of CV reduction peak can be
converted to the surface concentration of electroactive protein
(Γ ⁎, mol cm−2) in the films according to the Faraday's law [40],
and the fraction of electroactive proteins among the total proteins
adsorbed in each bilayer (Γ ⁎/Γ ) can be estimated. Taking {zeo-
lite/Hb}n films as an example, the surface concentration of elec-
troactive Hb in the first zeolite/Hb bilayer estimated from CV
(Γ1⁎) was about 1.65×10


−11 mol cm−2, while the total surface
coverage of Hb in each bilayer measured by QCM (Γ ) was about
2.33×10−11 mol cm−2 (Table 1). The Γ1⁎/Γ ratio for the first
bilayer was thus about 71%. The fraction values for the following
bilayerswere also estimatedwith the samemethod. Fig. 3A shows
the dependence of the surface concentration (Γ ⁎) and the fraction
of electroactive Hb (Γ ⁎/Γ ) on the number of bilayers (n) for the
{zeolite/Hb}n films. It can be seen that when nb8, while the
amount of electroactive Hb (Γ ⁎) increased with n nonlinearly, the
Γ ⁎/Γ ratio decreased with n dramatically. The distance between
Hb and the electrode was crucial for efficient electron exchange,
and the electroactive Hb could not extend to more than 7 bilayers
in this case. The {zeolite/Mb}n films displayed the similar results
(Fig. 3B).


Square wave voltammetry (SWV) combining non-linear reg-
ression was used to estimate the apparent heterogeneous elec-
tron-transfer rate constant (ks) and formal potential (E°′) for
{zeolite/protein}7 films. The theoretical model was the combi-
nation of single-species surface-confined SWV model [41] and
the formal potential dispersion model, as described in detail
previously [42,43]. The SWV data for {zeolite/protein}7 films
showed a good fit on the model over a range of amplitudes and

Fig. 3. Influence of the number of bilayers (n) on (a) surface concentration of
electroactive proteins (Γ ⁎) and (b) the fraction of electroactive proteins (Γ ⁎/Γ)
for (A) {zeolite/Hb}n and (B) {zeolite/Mb}n films.

frequencies, and the average ks and E°′ values estimated are
listed in Table 2.


The {zeolite/protein}7 films assembled on PG/PDDA elec-
trodes showed very good stability. For example, after 30 days of
immersion in pH 7.0 buffers, the peak potentials of {zeolite/
Hb}7 films showed no change, and the peak heights decreased
only about 10–15% compared with the initial values.


3.3. Electrocatalytic activity


The proteins in {zeolite/protein}7 films demonstrated good
electrocatalytic activity toward reduction of hydrogen peroxide
and nitrite. For example, the addition of a micro-amount of H2O2


into a pH 7.0 buffer caused a large increase in CVreduction peak
current for {zeolite/Hb}7 films at −0.4 V, accompanied by the
decrease or even disappearance of the oxidation peak (Fig. 4A).
No direct reduction peak was observed at PDDA/zeolite film
electrode in the presence of H2O2. The reduction peak current
increased linearly with the concentration of H2O2 in solution in a
certain range (Table 3). At higher H2O2 concentrations, the CV

Fig. 4. (A) CVs at 0.2 V s−1 in pH 7.0 buffers for (a) PDDA/zeolite film, (b)
PDDA/zeolite film in the presence of 30 μM H2O2, (c) {zeolite/Hb}7 film, (d)
{zeolite/Hb}7 film with 30 μM H2O2, and (e) {zeolite/Hb}7 film with 60 μM
H2O2. (B) Amperometric current–time curves at constant potential of 0 V in pH
7.0 buffers with injection of 50 μM H2O2 solution every 40 s for (a) PDDA/
zeolite film, (b) {zeolite/Hb}7 film, (c) and {zeolite/Mb}7 film.







Table 3
Electrocatalytic performances of {zeolite/protein}7 films toward reduction of
H2O2 and NaNO2


Substrate
(method)


Films Linear
range
(μM)


Correlation
coefficient


Detection
limit
(μM)


Sensitivity
(μA μM−1


cm− 2)


H2O2 {zeolite/Hb}7 0.5–90 0.992 0.05 0.692
(CV)a {zeolite/Mb}7 0.5–96 0.994 0.05 0.418
H2O2 {zeolite/Hb}7 0.1–15 0.988 0.015 0.818
(RDV)b {zeolite/Mb}7 0.1–10 0.987 0.015 1.57
H2O2 {zeolite/Hb}7 50–1000 0.995 5 1.02
(amperometry)c {zeolite/Mb}7 50–1000 0.992 5 1.84
NaNO2 {zeolite/Hb}7 50–2200 0.996 5 23.5
(CV)d {zeolite/Mb}7 50–2400 0.993 5 31.1
a In pH 7.0 buffers with scan rate of 0.2 V s−1.
b In pH 7.0 buffers with scan rate of 0.05 V s−1 and rotation rate of 2000 rpm.
c In pH 7.0 buffers at constant potential of 0 V vs. SCE.
d In pH 5.0 buffers with scan rate of 0.1 V s−1.


Fig. 5. CVs in pH 5.0 buffers at 0.1 V s−1 for (a) PDDA/zeolite film, (b) PDDA/
zeolite film with 0.30 mMNaNO2, (c) {zeolite/Hb}7 film, (d) {zeolite/Hb}7 film
with 0.30 mM NaNO2, and (e) {zeolite/Hb}7 film with 0.60 mM NaNO2.


Fig. 6. RAIR spectra for (a) PDDA/zeolite film, (b) {zeolite/Hb}7 film, (c) pure
Hb film, (d) {zeolite/Mb}7 film, and (e) pure Mb film.
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response showed a leveling-off tendency, indicating a typical
Michaelis-Menten process [38].


Rotating disk voltammetry (RDV) was also used to investigate
the catalytic reduction ofH2O2 at {zeolite/protein}7 filmmodified
electrodes. Both Hb and Mb in the films demonstrated excellent
stability even under the rotating condition. After the addition of
H2O2, the reduction current increased significantly, and at suf-
ficiently negative potentials, the catalytic current reached the
steady state (not shown). The catalytic current at the steady state
had a linear relationship with H2O2 concentration in solution in a
certain range (Table 3).


The electrocatalytic reduction of hydrogen peroxide at
{zeolite/protein}7 film electrodes was also studied by ampero-
metry, which is one of the most widely employed techniques for
biosensors. The constant potential was set at 0 V vs. SCE after
optimization, and the catalytic reduction current was monitored
when aliquots of H2O2 were added. The stepped increase of
H2O2 concentration in buffers caused the corresponding growth
of catalytic reduction currents (Fig. 4B). In contrast, at the pro-
tein-free zeolite film electrode, no current response was ob-
served with the addition of H2O2.


The {zeolite/protein}7 films showed good catalytic reactivity
for the reduction of nitrite. For instance, the addition of NaNO2


in a pH 5.0 buffer resulted in a new catalytic reduction peak at
about −0.7 V for {zeolite/Hb}7 films, while the peak pair at
−0.3 V was nearly intact (Fig. 5). This new peak increased with
the further addition of nitrite and was used to quantitatively
determine the concentration of nitrite in solution (Table 3).
Direct reduction of NO2


− at PDDA/zeolite film electrodes was
observed at the potential of more negative than −1.2 V, indi-
cating that the films decrease the reduction overpotential of
nitrite by at least 0.5 V.


3.4. Structure features


The shape and position of infrared amide I and II bands may
provide detailed information on the secondary structure of
polypeptide chains of proteins [44,45]. The amide I band at
1700–1600 cm−1 is caused by CfO stretching vibrations of the

peptide linkage and the amide II band at 1600–1500 cm−1 is
caused by a combination of N–H in-plane bending and C–N
stretching of the peptide groups.Microscopic RAIR spectroscopy
was thus used to check the two amide bands and corresponding
conformational change of proteins in {zeolite/protein}7 films
(Fig. 6). For some reasons, the PDDA/zeolite films with no
protein incorporated showed some IR absorption in the amide I
region and thus interfered the observation of amide I band of the
proteins in {zeolite/protein}7 films. However, no peak was
observed in the amide II region for the PDDA/zeolite films.
Amide II band was therefore used to check the conformation of
proteins in the {zeolite/protein}7 films. Both pure Hb and Mb
films displayed the amide II band at 1539 cm−1, while {zeolite/
Hb}7 and {zeolite/Mb}7 films showed the amide II band at
1536 cm−1 and 1541 cm−1, respectively. The peak position and
shape of amide II band for {zeolite/protein}7 films were very
similar to those for pure corresponding proteins, implying that Hb
and Mb retain their near-native structure in the {zeolite/protein}7
films.


The surface morphology of {zeolite/protein}7 films was cha-
racterized by SEM. For instance, compared with MPS/PDDA
films, the {zeolite/Mb}7 films showed a much rougher surface
with many cavities or holes in it (Fig. 7). Similar morphology
was also observed for the {zeolite/Hb}7 films (not shown). The
porous structure of {zeolite/protein}7 films may allow the small
ions in buffers to go through the films very easily, which is
beneficial to the electron transfer of proteins in the films with
underlying electrodes.







Fig. 7. SEM top view image of (A) MPS/PDDA films on Au substrate and (B)
{zeolite/Mb}7 films on Au/MPS/PDDA surface.


Fig. 8. Dependence of CV reduction peak current (Ipc) of 0.5 mM K3Fe(CN)6 in
solutions containing 0.05 M KCl at 0.2 V s−1 on the number of bilayers (n) for
(a) {PSS/Mb}n and (b) {zeolite/Mb}n films assembled on PG/PDDA electrodes,
where n=0 corresponds to the PG/PDDA surface.


Fig. 9. (A) CVs at 0.2 V s−1 in pH 7.0 buffers for (a) {zeolite/Hb(pH 5.0)}7, (b)
{zeolite/Hb(pH 7.0)}7, and (c) {zeolite/Hb(pH 9.0)}7 films. (B) Influence of the
number of bilayers (n) on surface concentration of electroactive Hb (Γ⁎) for
{zeolite/Hb}n films assembled at different pH.
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To further investigate the porosity of {zeolite/protein}n films,
CV responses of Fe(CN)6


3− in solution as the electroactive probe
were tested with different number of bilayers (n) for {zeolite/
Mb}n films. For comparison, the porosity of layer-by-layer films
assembled by Mb and poly(styrene sulfonate) (PSS), which was
designated as {PSS/Mb}n, was also tested by the probe. The well-
defined, reversible reduction–oxidation peak pair at about 0.15 V
for Fe(CN)6


3−/Fe(CN)6
4− redox couple was observed at PG/PDDA


electrodes. When {zeolite/Mb}n or {PSS/Mb}n films were as-
sembled on the PG/PDDA surface, the peak currents for the probe
decreased with the number of bilayers (n) and tended to vanish
eventually (Fig. 8). This suggests that on one hand, these protein
films have some pinholes or channels, which allows the probe
ions to go through the films and reach the electrode surface to
undergo electron transfer, but on the other hand, the films also
have a considerable blocking effect to prevent the probe from
approaching the electrode surface. Thicker films showed more
pronounced blocking because of the less overall porosity of the
films. However, the decrease tendency of the reduction peak
current (Ipc) of Fe(CN)6


3− with the number of bilayers (n) for
{zeolite/Mb}n films was much slower than that for {PSS/Mb}n

films (Fig. 8). This suggests that the protein layer-by-layer films
made by using zeolite have higher porosity than the filmsmade by
using “soft” or flexible polyelectrolyte.


3.5. Driving force study


In the above work, when the {zeolite/protein}n layer-by-layer
films were assembled, the pH of the protein adsorbate solution
was set at 5.0, and the proteins had net positive surface charges.
However, when the pH of the protein adsorbate solution was
changed to 7.0 or 9.0, where the proteins were essentially neutral
or had net negative surface charges, the layer-by-layer assembly
of {zeolite/protein}n films was also realized. Take {zeolite/Hb}n
films as an example. The films assembled at different pH were
designated as {zeolite/Hb(pH 5.0)}n, {zeolite/Hb(pH 7.0)}n, and
{zeolite/Hb(pH 9.0)}n, respectively. The successful assembly of
{zeolite/Hb(pH 7.0)}n and {zeolite/Hb(pH 9.0)}n films were
confirmed by QCM (Table 1) and CV (Fig. 9). For QCM
experiments, a roughly linear frequency decreasewith the number
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of bilayer was observed for {zeolite/Hb(pH 7.0)}n and {zeolite/
Hb(pH 9.0)}n film systems, respectively, as observed for the
{zeolite/Hb(pH 5.0)}n films. However, the average adsorption
amount of Hb and zeolite in each bilayer for {zeolite/Hb(pH
7.0)}n or {zeolite/Hb(pH 9.0)}n films was much less than that of
{zeolite/Hb(pH 5.0)}n films, showing the sequence of pH
5.0NpH 7.0NpH 9.0 (Table 1). The results also provided an
evidence that the zeolite used in our experiments was negatively
charged in its dispersions.


For CV studies, when {zeolite/Hb(pH 7.0)}n or {zeolite/Hb
(pH 9.0)}n films modified on PG/PDDA electrodes were placed
in pH 7.0 buffers, the redox peak pair centered at about −0.35 V
for Hb heme Fe(III)/Fe(II) couples was observed, which grew
with the number of bilayers (n) up to about 7. Compared with the
{zeolite/Hb(pH 5.0)}7 films, the {zeolite/Hb(pH 7.0)}n or {zeo-
lite/Hb(pH 9.0)}n films demonstrated much smaller CV peak
currents (Fig. 9), in good agreement with the results of QCM. All
the {zeolite/Hb}n films assembled at different pH showed very
good stability.


4. Discussion


Heme proteins in {zeolite/protein}n films showed well-de-
fined, nearly reversible CV peaks for heme Fe(III)/Fe(II) redox
couples (Fig. 2) and demonstrated relatively large apparent
heterogeneous electron transfer rate constants (ks, Table 2).
Contrarily, Hb and Mb in solution demonstrated poor CV
responses at bare PG electrodes. This indicates that zeolite films
provide a favorable microenvironment for the proteins and en-
hance the electron exchange of the proteins with underlying
electrodes. The exact mechanism of the enhancement of zeolite
for the electron transfer of heme proteins is not very clear yet.
However, several factors may play an important role and should
be taken into consideration. (1) The good biocompatibility of
zeolite [46–48] makes it a good matrix to adsorb proteins and
keep their native structures, as IR spectra demonstrated (Fig. 6).
(2) The {zeolite/protein}n films assembledwith rigid zeolite have
lots of holes or channels in their architecture (Figs. 7 and 8),
which allow small inorganic ions in buffers to move into and out
of the films more easily, and thus enhance the conductivity of the
films and reduce the resistance of charge transfer. (3) The zeolite
particles have plenty of interconnected micro-voids inside, and
the {zeolite/protein}n films contain many cavities and channels,
all of which may host considerable amounts of water when the
films are placed in buffers. This aqueous-like microenvironment
may also be favorable for thewater-soluble proteins to retain their
original structures and transfer electrons with electrodes. (4) The
zeolite nanoparticles may have better adsorption selectivity
toward the heme proteins than toward the macromolecular im-
purities originally existing in the protein solution. The repeated
adsorption/washing steps in layer-by-layer assembly may be
helpful to remove the impurities from the zeolite surface. Thus,
the film assembly procedure probably acts as a purification
process, and the purified proteins would demonstrate better
reversibility at electrodes, as reported in literature [49,50].


The direct electrochemistry of Hb or Mb in cast zeolite films
was reported previously [10–13]. However, the present work

reports the direct electron transfer of the heme proteins in their
layer-by-layer films with zeolite for the first time. The advantage
of {zeolite/protein}n layer-by-layer films over their cast counter-
parts is the precise control of the film thickness. In addition, the
porous zeolite layer provides large surface area with high surface
energy, which may adsorb more amounts of proteins in each
adsorption step. The QCM results demonstrate that the nominal
thickness of protein layer in each adsorption step is about two
times larger than the monolayer dimension of the proteins
(Table 1). The proteins in {zeolite/protein}n films display rela-
tively high electroactive fraction in the first few bilayers closest
to the electrode surface (Fig. 3). Thus, the utilization efficiency
of the proteins in electrochemistry for {zeolite/protein}n layer-
by-layer films would be higher than that of the cast protein films
with zeolite. However, when the number of bilayers (n) becomes
larger, the fraction of electroactive proteins declines drastically,
and after 7 bilayers, the proteins are not electrochemically ad-
dressable any more (Fig. 3). The porosity of {zeolite/protein}n
films is also beneficial to the substrate transport within the films
in catalysis. The easiness of small H2O2 molecules or NO2


− ions
going through the porous films and contacting the proteins
results in the low detection limit and good sensitivity in catalytic
determination of the substrates (Table 3).


The zeolite particles usually have negative charges in
dispersions [31], while the net surface charge of Hb is positive
at pH 5.0 with its isoelectric point at pH 7.4 [32]. Thus, the
primary driving force for the assembly of {zeolite/Hb(pH 5.0)}n
layer-by-layer films would be electrostatic attraction between
oppositely charged zeolite and Hb. However, the assembly of
{zeolite/Hb(pH 9.0)}nmultilayer filmswas also realizedwhen the
zeolite and Hb have the same net negative surface charges
(Fig. 9). There are two possible explanations for this “counter-
intuitive” result. One is the charge inhomogeneity on the protein
surface, which results in the localized electrostatic attraction
between positively charged groups on Hb surface and negatively
charged zeolite. There are considerable amounts of lysine (Lys,
pKa=10–12 [51,52]) and arginine (Arg, pKa=12–13 [51,52])
residues on Hb surface, which are positively charged even at pH
9.0. Some of these positive groups on Hb surfacemay be involved
in electrostatic interaction with oppositely charged zeolite, giving
rise to the assembly of {zeolite/Hb(pH 9.0)}n films. This expla-
nation was also reported in other layer-by-layer films of proteins
with like-charged polyions or nanoparticles [25,26,53]. Another
explanation for this “abnormal” result is the charge reversal of Hb
when the protein is adsorbed on the zeolite. The negatively
charged zeolite layer tends to attract more amounts of H+ from
solution, whichmay make the pH on zeolite layer surface become
much lower than that in bulk Hb adsorbate solution, even leading
to the reversal of pHon zeolite surface fromhigher thanpI to lower
than pI of Hb. The reversal of net surface charge of amphoteric Hb
from negative to positive may make the assembly of {zeolite/Hb
(pH 9.0)}n films become possible. This explanation was reported
to be possible according to the theoretical calculation for the
adsorption systems of like-charged proteins and polyelectrolytes
[54–56]. Both the explanations need to be tested and confirmed by
further studies. However, they are all of electrostatic origin. Thus,
for both {zeolite/Hb(pH 5.0)}n and {zeolite/Hb(pH 9.0)}n films,
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the main driving force for the assembly should be the electrostatic
interaction between zeolite and Hb, whereas the short-range
hydrophobic interactions or/and hydrogen bonding could not be
ruled out completely. The successful assembly of {zeolite/Hb(pH
7.0)}n films, and the sequence of the amount of electroactiveHb at
the same n (pH 5.0NpH 7.0NpH 9.0) may also be explained by
the similar reasons.


5. Conclusions


Zeolite particles with their unique characters were success-
fully assembled layer-by-layer with heme proteins on solid
surfaces mainly by electrostatic interaction. Ordered {zeolite/
protein}n multibilayer films on PG electrodes demonstrated
well-defined direct CV responses for heme Fe(III)/Fe(II) redox
couples of the proteins and good electrocatalytic activity toward
reduction of H2O2 and NO2


−. The {zeolite/protein}n films de-
monstrate good porosity, which not only is helpful to the elec-
tron transfer of the proteins in the films, but also is beneficial
to the mass transport of catalysis substrates through the films.
Based on this, {zeolite/protein}n films show quite high sensi-
tivity in sensing the substrates of environmental or biological
significance. The good sensitivity in analysis of the films,
combined with the high stability, suggests that the {zeolite/
protein}n layer-by-layer films may have a potential applicability
in developing the new type of electrochemical biosensors based
on the direct electrochemistry of proteins without using any
mediators.


Acknowledgment


The financial support from the National Natural Science
Foundation of China (NSFC 20475008 and 20275006) is
acknowledged.


References


[1] Y. Ma, W. Tong, H. Zhou, S.L. Suib, A review of zeolite-like porous
materials, Microporous Mesoporous Mater. 37 (2000) 243–252.


[2] V. Nikolakis, Understanding interactions in zeolite colloidal suspensions:
A review, Curr. Opin. Colloid Interface Sci. 10 (2005) 203–210.


[3] A. Wslvstius, Analytical applications of silica-modified electrodes—a
comprehensive review, Electroanalysis 10 (1998) 1217–1235.


[4] J.F. Diaz, K.J. Balkus, Enzyme immobilization in MCM-41 molecular
sieve, J. Mol. Catal., B Enzym. 2 (1996) 115–126.


[5] K. Sakaguchi, M. Matsui, F. Mizukami, Applications of zeolite inorganic
composites in biotechnology: current state and perspectives, Appl. Micro-
biol. Biotechnol. 67 (2005) 306–311.


[6] S. Cosnier, Biomolecule immobilization on electrode surfaces by entrap-
ment or attachment to electrochemically polymerized films: A review,
Biosens. Bioelectron. 14 (1999) 443–456.


[7] H.A. Heering, F.G.M.Wiertz, C. Dekker, S. de Vries, Direct immobilization
of native yeast Iso-1 cytochrome c on bare gold: Fast electron relay to redox
enzymes and zeptomole protein-film voltammetry, J. Am. Chem. Soc. 126
(2004) 11103–11112.


[8] B. Liu, R. Hu, J. Deng, Fabrication of an amperometric biosensor on the
immobilization of glucose oxidase in a modified molecular sieve matrix,
Analyst 122 (1997) 821–826.


[9] B. Liu, R. Hu, J. Deng, Characterization of immobilization of an enzyme in
a modified Y zeolite to matrix and its application to an amperometric
glucose biosensor, Anal. Chem. 69 (1997) 2343–2348.

[10] Z. Dai, H. Ju, H. Chen, Mesoporous materials promoting direct electro-
chemistry and electrocatalysis of horseradish peroxidase, Electroanalysis 17
(2005) 862–868.


[11] Z. Dai, S. Liu, H. Ju, H. Chen, Direct electron transfer and enzymatic
activity of hemoglobin in a hexagonal mesoporous silica matrix, Biosens.
Bioelectron. 19 (2004) 861–867.


[12] H. Wang, R. Guan, C. Fan, D. Zhu, G. Li, A hydrogen peroxide biosensor
based on the bioelectrocatalysis of hemoglobin incorporated in a
kieselgubr film, Sens. Actuators, B, Chem. 84 (2002) 214–218.


[13] Z. Dai, S. Liu, H. Ju, Direct electron transfer of cytochrome c immobilized
on a NaY zeolite matrix and its application in biosensing, Electrochim.
Acta 49 (2004) 2139–2144.


[14] F.A. Armstrong, H.A.O. Hill, N.J. Walton, Direct electrochemistry of
redox proteins, Acc. Chem. Res. 21 (1988) 407–413.


[15] M.F. Chapin, C. Bucke, Enzyme Technology, Cambridge University Press,
Cambridge, U.K., 1990


[16] J.F. Rusling, in: Y. Lvov, H. Mohwald (Eds.), Protein Architecture:
Interfacing Molecular Assemblies and Immobilization Biotechnology,
Marcel Dekker, New York, 2000.


[17] F.A. Armstrong, G.S. Wilson, Recent developments in faradaic bioelec-
trochemistry, Electrochim. Acta 45 (2000) 2623–2645.


[18] G. Decher, Fuzzy nanoassemblies: toward layered polymeric multi-
composites, Science 277 (1997) 1232–1237.


[19] N. Kimizuka, M. Tanaka, T. Kunitake, Spatially controlled synthesis of
protein/inorganic nano-assembly: alternate molecular layers of cyt. c and
TiO2 nanoparticles, Chem. Lett. 12 (1999) 1333–1334.


[20] Y. Lvov, B. Munge, O. Giraldo, I. Ichinose, S.L. Suib, J.F. Rusling, Films
of manganese oxide nanoparticles with polycations or myoglobin from
alternate-layer adsorption, Langmuir 16 (2000) 8850–8857.


[21] Y. Lvov, K. Ariga, I. Ichinose, T. Kunitake, Assembly of multicomponent
protein films by means of electrostatic layer-by-layer adsorption, J. Am.
Chem. Soc. 117 (1995) 6117–6123.


[22] Y. Lvov, Z. Lu, J.B. Schenkman, X. Zu, J.F. Rusling, Direct electrochemistry
of myoglobin and cytochrome p450(cam) in alternate layer-by-layer films
with DNA and other polyions, J. Am. Chem. Soc. 120 (1998) 4073–4080.


[23] H. Ma, N. Hu, J.F. Rusling, Electroactive myoglobin films grown layer-by-
layer with poly(styrensulfonate) on pyrolytic graphite electrodes, Lang-
muir 16 (2000) 4969–4975.


[24] P. He, N. Hu, G. Zhou, Assembly of electroactive layer-by-layer films of
hemoglobin and polycationic poly(diallyldimethylammonium), Bioma-
cromolecules 3 (2002) 139–146.


[25] P. He, N. Hu, J.F. Rusling, Driving forces for layer-by-layer self-assembly
of films of SiO2 nanoparticles and heme proteins, Langmuir 20 (2004)
722–729.


[26] P. He,N.Hu, Interactions between heme proteins and dextran sulfate in layer-
by-layer assembly films, J. Phys. Chem., B 108 (2004) 13144–13152.


[27] G.S. Lee, Y.J. Lee, K.B. Yoon, Layer-by-layer assembly of zeolite crystals
on glass with polyelectrolytes as ionic linkers, J. Am. Chem. Soc. 123
(2001) 9769–9779.


[28] X. Wang, W. Yang, Y. Tang, Y. Wang, S. Fu, Z. Gao, Fabrication of hollow
zeolite spheres, Chem. Commun. 21 (2000) 2161–2162.


[29] V. Hornok, A. Erdohelyi, I. Dekany, Preparation of ultrathin membranes by
layer-by-layer deposition of layered double hydroxide (LDH) and
polystyrene sulfonate (PSS), Colloid Polym. Sci. 283 (2005) 1050–1055.


[30] H.A.O. Hill, Bio-electrochemistry, Pure Appl. Chem. 59 (1987) 743–748.
[31] M. Masayoshi, K. Yoshimichi, Y. Taichi, M. Yoshiyuki, M. Fujio, S.


Kengo, Selective adsorption of biopolymers on zeolites, Chem. Eur. J. 7
(2001) 1555–1560.


[32] J.B. Matthew, G.I.H. Hanania, F.R.N. Gurd, Electrostatic effects in
hemoglobin-hydrogen-ion equilibria in human deoxyhemoglobin and
oxyhemoglobin-A.104. Biochemistry 18 (1979) 1919–1928.


[33] A. Bellelli, G. Antonini, M. Brunori, B.A. Springer, S.J. Sligar, Transient
spectroscopy of the reaction of cyanide with ferrous myoglobin—effect of
distal side residues, J. Biol. Chem. 265 (1990) 18898–18901.


[34] G. Sauerbrey, Verwendung von schwingquarzen zur wagung schichten und
zur mikrowagung, Z. Phys. 155 (1959) 206–222.


[35] T.E. Creighton, Protein Structure, a Practical Approach, IRL Press, New
York, 1990.







319Y. Xie et al. / Bioelectrochemistry 70 (2007) 311–319

[36] Research Group on Molecular Sieves in Dalian Institute of Chemical
Physics, Chinese Academy of Sciences, Zeolite and Molecular Sieves,
Science Press: Beijing, 1978.


[37] M. Perutz, H. Muirhead, J. Cox, L. Goaman, L. Mathews, E. McGandy, L.
Webb, Three-dimensional fourier synthesis of horse oxyhaemoglobin at
2.8 Å resolution (1) X-ray analysis, Nature 219 (1968) 29–32.


[38] L. Stryer, Biochemistry, 3rd ed. Freeman, New York, 1988.
[39] Q. Huang, Z. Lu, J.F. Rusling, Composite films of surfactants, nation, and


proteins with electrochemical and enzyme activity, Langmuir 12 (1996)
5472–5480.


[40] R.W. Murray, in: A.J. Bard (Ed.), Electroanalytical Chemistry, vol. 13,
Marcel Dekker, New York, 1984, pp. 191–368.


[41] J.J. O'Dea, J.G. Osteryoung, Characterization of quasi-reversible surface
processes by square-wave voltammetry, Anal. Chem. 65 (1993)
3090–3097.


[42] A.-E.F. Nassar, Z. Zhang, N. Hu, J.F. Rusling, T.F. Kumosinski, Proton-
coupled electron transfer from electrodes to myoglobin in ordered
biomembrane-like films, J. Phys. Chem., B 101 (1997) 2224–2231.


[43] Z. Zhang, J.F. Rusling, Electron transfer between myoglobin and
electrodes in thin films of phosphatidylcholines and dihexadecylpho-
sphate, Biophys. Chem. 63 (1997) 133–146.


[44] A. Dong, P. Huang, W.S. Caughey, Protein secondary structures in water
from 2nd-derivative amide-I infrared-spectra, Biochemistry 29 (1990)
3303–3308.


[45] J.F. Rusling, T.F. Kumosinski, Nonlinear Computer Modeling of Chemical
and Biochemical Data, Academic Press, New York, 1996.


[46] C.H. Lee, J. Lang, C.W. Yen, P.C. Shih, T.S. Lin, C.Y. Mou, Enhancing
stability and oxidation activity of cytochrome c by immobilization in the
nanochannels of mesoporous aluminosilicates, J. Phys. Chem., B 109
(2005) 12277–12286.

[47] Y. Wang, F. Caruso, Macroporous zeolitic membrane bioreactors, Adv.
Funct. Mater. 14 (2004) 1012–1018.


[48] E. Dumitriu, F. Secundo, J. Patarin, L. Fechete, Preparation and properties
of lipase immobilized on MCM-36 support, J. Mol. Catal., B Enzym. 22
(2003) 119–133.


[49] T. Daido, T. Akaike, Electrochemistry of cytochrome c: influence of
coulombic attraction with indium tin oxide electrode, J. Electroanal. Chem.
344 (1993) 91–106.


[50] I. Taniguchi, K. Watanabe, M. Tominaga, F.M. Hawkridge, Direct electron
transfer of horse heart myoglobin at an indium oxide electrode,
J. Electroanal. Chem. 333 (1992) 331–338.


[51] A.S. Yang, B.J. Honig, Structural origins of pH and ionic-strength effects
on protein stability—acid denaturation of sperm whale apomyoglobin,
Mol. Biol. 237 (1994) 602–614.


[52] S.J. Shire, G.I.H. Hanania, F.R.N. Gurd, Electrostatic effects in myoglobin
hydrogen ion equilibria in sperm whale ferrimyoglobin, Biochemistry 13
(1974) 2967–2974.


[53] J.B. Schenkman, I. Jansson, Y.M. Lvov, J.F. Rusling, S. Boussaad, N.J.
Tao, Charge-dependent sidedness of cytochrome p450 forms studied by
quartz crystal microbalance and atomic force microscopy, Arch. Biochem.
Biophys. 385 (2001) 78–87.


[54] P.M. Biesheuvel, M.A.C. Stuart, Electrostatic free energy of weakly charged
macromolecules in solution and intermacromolecular complexes consisting
of oppositely charged polymers, Langmuir 20 (2004) 2785–2791.


[55] A. Wittemann, B. Haupt, M. Ballauff, Adsorption of proteins on spherical
polyelectrolyte brushes in aqueous solution, Phys. Chem. Chem. Phys. 5
(2003) 1671–1677.


[56] P.M. Biesheuvel, A. Wittemann, A modified box model including charge
regulation for protein adsorption in a spherical polyelectrolyte brush,
J. Phys. Chem., B 109 (2005) 4209–4214.





		Layer-by-layer films of hemoglobin or myoglobin assembled with zeolite particles: Electrochemis.....

		Introduction

		Experimental section

		Chemicals

		Instruments

		Film assembly



		Results

		Assembly of {zeolite/protein}n layer-by-layer films

		Electrochemical properties

		Electrocatalytic activity

		Structure features

		Driving force study



		Discussion

		Conclusions

		Acknowledgment

		References








(2007) 320–327
www.elsevier.com/locate/bioelechem

Bioelectrochemistry 70

Electrostatic properties and macroscopic electrodiffusion
in OmpF porin and mutants


Marcel Aguilella-Arzo, Juan J. García-Celma, Javier Cervera, Antonio Alcaraz ⁎,
Vicente M. Aguilella


University Jaume I, Department of Experimental Sciences, Biophysics Unit, P.O. Box 8029, E-12080 Castellón, Spain


Received 13 February 2006; received in revised form 18 April 2006; accepted 18 April 2006
Available online 29 April 2006

Abstract


The bacterial porin OmpF found in the outer membrane of E. coli is a wide channel, characterized by its poor selectivity and almost no ion
specificity. It has an asymmetric structure, with relatively large entrances and a narrow constriction. By applying continuum electrostatic methods
we determine the ionization states of titratable amino acid residues in the protein and calculate self-consistently the electric potential 3-D
distribution within the channel. The average electrostatic properties are then represented by an effective fixed charge distribution along the pore
which is the input for a macroscopic electrodiffusion model. The theoretical predictions agree with measurements performed under different salt
gradients and pH. The sensitivity of reversal potential and conductance to the direction of the salt gradient and the solution pH is captured by the
model. The theory is also able to explain the influence of the lipid membrane charge. The same methodology is satisfactorily applied to some
OmpF mutants involving slight structural changes but a large number of net charges. The correlation found between atomic structure and ionic
selectivity shows that the transport characteristics of wide channels like OmpF and its mutants are mainly regulated by the collective action of a
large number of residues, rather than by the specific interactions of residues at particular locations.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrodiffusion; OmpF; Bacterial porin; Channel selectivity

1. Introduction


One of the main goals of modern biophysics is to understand
the correlation between atomic structure and physiological
function. This search is particularly evident in the efforts to
unveil the crystallographic structure of a number of biological
ion channels. During decades a great deal of information about
biochannels was inferred from macroscopic measurements,
often using electrophysiology or electrochemistry techniques.
The knowledge about their ternary structure was scarce. The
situation changed when the crystallographic structure of some
ion channels could be determined at atomic resolution. However,
even for these channels the connection between their structure
and physiological properties is not yet completely understood.
This is the case of the bacterial porin OmpF found in the outer
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E-mail address: alcaraza@exp.uji.es (A. Alcaraz).
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membrane of the bacteria Escherichia coli, object of numerous
recent studies [1,2]. Like other bacterial porins, it can be purified
and modified genetically. This makes it an attractive system to
test the available theoretical models of channel permeation.


When reconstituted into planar lipidmembranes, OmpF porin
forms trimeric channels. Studies made under these experimental
conditions show that the passage of small inorganic ions through
the porin is passively controlled and that long range electrostatic
interactions play a fundamental role [3]. However, the trans-
location of antibiotic molecules is believed to be influenced by
hydrophobic interactions at the channel constriction [1,4].


The OmpF system is so complex that currently there is no
unique theoretical model that can explain all its transport pro-
perties [5]. For this reason, different approaches have been tried
on it, each one addressed to a particular aspect. On the one hand,
powerful methods such as Molecular Dynamics (MD), Brow-
nian Dynamics (BD) or 3-D Poisson–Nernst–Planck (PNP)
have provided fine details about the ion permeation [6–9].
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However, they have faced important technical difficulties since
OmpF is a poorly selective channel and therefore a large number
of correlated ions must be included in the simulation to gather
meaningful statistics. On the other hand, mean field theories,
such as 1-D PNP or the Teorell–Meyer–Sievers (TMS) theory,
have been used to calculate electrodiffusion quantities on this
system [3,10]. They commonly use effective parameters which
are fitted to the experimental data.


A detailed experimental study of the ionic selectivity of the
OmpF porin has been reported recently [3]. In this work, se-
lectivity measurements were analyzed by means of a modified
TMS theory. This approach was useful to explain semi-quan-
titatively the change of the zero current potential (also known as
reversal potential) with electrolyte concentration and concen-
tration gradient across the channel. The model made use of
adjustable parameters to fit the experimental values. However,
no rationalization of these parameters in terms of the micro-
scopic structure of the channel was made. In addition, the model
was not used to address questions like the pH dependence of the
channel selectivity and conductance. Rather, only tentative cor-
relations between measured reversal potential and the total
charge of the channel (estimated by simply counting the number
of charged groups) were attempted. The study finally suggested
that electrostatic long range interactions were determinant in the
transport of small hydrophilic ions.


The present work stresses the importance of the average
electrostatic properties of the OmpF porin on its transport cha-
racteristics. We show that effective average electrostatic pro-
perties obtained directly from the microscopic structure of the
protein regulate the ionic transport under a variety of experimental
conditions. This conclusion holds also for some engineered
OmpF mutants with very different electrostatic properties but
similar atomic structure to that of wild typeOmpF. To this end, we
link the microscopic electric properties of the pore-forming
protein with electrodiffusion measurable quantities. This is ac-
complished by a three-step procedure summarized as follows:


(1) The ionization state of the titratable residues of the
channel is determined. This allows us to calculate the
electric potential created by the pore fixed charges.


(2) An averaging procedure is used to convert the 3-D electric
potential distribution into a 1-D profile of effective fixed
charge volume density along the pore.


(3) This 1-D profile is then used as input for a 1-D PNP
model. This set of equations is finally solved numerically
to obtain electrodiffusion magnitudes which are com-
pared with previously reported experimental data in a
wide variety of experimental conditions.


The model outlined above constitutes a macroscopic elec-
trodiffusion theory of the ion transport across the pore, but it is
based on microscopic structural information. The usefulness of
the model depends on the capability of a 1-D PNP approach
with effective magnitudes to describe the transport properties of
a system in the nanometer region as is the OmpF porin. Re-
cent studies in both synthetic and biological nanopores support
this idea. One dimensional treatments based on Smoluchowski

equation, Fick–Jacobs approximation and Poisson–Nernst–
Planck equations provide interesting clues for planning more
efficient synthetic biosensors, nanopumps and nanodiodes [11–
13]. In addition, satisfactory comparisons between mean field
theories and Brownian dynamics simulations are found for wide
biochannels [14]. In fact, several 1-D PNP approaches des-
cribing the ion transport across different biological ion channels
have already been reported: The acetylcholine receptor [15], the
L-Type calcium channel [16], the calcium release channel [17],
the mitochondrial channel VDAC [18,19] or the OmpF porin
[3,10] among others. Interestingly, the extensive research done
in related areas, like solid state physics and computational
electronics, shows that the continuum approach provides reaso-
nable results in many controversial conditions [20–22].


2. Formulation of the problem


The electrodiffusion magnitudes are calculated by means of a
1-D PNP theory. This theory uses a mean-field approximation
where average ion fluxes are related to concentration and elec-
tric potential gradients, and the electric potential is determined
by the fixed and mobile charges in the pore. 1-D Nernst–Planck
flux equations read:


Ji ¼ −Di
dciðzÞ
dz


þ e
kT


qiciðzÞ d/ðzÞdz


� �
ð1Þ


where z is the coordinate along the symmetry axis of the trimer
normal to the membrane [23], Di, ci and qi are the diffusion
coefficient, the concentration and the charge number of charged
species i, respectively, e is the elementary charge, k is Boltz-
mann constant, T is the absolute temperature, and ϕ is the local
electric potential. The latter includes both the electrical potential
applied externally (V) and that which arises from the fixed
charges of the channel (ψ). This electrostatic potential is cal-
culated from the charge density inside the pore using the
Poisson equation


d
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where εs is the electric permittivity of the solution, ρf (z) is the
effective fixed charge density arising from the protein charges
and NA is the Avogadro–Loschmidt constant. The second term
in the right-hand side of Eq. (2) represents the mobile charge
density owing to free ions in solution. To solve the PNP system
the effective fixed charge density of the channel is needed. We
now introduce a procedure to estimate this magnitude directly
from the microscopic information given by the channel struc-
tural data.


Each titratable residue of the channel is in an environment of
low electric permittivity (the protein). It interacts with the
protein permanent fixed partial charges (due to the different
electronegativities of the atoms in the molecule) and with the
rest of titratable residues. In addition, these interactions are in-
fluenced by the shielding effect of the ions in solution. This
implies that the proton dissociation constant Ka (or its equi-
valent in the logarithmic scale pKa) of the residue inside the







Fig. 1. Calculated equipotential lines superimposed over a section of the OmpF
monomer (the plane is defined by the atoms Lys10-C157, Thr165-C2439 and
Asp206-O3933). The profile of the effective fixed charge density along the
channel is shown below.


322 M. Aguilella-Arzo et al. / Bioelectrochemistry 70 (2007) 320–327

protein is different from that in free solution. Therefore, we need
to calculate the pKa value of each titratable residue inside the
protein, which is then known as apparent pKa. The protocol
followed to perform this calculation has been described pre-
viously in detail [3]. It is based on the procedure described by
Antosiewicz et al. [24,25]. The UHBD code (the University of
Houston Brownian Dynamics Program) [26,27] is employed to
perform the calculation using the three-dimensional structure of
the OmpF trimer with a resolution of 2.4 Å (Protein Data Bank
id. code: 2OMF) as obtained from X-ray analysis [23]. Using
the apparent pKa, a rough estimate of the charge density was
done by simply counting the charged residues at a given pH [3].
However, using this approach the precise location of the resi-
dues and the partial charges of the protein were not considered.
All this information is contained in the electric potential profile
ψ( rY), what suggests the idea of using ψ( rY) as an indirect means
of estimating the effective charge density of the channel.


It has been reported in the literature that it is possible to obtain
a 1-D equivalent of a 3-D magnitude by doing averages over the
pore cross section[13,28,29]. According to these studies, the
procedure provides effectivemagnitudes that keep their essential
physical meaning as long as their local curvature is not too great.
The UHBD program calculates the electric potential map at
equilibrium by solving the Poisson equation. This equation takes
the form of the Poisson–Boltzmann (PB) equation within the
aqueous pore region. We have checked that in computations
done at physiological ionic strength (as is the case of the present
study) the results are unchanged whether the calculations are
done taking all the nonlinear terms in the PB equation into
account or linearizing the PB equation. Other computational
studies performed in the same protein channel report an identical
conclusion [30,31]. In the linear approximation, the PB equation
can be written as


j2wð r→Þ ¼ j2wð r→Þ ð3Þ


where κ is the inverse Debye length of the solution. The right
hand side of Eq. (3) is the opposite to the charge density arising
from the ions in solution, which compensates for the fixed
charge of the protein (the calculation is performed at equi-
librium). Therefore, the average charge density ρf (z) of the
protein over a cross sectional slice of constant z can be estimated
as


qf ðzÞ ¼ esj
2w¯ðzÞ ð4Þ


where ψ‾ (z) is the average of the electric potential in the cross
sectional slice. ρf (z) is expected to capture the average elec-
trostatic interaction felt by the ions in solution as they cross the
channel. A similar idea can be found in [5]. Note that the
relationship between averaged quantities expressed by Eq. (4) is
only rigorously correct under the linear approximation of PB
equation.


Fig. 1 shows the calculated equipotential lines superimposed
over a section of the OmpF monomer. The axial profile of ρf (z)
is shown at the bottom panel. This average fixed charge density
profile can be used as an input parameter to solve self-con-

sistently the 1-D PNP system of equations (Eqs. (1) and (2)) and
obtain the electrodiffusion quantities: i.e., the 1-D profiles of
electric potential, / (z), and ionic concentration, ci(z). We as-
sume thermodynamic quasiequilibrium at the pore-solution
interfaces. The bulk concentrations and the boundary concen-
trations (ci(z=0) and ci(z=d), where d is the pore length) are
then related through


cið0Þ ¼ ccisi 1−
e
kT


qi /ð0Þ−/cis� �n o
ð5aÞ


ciðdÞ ¼ ctransi 1−
e
kT


qi /ðdÞ−/trans½ �
n o


ð5bÞ


where cis and trans refer to bulk solutions next to z=0 and z=d,
respectively,and the externally applied potential is V=/cis−/trans.


The relationship between boundary conditions and bulk
concentration expressed in Eqs. (5a) (5b) is equivalent to as-
suming Donnan equilibria on both channel solution interfaces.
This approximation is widely accepted for synthetic membranes
and nanopores which are in the micrometer thickness range
[32,33]. However, when the membrane is very thin as is the case
of biological membranes (nanometers), the use of this bound-
ary condition is controversial. A contribution by Gillespie and
Eisenberg [34] that tackles this question concludes that the usual
treatment of the Donnan potential gives the correct value for the
electrodiffusion magnitudes despite the obtained profiles of
concentration and electric potential may not be accurate.


An iterative relaxation method is used to solve the PNP
equations [35]. The effective charge distribution is mapped into
a grid of 500 equally spaced points. For a given applied voltage,
an initial guess for the potential profile is evaluated just using a
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linear approximation. This solution is then iterated until a tole-
rance of 10−10 is fulfilled. The outputs of the numerical proce-
dure are the ionic flux densities J+ and J− for a given applied
voltage. From these values, the current can be obtained as
I=πa2F(J+−J−), where a is the effective radius of the channel.


3. Results and discussion


The underlying idea of this work is that ion selectivity of
wide channels is determined mainly by average electrostatic
properties rather than by the particular 3-D charge distribution.
To this end, our simple continuum model aims to reproduce the
main channel features under different experimental conditions
of salt concentration and pH.


The protein electric permittivity is set at εm=20 and the
solution electric permittivity at εs=80 [3,24,25,30]. The cal-
culation of pKa values and ψ(rY) is performed using 50 mM as
electrolyte concentration to avoid the shielding effects. This con-

Fig. 2. (A) Model calculations of the electric potential profile along the pore
longitudinal axis for an OmpF channel in KCl solution. The potential at each
axial position is the averaged value over the solvent-accessible region of every
channel cross-section. Labels with the main ionizable residues to which the
principal peaks and wells may be ascribed are included. (B) Average effective
fixed charge density along the pore. Negative charge at neutral and basic pH is
consistent with the cation selectivity of OmpF and positive charge in very acidic
solutions agrees with the observed anion preference of the channel.

centration value is not critical. Calculations performed by Varma
and Jakobsson [30] show that ionization states at neutral pH are
unchanged whether the calculations are done at physiological
concentrations or even using almost zero ionic strength. The free
solution diffusion coefficients are used. Some MD simulations in
OmpF give smaller cation and anion diffusion coefficients [7,8]
but with the same ratio between them. Therefore, this should not
affect our calculations. Finally, an effective radius of 0.6 nm is
used. This value is close to the average radius of the channel
constriction (presumably the rate limiting step for ion migration
across the pore).


3.1. Average electrostatic properties of the wild-type OmpF
porin


The calculated transport properties of OmpF porin depend on
the selection of the information in the averaging process.
Therefore, it is advisable to have a look at the averaged electric
potential to see if it retains the basic features of the channel.


Fig. 2A shows the axial profile of between z=16 Å and
z=58 Å at pH 6. The cation selectivity of the channel at pH 6 is
a consequence of the negative potential throughout the entire
pore. The depth of the potential well at the channel constriction
is around 4kT (≈100 mV) in accordance with other calculations
[3,36]. While the resulting profile averages the influence of a
large number of residues (over 100), we may try a tentative
assignment of peaks and wells to some specific residues. The
objective is to see the consistency of ψ̄(z) with the crystal
structure. In this way, the peak around z=29 Å can be ascribed
to the positively charged Arg140 and Lys16. The negative resi-
dues of the constriction Asp113 and Glu117 would be respon-
sible for the well around z=36 Å. Finally, the peak around
z=43 Å would be ascribed to Lys80.


We consider next the pH dependence of the channel se-
lectivity as reported experimentally [37]. Fig. 2B shows the
calculated effective charge concentration profile along the pore
at different values of the solution pH. At high and neutral pH, ρf
(z) attains negative values which are consistent with the cation
selectivity that exhibits the OmpF channel [3,37,38]. At very
low pH, however, the model predicts a positive ρf (z) in accor-
dance with the switch of OmpF selectivity to anionic in the
presence of very acidic solutions.


3.2. Response of measured channel selectivity to pH changes


In the previous section the model was shown to qualitatively
describe the selectivity of OmpF for different pH values. How-
ever, to test the assumptions made in the model a quantitative
comparison with experimental data must be done. The selectivity
of a channel is usually quantified in terms of the reversal potential.
For this reason, themodel predictions for the reversal potential are
here compared to experimental data in different situations.


In Fig. 3 we present reversal potential measurements (pre-
viously reported in [3]) together with the theoretical predictions
for the same conditions (triangles). The series correspond to a ten-
fold ratio of bulkKCl concentrations (ccis=1M and ctrans=0.1M)
at different pH (the same in both solutions). The reference value







Fig. 3. Experimental (squares) and theoretical prediction (triangles) of the
reversal potential for KCl ccis=1 M | ctrans=0.1 M as a function of the pH. Good
agreement is found between theory and experiments but for extreme pH
conditions. The reversal potential predicted exclusively by the residues at the
channel constriction (circles) is also shown. In this case, the model predicts an
anion selective channel for most of the pH range. Lines are shown to guide the
eye.


Fig. 4. Change of OmpF reversal potential with salt concentration ratio in KCl
solutions at pH 6. The lower electrolyte concentration was kept at 0.1 M while
the higher concentration was changed to obtained the desired concentration
ratio. The solid line denotes the model calculation, which predicts the sign of the
reversal potential asymmetry but underestimates its magnitude.


324 M. Aguilella-Arzo et al. / Bioelectrochemistry 70 (2007) 320–327

for the electric potential is on the trans side (V bulk=0). The model
accounts for the increase of the reversal potential with pH: the
anion selectivity of the channel at very acidic pH turns into almost
no selectivity at pH 4 and reaches a plateau of cation selectivity in
the region between pH 6 and 9. It is remarkable that such a simple
model is able to account for the OmpF selectivity over a broad pH
range. Good agreement between theory and experiment is found
except for extreme pH values. The deviations at low and high pH
values are expected if we consider that under such conditions the
H+ or OH− concentration may become comparable to that of salt
in the low concentrated solution, a situation which has not been
considered in the PNP system. In addition, we may speculate that
the changes in the protonation states of a large number of residues
may alter the porin structure. The results obtained indicate that the
dependence of the channel selectivity with pH can be explained
by the combined action of all the channel residues.


The question that arises now is whether this dependency can
be explained equally well using only the protonation state of
crucial residues at the channel eyelet. If this were the case, the
central constriction of the channel would act as its selectivity
filter. It has been shown previously [3,36] that the channel
constriction contains up to seven basic residues with estimated
pKas around 13–15: the so-called cluster of arginines [23], one
lysine and three tyrosines. In addition, there are two acidic
residues, one aspartic acid and one glutamic acid with cal-
culated pKas around 3 and 6, respectively. At neutral pH all
these residues are charged. Therefore, taken independently from
the rest of residues, the central constriction would display an
excess of positive charge which would be unable to explain the
cation selectivity of the channel [37]. To address quantitatively
this issue, we cut off the channel leaving only the residues
placed in the channel constriction. The whole procedure, in-
cluding the pKa calculation, was performed to obtain the rever-
sal potential due exclusively to the residues at the constriction.
The results are also shown in Fig. 3 (circles). As expected, the
calculations predict unrealistic values. From these results one

could come to the wrong conclusion that the channel is anion
selective except for extreme basic conditions (pHN8).


3.3. Non-uniform charge distribution and reversal potential


The orientation of the OmpF porin reconstituted in the lipid
membrane ismostly unidirectional in the experiments here reported
[3] and the reversal potential depends on the direction of the
concentration gradient. This is observedwhen the reversal potential
ismeasured for a given ratio ccis/ctrans and its inverse ctrans/ccis. For a
totally symmetric channel the two experiments must give the same
reversal potential value, but with opposite sign. However, this is not
the case for the OmpF channel probably because it is asymmetric in
the structure and the fixed charge distribution [23,36]. This feature
allows us to see how the model accounts for the asymmetry of the
OmpF channel. Interestingly, this is not just an anecdotic cha-
racteristic of this channel. In fact, a similar effect has been reported
in conical synthetic nanopores and proves that it is possible to use it
as a basis to construct ionic nanofilters [13].


Fig. 4 shows the results of reversal potential measurements for
a wide range of concentration ratio values. The solid line
represents the model prediction. The model reproduces the
asymmetry found in reversal potential measurements, although it
underestimates it. Compare for example the reversal potential for
KCl in 3 M (cis) | 0.1 M (trans) vs. 0.1 M (cis) | 3 M (trans). This
reduction probably means that the averaging process levels off
part of the inherent asymmetry of the system. Despite this fact, it
can still be inferred that the asymmetry of the channel selectivity
naturally arises from the non-homogeneity of the channel in the
axial direction, and that this channel feature is partiallymaintained
in the averaging procedure (performed for every cross section).


3.4. Change of channel conductance with concentration and
voltage bias


The OmpF channel conductance is known to be pH depen-
dent and slightly voltage dependent, particularly at low salt







Fig. 5. Experimental (squares) and theoretical (solid lines) current–voltage
curves for two KCl electrolyte solutions. The model correctly predicts the
change in the slope of the curves.


Fig. 7. Measurements (squares) and model calculation (triangles) of the reversal
potential of wild type (WT) OmpF and four mutants. Mutations involved slight
structural changes but a high variation in net charge.
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concentration [37]. These dependences arise from the charge
regulation with pH and from the asymmetry of the channel. Unlike
the reversal potential, now the model has to reproduce a complete
current–voltage curve rather than a single point (zero current
potential).


Fig. 5 shows the experimental current–voltage curves
(squares) and the theoretical predictions (triangles) at pH 6 in
0.1 M and 1 M KCl solutions. The agreement theory-experi-
ment is reasonably good. The change in the current–voltage
curve with the concentration is well described by the model. It
depends on a combined effect of the increase of ionic concen-
tration and the shielding effect of the electrolyte. The latter is
accounted for by the PNP system in the model, what reinforces
the view that the transport is determined by long-range elec-
trostatic interactions. In addition, the model also displays the
asymmetry observed experimentally, although the predicted one

Fig. 6. OmpF reversal potential measurements in DPhPS negatively charged
membranes (circles) and DPhPC neutral membranes (squares). Model
predictions for a neutral membrane (solid line) and for a charged membrane
(dashed line) are shown. Experiments were done at pH 6 and keeping the trans
side concentration at 0.1 M KCl. The inset shows the average effective charge
for the neutral (solid line) and the charged membrane (dashed line).

is smaller. Note that the same occurred when the reversal po-
tential was considered.


3.5. Influence of the charge of the lipid bilayer


The charge of the lipid used in the formation of planar lipid
bilayer influences the measured transport properties of the
OmpF [3]. This feature has been observed in reversal potential
and conductance measurements. When planar membranes were
formed from negatively charged lipids, diphytanoylphosphati-
dylserine (DPhPS), the absolute value of the reversal potential
at pH 6 was higher than when neutral lipids, diphytanoylpho-
sphatidylcholine (DPhPC), were used. The same tendency was
observed in the conductance, especially at low concentration.


For the sake of simplicity, the charge of the lipid was included
in the theory as an effective charge density in the form of partial
charges in the spheres that model the polar heads of the lipid
bilayer. It was also assumed that the pKa values of the protein
residues were not affected by the charge of the membrane.


Fig. 6 shows the OmpF reversal potential measured in DPhPS
negatively charged membranes (circles) and the DPhPC neutral
membranes (squares) together with the model prediction for a
neutral membrane (solid line) and for amembranewith an effective
charge density of −1e/9 nm2 (dashed line). The measurements
were made at pH 6 for 0.1 M KCl in the trans side and varying the
concentration in the cis side. The average effective charge
concentration for the neutral membrane (solid line) and the charged
one (dashed line) is shown as an inset. The model accounts for the
increase in the reversal potential when the membrane is charged.
Therefore, we can hypothesize that the negative charge of the
bilayer is added to that of the channel to increase its cation
selectivity. This effect is reflected in the model through the increase
of the effective charge density. Note however that the change in
reversal potential might be driven by other effects. For instance, the
surface tensions of a charged bilayer and a neutral one are different.
This could affect the curvature of the bilayer close to the channel
mouths as well as the channel structure since the pressure exerted
by the bilayer is different in both cases.
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3.6. Average electrostatic properties and the study of OmpF
mutants


A recent paper byMiedema and coworkers [39] provides some
extra clues to understand ion selectivity of the OmpF porin. The
protein was manipulated by changing some crucial residues at the
channel lumen so that the weakly selective OmpFwas turned into
a Ca2+ selective channel. On the light of a charge/space com-
petition model, the authors came to the conclusion that the fixed
charge density was the key determinant of ion selectivity, with the
precise atomic arrangement having only second-order effects. As
we suggest similar ideas here, our model can be challenged with
some of the results obtained with these manipulated proteins.


We consider four mutants studied by Miedema et al.: the C
mutant (one mutation providing one extra negative charge), the
AAA mutant (three mutations providing −3e extra charge), the
EAE mutant (three mutations providing −5e extra charge) and
finally, the LEAE mutant (four mutations providing −6e extra
charge) (see Table 1 of Reference [39] for details). The crys-
tal structures of these mutants have not been resolved yet.
However, since in their mutations only a small number of
aminoacids were changed, it is expected that they conserve the
structure of the wild type OmpF to a large extent [30].


Model structures were obtained by simply substituting the
side chains of the implicated residues. The structures were then
relaxed using GROMACS [40]. 500 steps were performed to
minimize the energy of the protein by means of the Steepest
Descent method.


In Fig. 7 we present the reversal potential recorded for each
mutant and the wild type OmpF (WT) for a 10-fold gradient
(1.0 M | 0.1 M KCl) as reported in [39] (squares). The model
prediction is also shown (triangles). A good agreement is found
between theory and experiments. Note that the discrepancies
between the theory and experiments (∼5 mV) are of the order of
those found between different experiments performed with wild
type OmpF using different protocols[3,39]. This indicates that
the procedure is also valid for mutants involving a relatively
large number of net charges and, accordingly, a high selectivity.
This extension implies that average properties are sufficient to
determine the reversal potential.


4. Summary and conclusions


A theoretical model for the electrodiffusion across the OmpF
channel and some of its mutants has been developed. It is based in
the PNP system of equations. However, no free parameters have
been used to fit the experimental data. Instead, a procedure to link
the microscopic information to an effective charge density that
allows for the solution of the PNP system has been introduced.
The procedure takes advantage of the available crystallographic
structure at atomic resolution. It starts by inserting the OmpF
trimer in a model membrane. The method described by Anto-
siewicz is then used to estimate the pKa of the charged residues of
the protein, and therefore their protonation state at a given pH.
This allows to calculate the 3-D electric potential distribution
inside the channel. This electric potential distribution is then
transformed into a 1-D effective charge density profile along the

axis. Once this effective charge density is known, the PNP system
of equations is solved in a self-consistent manner and the results
are compared to experimental data. Our main findings are:


(1) The pKa determination of all titratable residues in the
OmpF channel enables the rationalization of the measured
pH dependent selectivity. The successive protonation and
deprotonation of acidic and basic residues explains how
this cation-selective channel at basic and neutral pH turns
into anion-selective in an acidic environment.


(2) The 3-D structural information can be transformed into an
effective charge density which can be used as an input for
a 1-D electrodiffusion model. It is shown how the reversal
potential and conductance measurements under different
conditions of concentration and pH can be explained by
means of averaged quantities.


(3) Despite its low resolution, the model still captures some
special features of the channel: the asymmetry found in
the measured selectivity under salt gradient inversion
arises naturally as a consequence of the channel structure.


(4) The influence of the charge of the lipids forming the planar
membrane can be introduced in the model by assigning an
effective charge to the model membrane. The increase of
the reversal potential can then attributed to the extra fixed
charge contributed by the lipid membrane.


(5) The same methodology can be satisfactorily applied to
someOmpFmutants. Electrostatic averages can account for
structural reorganizations involving only a small number of
amino-acids but a relatively large number of net charges.


(6) The correlation found between atomic structure and ion
selectivity shows that the transport characteristics of wide
channels like OmpF are mainly regulated by the collective
action of a large number of residues, rather than by the
specific interactions of residues at particular locations.
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Abstract


The dielectric spectra of aqueous suspensions of unilamellar liposomial vesicles built up by zwitterionic phospholipids (dipalmitoylpho-
sphatidyl-choline, DPPC) were measured over the frequency range extending from 1 kHz to 10 MHz, where the interfacial polarization effects,
due to the highly heterogeneous properties of the system, prevail. The dielectric parameters, i.e., the permittivity e′(ω) and the electrical
conductivity σ(ω), have been analyzed in terms of dielectric models based on the effective medium approximation theory, considering the
contribution associated with the bulk ion diffusion on both sides of the aqueous interfaces. The zwitterionic character of the lipidic bilayer has
been modeled by introducing an “apparent” surface charge density at both the inner and outer aqueous interface, which causes a tangential ion
diffusion similar to the one occurring in charged colloidal particle suspensions. A good agreement with the experimental results has been found for
all the liposomes investigated, with size ranging from 100 to 1000 nm in diameter, and the most relevant parameters have briefly discussed in the
light of the effective medium approximation theory.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Liposomes, artificial spherical vesicles formed by the self-
assembly of lipids, consist of a single closed lipid bilayer which
encompasses an aqueous core [1,2]. Their size ranges from 20–
30 nm up to some micrometers in diameter (small and large
unilamellar vesicles, respectively) and the thickness of the
lipidic bilayer is about 4–5 nm. These structures, which act as
appropriate containers that mimic a biological cell membrane,
represent a very interesting model of a colloidal suspension and,
moreover, find widespread applications as delivery systems,
allowing the encapsulation in the appropriate regions of both
hydrophobic and hydrophilic substances [3,4].


The dielectric spectra of these highly heterogeneous systems
present a very complex and rich phenomenology, evidencing
different polarization mechanisms, at a molecular level [5]. At
least three different, partially overlapping, relaxation regions have
been generally observed, the main of which, due to the interfacial
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E-mail address: cesare.cametti@roma1.infn.it (C. Cametti).
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electrical polarization, is associated with the non-homogeneous
distribution, at a mesoscopic scale, of the different dielectric
materials with different dielectric and conductometric properties.
Moreover, a further contribution arises from the surface orga-
nization of the liposome bilayer, especially in the case of zwit-
terionic lipids, where a microdynamics of the dipolar headgroups
favors the formation of domains with a high degree of dipole
orientational correlation [6].


This latter effect, which is anyway quantitatively less signi-
ficant, generally producing dielectric increments of about ten
dielectric units, has been previously investigated by different
authors [7,8] and in some cases overlaps the relaxation associated
with the hindered reorientation motion of the water molecules
bound to the interface. At lower frequencies, specially in the case
of ionic interfaces, the counterion polarization dominates. This
polarization mechanism is associated with a non-uniform
counterion distribution at the interfaces, induced by the external
electric field, that imparts to the overall particle a large dipole
moment. Finally, a further contribution, which falls at higher
frequencies, around 20 GHz, comes out from the orientational
polarization of the water molecules.



mailto:cesare.cametti@roma1.infn.it

http://dx.doi.org/10.1016/j.bioelechem.2006.04.004





Fig. 1. The effective size b2RNeff of the liposomal vesicles, determined from
dynamic light scattering technique, as a function of the nominal size b2RNnom of
the membrane pore in the extrusion procedure.
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The deconvolution of the dielectric spectrum into its molecular
components is further made more difficult by the presence of the
electrode polarization effect which produces an additional ionic
polarization which behaves as an artifact that, in most cases, may
mask the effects to be investigated.


Despite the complexity of the dielectric response, dielectric
methods are very useful tools to investigate the electrical pro-
perties of heterogeneous systems, since they are based on the
response of a permanent and/or induced electrical dipole to a
driving electric field and permit identification of a number of
completely different mechanisms of electrical polarization. This
probe, which is particularly susceptible to the electrical envi-
ronment, provides a valuable knowledge about polarization me-
chanisms in biological cells under the influence of an electric
field. When applied to biological systems, these methods can
provide valuable knowledge about different biological cell struc-
tures, their functions and metabolic activities.


Here, we report on the dielectric and conductometric pro-
perties of zwitterionic liposomes built up by DPPC lipids dis-
persed in aqueous solution, in the low-frequency range up to
10 MHz, where the interfacial effects dominate, the other dif-
ferent contributions falling outside the frequency window in-
vestigated. The data in the lower frequency region have been
appropriately corrected for the electrode polarization effects and
the results are analyzed in the light of appropriate dielectric
models for heterogeneous systems, considering the contribution
of the ion diffusion in the bulk solutions, close to the interfaces.
Our analysis points out that, even in the presence of an un-
charged interface, owing to the zwitterionic character of the
lipid employed, the ion diffusion in the bulk of the two aqueous
phases plays a relevant role in the overall dielectric behavior of
the system. These effects can be taken into account by solving
the appropriate Poisson–Boltzmann equation together with the
Nernst–Planck equation under the assumption that the ion
concentration changes induced by the applied field are much
smaller than their equilibrium values. The dielectric properties
are described in the far-field approximation, which is accurate
enough to reproduce the observed dielectric spectra with a set of
parameters of reasonable values.


The introduction of an “apparent” surface charge density on
both the inner and outer interface of the liposome particle leads
to a significant better description of the electrical behavior of the
system.


2. Experimental


2.1. Materials and Liposome preparation


Lipid α-dipalmitoylphosphatidylcholine [DPPC] was
obtained from Sigma Chem. Co. [USA] and was used as re-
ceived, without further purification. Lipid suspensions were
prepared according to standard procedure. Briefly, an appro-
priate amount of DPPC was dissolved in chloroform–methanol
mixture (1:1 vol/vol). Organic solvent was then removed under
vacuum overnight. The resulting film was hydrated with de-
ionized water (Millipore Super Q-system, electrical conduc-
tivity less than σ=10−6 mho/cm) and allowed to swell at a

temperature of 43 °C (above the main transition temperature of
the lipid [9]). Unilamellar liposome vesicles were prepared by
extrusion of the lipid mixture in an extruder Lipex Biomem-
branes (Vancouver, Canada). The lipid mixture was extruded
several times at a pressure lower than 2000 kPa through
polycarbonate membranes with appropriate pore size, depend-
ing on the intended vesicle size. This technique provides almost
spherical shaped vesicles with a relatively small size distribu-
tion. We employed membranes with nominal pore size of 50,
100, 200, 400, 800, 1000 nm.


2.2. Dynamic light scattering measurements


Liposome sizes were measured at a temperature of 25 °C by
means of dynamic light scattering technique [10] using a Brook-
haven AT9000A logarithmic correlator. The scattered light
intensity, collected at a 90° angle, was analyzed using the mul-
timodal constraint regularization algorithm CONTIN [11] which
minimizes the sum of the squared differences between the
experimental and calculated normalized intensity autocorrelation
function. The effective size of the liposomal vesicles for the
different “nominal” pore size of the extrusion membrane we have
employed during the extrusion procedure is shown in Fig. 1. The
data presented correspond to the intensity-weighted distribution.


2.3. Dielectric measurements


Dielectric spectra of liposome suspensions were measured in
the frequency range from 1 kHz to 10 MHz by means of a
Hewlett–Packard Impedance analyzer Mod. 4192A. The
complex electrical impedance Z⁎(ω) measured at the input of
the Meter is directly related to the complex permittivity e⁎(ω)
through the relationship


Z⁎ðxÞ ¼ ixLþ 1


ixCf þ C0�⁎ðxÞ
1þKC0ðixÞð1−aÞ�⁎ðxÞ


ð1Þ


where a constant phase angle (CPA) element, i.e., an impedance
of the form Zp⁎(ω)=K(iω)


−α, with K a constant and 0bαb1, has
been used to describe the a.c. response of the interface between
the electrodes and the solution (electrode polarization effect)
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[12–15]. The cell constants, i.e., the self-inductance L, the stray
capacitance Cf, the cell constant C0 and the two parameters K
and α associated with the CPA element which models the
electrode polarization, were determined by measuring the
complex impedance of the cell filled with standard electrolyte
solutions of known permittivity and electrical conductivity. The
electrode polarization correction by means of an empirical
fitting of the frequency dependence of a constant-phase-angle
model has been widely used in impedance spectroscopy
measurements of biological suspensions and has been found
as an empirical way to remove this effect without influencing
the plausibility of the data [16].


3. The dielectric model


According to the widely accepted dielectric models for
heterogeneous systems [17], within the mean field approxima-
tion, a suspension of shelled spheroidal particles dispersed in a
continuous phase should display a dielectric and conductometric
behavior characterized by two contiguous, partially overlapping,
dielectric dispersions, associated to the two interfaces present in
the system [18].Within this scheme, each particle is modeled by a
spherical core of radius Rp and complex dielectric constant


�⁎ðxÞ ¼ �p þ rp=ðix�0Þ ð2Þ
covered by a concentric shell of thickness δ and complex
dielectric constant


�⁎s ðxÞ ¼ �s þ rs=ðix�0Þ ð3Þ
The shelled particles are uniformly distributed in a


continuous aqueous medium with complex dielectric constant


�⁎mðxÞ ¼ �m þ rm=ðix�0Þ ð4Þ
The fractional volume of the particles is Φ=4/3πN0(Rp+δ)


3,
where N0 is their numerical concentration. Here, �j and σj( j=p,
s, m) are the permittivity and the electrical conductivity of each
medium involved, ω is the angular frequency of the applied
electric field and �0 the dielectric constant of free space. The
electrical properties of each medium are characterized by two
electrical parameters, �j and σj, both of them considered
independent of frequency or, in other words, the frequency of
the applied field is well below any characteristic relaxation
frequency of each medium.


Within this scheme, in the case of liposome particles, where
the same aqueous phase should be present in the inner and outer
medium (�p⋍ �m; σp⋍σm), with the further approximation
�s≪�p, �m and σs≪σp, σm, the total dielectric Δ� increment
and the total conductivity increment, to a first approximation,
are given by


D� ¼ �s
9U


ð2þ UÞ2d=Rp


−�m
3U


ð2þ UÞ ð5Þ


Dr ¼ rm
3U


ð2þ UÞ−Ud=Rp
�m
�s


� �
ð6Þ

and the two dispersions are characterized by relaxation times
given by


s1 ¼ �0
3�s


ð2þ UÞrmd=Rp
ð7Þ


s2 ¼ �0
�m
rm


ð8Þ


For values of σm of the order of 10−2 mho/m, as those of the
aqueous phase of liposome suspensions, the “high-frequency”
contribution, characterized by the relaxation time τ2 falls
outside the frequency interval investigated.


This model is based on the assumption that the shell mem-
brane behaves as an isotropic dielectric material whose per-
mittivity �s and conductivity σs are independent of frequency
and moreover that the charge distributions near the interfaces
have a null thickness. Although this approach is well justified in
a variety of biological cell membranes [19–22], when the elec-
trical properties of the interfaces favor different polarization
mechanisms which cause additional dielectric dispersions, the
above assumptions are no longer valid and the contribution of
the bulk ion diffusion in the inner and outer medium must be
appropriately taken into account. Owing to the diffusion of ions,
a finite thickness charge distribution on both side of the shell
arises, influencing the overall interfacial polarization. This
results in a dielectric relaxation that prevails over the usual
Maxwell–Wagner effect.


In the presence of free charges, the solution of the dielectric
model requires the knowledge at every point rY of the system of
the electrical potential WðrYÞ which obeys the Poisson equation
j2WðrYÞ ¼ −qðrYÞ=�0�m with the appropriate boundary condi-
tions (the continuity of the potential and the normal component
of the displacement at the two interfaces at r=Rp and r=(Rp+δ)),
where the electrical charge density qðrYÞ is given by the
Boltzmann equation


qð rYÞu
X
i


zienið rYÞ


¼
X
i


zien0iexpð−ðzieWð rYÞÞ=ðKBTÞÞ
ð9Þ


with e the elementary charge, zi and ni ðrYÞ the valence and the
concentration of the ith ionic species andKBT the thermal energy
and n0i the concentration of the ionic species in the bulk solution,
where the electrical neutrality prevails. These equations are
linearized in the weak-field limit, assuming that the basic
electrical parameters of the system have only a slight deviation
from equilibrium due to the external electric field. This means
that each quantity X will be expressed as


X ð rYÞ ¼ X 0ðrÞ þ dX ð rYÞ ð10Þ
where the superscript refers to the unperturbed values. In terms
of the perturbed quantities, the perturbed charge density dqðrYÞ
obeys the equation [23]


j2dqð rYÞ ¼ g2dqð rYÞ ð11Þ
with


g2 ¼ ix
D


þ k2D ð12Þ







331A. Di Biasio, C. Cametti / Bioelectrochemistry 70 (2007) 328–334

where D=(u /e)KBT is the ion diffusion coefficient, k2D ¼P
1 n0iz


2
i e


2=�0�mKBT the reciprocal Debye screening length
and u the ion mobility. Eq. (11) must be solved (in spherical
coordinates with axial symmetry) for each of the medium in-
volved [27], i.e., the aqueous inner phase, the lipid bilayer and
the aqueous external suspending medium, and the non-trivial
particular solution can be written as


dqjð rYÞ ¼ Cj
coshðgjrÞ


gjr
−
sinhðgjrÞ
ðgjrÞ2


 ! 


þGj
coshðgjrÞ
ðgjrÞ2


−
sinhðgjrÞ
ðgjrÞ


 !Þcos #ð Þ
ð13Þ


for ( j=p, s, m), where the constants Cj, Gj must obey to the
convergence condition for r→0 and r→∞. Consequently,
solving the Poisson equation with ion density distribution given
by Eq. (13) leads to


Wjðr; #Þ ¼ −Ajrcos#þ Bj
cosð#Þ
r2


−
dqjðrYÞ
�0�jg2j


ð14Þ


for each of the three media (j=p, s, m). The constants Aj, Bj and
Cj, Gj are obtained from the following boundary conditions:


i) the continuity of the potential Ψ(r,ϑ) at the interfaces
r=Rp and r=(Rp+δ)


Wpðr; #ÞjRp
¼ Wsðr; #ÞjRp


ð15Þ
Wsðr; #ÞjRpþd ¼ Wmðr; #ÞjRpþd ð16Þ


ii) the normal components of the displacement must be
related to the charge distribution at the interfaces


�⁎p
BWpðr; #Þ


Br
jRp


−�⁎s
BWsðr; #Þ


Br
jRp


¼ −rðRp; #Þ=�0 ð17Þ


�⁎s
BWsðr; #Þ


Br
jRpþd−�


⁎
m
BWmðr; #Þ


Br
jRpþd


¼ −rðRp þ d; #Þ=�0 ð18Þ
iii) the normal components of the total current density mush


vanish at the interfaces r=Rp and r=(Rp+δ)


rp
BWpðr; #Þ


Br
jRp


þ Dp
Bqpðr; #Þ


Br
jRp


¼ rs
BWsðr; #Þ


Br
jRp


þ Ds
Bqsðr; #Þ


Br
jRp


ð19Þ


rs
BWsðr; #Þ


Br
jRpþd þ Ds


Bqsðr; #Þ
Br


jRpþd


¼ rm
BWmðr; #Þ


Br
jRpþd þ Dm


Bqmðr; #Þ
Br


jRpþd ð20Þ
iv) far from the particle, the potential is due to the applied


external electric field E0


Wmðr; #ÞY−E0rcos# rYl ð21Þ
v) the potential Ψj(r,ϑ) (j=m) must remain finite for r→0.
vi) the “apparent” surface charges at the inner and outer


interfaces are given by


rðR; #Þ ¼ r0ðRÞ þ N1ðR; #Þ ð22Þ
(with R=Rp and R=(Rp+δ), respectively), where the field
perturbation contribution, N1(R,ϑ), is calculated follow-

ing the derivation proposed by Schwarz [24,25]. The ion
movement tangentially to the interfaces results in the
expression


N1ðR; #Þ ¼ −
er0ðrÞ=KBT


1þ ix R2


2uKBT


cos# ð23Þ


Finally, the unperturbed charge densities σ0(R) at the two
interfaces are linked by the relationship


r0ðRp þ dÞ ¼ r0ðRpÞ ðRpÞ2
ðRp þ dÞ2 ð24Þ


Similar conditions have been employed byGheorghiu [26],who
considers a fixed negative charge on the inner side of the shell that is
balanced by positive ions in the outer medium, migrating to the
external side of the shell. In the present case, we introduce an
“apparent” charge distribution on both the sides of the membrane,
whose perturbation, induced by the applied electric field, is
described by a surface diffusion. The introduction of the bulk ion
diffusion in both the inner and outer medium and, moreover, of a
mechanism of tangential ion movement induced by the external
field causes an apparent electric dipole moment responsible of the
giant dielectric relaxation observed in these systems.


Neglecting interactions between particles, in the case of a
non-conductive shell, (σs=0), the general solution for the
dielectric properties of the whole system can be written as


�⁎ðxÞ ¼ �⁎m
1þ 2U M⁎ðxÞ


E0ðRpþdÞ3


1−U M⁎ðxÞ
E0ðRpþdÞ3


ð25Þ


where the dipole coefficient M⁎(ω) /E0(Rp+δ)
3 is given by


M⁎ðxÞ
E0ðRp þ dÞ3


¼
ð1−QÞ�þs − �⁎m r⁎m


ix�0�m
þ Rp


Rpþd


� �3
ð1−QÞ�−s þ �⁎m r⁎m


ix�0�m


� �
N⁎ðxÞ


ð1þ 2QÞ�þs þ 2�⁎m r⁎m
ix�0�m


þ Rp


Rpþd


� �3
ð1þ 2QÞ�−s − 2�⁎m r⁎m


ix�0�m


� �
N⁎ðxÞ


ð26Þ
where the following relationships hold


�þs ¼ �s þ N1ðRp þ dÞ=�0 ð27Þ


�−s ¼ 2�s−N1ðRp þ dÞ=�0 ð28Þ


N⁎ðxÞ ¼
−�sð1þ SÞ þ �⁎p r⁎p


ix�0�p


2�sð1þ SÞ þ �⁎p r⁎p
ix�0�p


ð29Þ


S ¼ rp
ix�0�p


gpRp−tanhðgpRpÞ
ðgpRpÞ2tanhðgpRpÞ−2ðgpRp−tanhðgpRpÞÞ


ð30Þ


Q ¼ rm
ix�0�m


gmðRp þ dÞ
ðgmðRp þ dÞÞ2 þ 2gmðRp þ dÞ þ 2


ð31Þ


Eq. (26) is analogous to the one given by Gheorghiu [26–
28], derived under similar conditions. These expressions match
each other in the limit kDj


2 →0 (j=p, m). This condition, for both







Fig. 2. Panel A: Dielectric dispersion of aqueous liposome suspensions as a
function of frequency at the temperature of 25.0±0.2 °C for different values of
the fractional volume Φ of the dispersed vesicles: (▪):Φ=0.041; (●):Φ=0.055;
(▴): Φ=0.068; (▾): Φ=0.15; (♦): Φ=0.19; (◂): Φ=0.23. Panel B:
Conductometric dispersions of aqueous liposome suspensions as a function of
frequency. Symbols as in panel A). Full lines are the values obtained from the
fitting procedure on the basis of Eq. (25). The values of the fitting parameters are
shown in Fig. 5.


Fig. 3. The dielectric increment Δe normalized to the fractional volume Φ of the
dispersed phase as a function of the radius Reff of the liposomes.
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the inner and outer medium, implies σp⁎(ω) / iωe0ep→1 and
σm⁎(ω) / iωe0em→1. In the absence of a bulk ion diffusion and
uncharged interfaces, σ(R,ϑ)=0, Eq. (26) reduces to the usual
expression derived within the standard Maxwell–Wagner
approximation [29]. In the case of liposomal particles, due to
the chemical structure of the interface and the physico-chemical
properties of the aqueous phase, the bulk electrical parameters
of the inner and outer medium, ej and σj, (j=p, m), should
assume the same value.


4. Results and discussion


Typical dielectric spectra for the permittivity e′(ω) and the
electrical conductivity σ(ω) of different aqueous liposome
suspensions measured in the frequency range from 1 kHz to
10 MHz are shown in Fig. 2. As can be seen, the system
undergoes well marked dielectric and conductometric disper-
sions with characteristic relaxation times of the order of
10−7s.


Liposomes have been built up in varying sizes between 100
and 1000 nm in diameter, starting from an aqueous lipid mixture

containing the same lipid content. All our samples are prepared
at a lipid concentration of 10 mg/ml.


This procedure implies that the fractional volume Φ of lipo-
somes in each sample investigated varies from about Φ=0.04 to
about Φ=0.23 according to the relationship


U ¼ C
N0aR
6Mw


ð32Þ


where C is the lipid weight per unit volume, N0 the Avogadro
number, a the surface of each lipid polar head in the bilayer,Mw the
lipid molecular weight and R the liposome radius. The dielectric
analysis of the data has been carried out on the basis of a dilute
suspension, considering non-interacting particles. Although, at the
maximum volume fraction investigated, the average distance bet-
ween two neighboring particles is of the order of their radius, the
Debye screening length is small enough to allow an almost com-
plete electrostatic screening between particles.


In order to differentiate the effects due to the fractional vo-
lume Φ from those connected to the liposome radius R, in Fig. 3
we report the dielectric increment Δe normalized to the
fractional volume Φ as a function of the effective radius Reff.
We observe two distinct behaviors, corresponding to the small
size region, where Δe /Φ decreases with the radius Reff, and to
the high size region, where Δe /Φ is independent of Reff. There
different dependencies suggest that the polarization strength
might depend on the radius of curvature of the interface. This
effect has been recently discussed [30] in the light of the
formation of correlated domains at the lipid surface, whose
extension depends on the local curvature of the interface.


The dielectric and conductometric data have been analyzed
first on the basis of the usual heterogeneous system mixture
equation (whose dielectric parameters are given by Eqs. (5) to
(8)) that give the full behavior of the complex dielectric constant
e⁎(ω), or conversely of the complex conductivity σ⁎(ω),
depending on six different parameters involved, i.e., the per-
mittivity e and the conductivity σ of the inner medium, the shell
membrane and the external medium, respectively, besides the
geometrical parameters (size and membrane thickness). The
volume fraction Φ deduced from the lipid concentration and the







Fig. 5. The dependence of the dielectric parameters derived from Eq. (25) on the
effective radius Reff of the liposome particles. The values are derived from the fitting
procedure on the basis of Eqs. (25) and (26). The dotted lines are to guide the eye only.
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liposome size was compared with the value derived from the
relationship


U ¼ 2
rm−rðxY0Þ
2rm−rðxY0Þ ð33Þ


where σ(ω→0) is the limiting value of the electrical conduc-
tivity of the liposome suspension at low frequencies. These two
values compare reasonably well, the differences between the
two different methods being maintained within 2–3%. The best
fit parameters were searched by means of a non-liner least-
squares fitting procedure in order to minimize simultaneously
the real and imaginary part of the complex dielectric constant.


As far as the bulk, non-diffusive, medium model is concerned,
with the condition em=ep=78.5, corresponding to the value of the
aqueous phase at the temperature of 25 °C, we obtain, for all the
samples investigated, independently of the liposome radius, a
membrane conductivity less than σs=10


−5 mho/m and, for the
other parameters, the values shown in Fig. 4. As can be seen, the
membrane permittivity es assumes values of the order of
es=25÷30, roughly independent of the liposome radius. However,
these values arewell above those expected for a simple lipid bilayer,
where the pure hydrocarbon phase presents a permittivity of the
order of 2÷4. The conductivity of the external medium σm, of the
order of 0.014 mho/m, is very close to the value measured for the
suspending medium when all the inclusions are removed, whereas
the conductivity σp of the aqueous core appears to be significantly
higher. This set of parameters allows a good description of the
experimental relaxation both in the permittivity e′(ω) and in the
electrical conductivity σ(ω). However, the values of es appear
unrealistic if attributed to a simple lipid bilayer and in contrast to
what expected for a liposome particle, where the inner and outer
medium should present approximately the same ionic conductivity,
we obtain values ofσp larger thanσm. Consequently, it seemsmore
appropriate to take into account, at the lipid interface, of a non-
uniform ionic distribution.


In fact, when the bulk counterion diffusion in both the inner and
outer medium is considered, a somewhat different picture emerges.

Fig. 4. The conductivity of the inner and outer medium (upper panel) and the
permittivity of the lipid membrane (bottom panel) as a function of the effective
radius Reff of the liposome vesicles. These values are derived from the fitting
procedure on the basis of heterogeneous system mixture equation, in the absence
of bulk ion diffusion contribution.

The experimental spectra have been analyzed on the basis of Eqs.
(25) and (26) and the results are summarized in Fig. 5, where the
main parameters are shown as a function of the effective radius Reff
of the liposomes. The model introduces an “apparent” surface
charge density σ(R) at both the two interfaces, enough to justify a
charge non-uniform distribution in the inner and outer medium.


The net charge density at a liposome surface is a function of
both the lipid molecular area and the degree of ionization.
Although the degree of dissociation is zero for zwitterionic
lipids, such as DPPC, it has been observed, for these liposomes,
non-zero potential over a wide range of ionic strengths [31]. The
presence of a strong dipole moment at the lipid-aqueous
interfaces makes possible to the interface to attract counterions
from the bulk solution leading to the appearance of a surface
conductivity. This charge density is obviously lower that the one
present at the liposome surface, in the case of ionic lipids.


As far as the apparent surface charge density is concerned, its
value is about σ0⋍2 1015 m−2, much lower than the one expected
for fully ionized charged lipids in liposomes of similar size. Since
each head group occupies an area of about 60 nm2, in this latter
case, at the particle surface, a charge density of about 1019 m−2


should be expected. The much lower values derived from the
dielectric model employed reflect the zwitterionic character of the
DPPC used, where the polar head is substantially overall
uncharged.


Moreover, as can be seen in Fig. 5, the charge density σ0 is
approximately independent on the radius Reff. This result further
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supports that the counterion polarization at the liposome-aque-
ous solution interface should depend on the local character of
the charge distribution at the lipid interface, driven by the elec-
tric dipole moment of the lipid molecule.


In this case, the permittivity es of the lipid bilayer assumes a
value close to 2–3 dielectric units, in very good agreement with
the values attributed to the hydrocarbon phase of the inner part
of the bilayer. Within the uncertainties of our fitting procedure,
it is not possible to assign a dependence on the radius Reff of the
liposome, but its apparent constancy is highly reasonable.


The value of the bulk electrical conductivity σm is found to be
about 0.025 mho/m, very close to the value measured directly on
the aqueous phase, once the liposome component has been
removed from the suspension. This finding enforces the validity of
this dielectric model. The ion diffusion coefficients Dm and Dp are
equal to 2 10−9 m2/s and of the order of 10−8 m2/s, respectively.


Dm is reasonably well in agreement with the expected value
of Cl ion in a dilute aqueous solution, whereas Dp is rather
higher. This reflects the analogous result for the conductivity of
the inner medium in the case of absence of bulk ion distribution.
We find that the conductivity σp of the inner medium can be
much larger than the one of the suspending medium σm, in
contrast to the previous claim that σp⋍σm. Similar result was
pointed out by Lei et al. [32] in a first-principle approach to the
dielectric behavior of non-spherical cell suspensions.


5. Conclusions


We have analyzed the dielectric and conductometric properties
of liposome aqueous suspensions on the basis of two different
dielectric models, considering the ion distribution confined in an
infinitely thin layer at the aqueous interfaces or distributed in the
bulk of the inner and outer medium. Both the two models can in
principle account for the dielectric behavior of heterogeneous sys-
tems characterized by a zwitterionic interface. However, whereas
the absence of the bulk ion diffusion results in a permittivity higher
than the one typical of a non-ionic bilayer, the addition of this ion
polarization in both the inner and outer medium provides a very
reasonable value for the bilayer permittivity es and, moreover,
furnishes a very good description of the observed dispersion, over
the whole frequency range investigated.
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Abstract


Colloid Au (Aunano) with a diameter of about 10 nm was prepared and used in combination with dihexadecylphosphate (DHP) to immobilize
glucose oxidase (GOD) onto the surface of a graphite electrode (GE). The direct electrochemistry of GOD confined in the composite film was
investigated. The immobilized GOD displayed a pair of redox peaks with a formal potential of −0.475 mV in pH 7.0 O2-free phosphate buffers at
scan rate of 150 mV s−1. The GOD in the composite film retained its bioactivity and could catalyze the reduction of dissolved oxygen. Upon the
addition of glucose, the reduction peak current of dissolved oxygen decreased, which could be developed for glucose determination. A calibration
linear range of glucose was 0.5–9.3 mM with a detection limit of 0.1 mM and a sensitivity of 1.14 μA mM−1. The glucose biosensor showed good
reproducibility and stability. The general interferences that coexisted in human serum sample such as ascorbic acid and uric acid did not affect
glucose determination.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Glucose; Glucose oxidase; Colloid Au; Dihexadecylphosphate; Biosensor

1. Introduction


Glucose is a major component of animal and plant carbo-
hydrates. Quantitative determination of glucose is very important
in biochemistry, clinical chemistry, and food analysis. Electro-
chemical sensors have been widely used for daily glucose moni-
toring due to their high accuracy, low cost, rapidity, simplicity and
better detection limits. Classical electrochemical glucose biosen-
sors were based on monitoring either the consumption of oxygen
or the production of hydrogen peroxide [1,2] (first-generation
biosensors). Unfortunately, the amperometric determination of
hydrogen peroxide requires high anodic potential [3]. To
overcome such a shortcoming, redox mediators such as ferrocene
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[4], or osmium complex [5], etc, were often used to shuttle the
electrons between the redox centers of GOD and the electrodes
(second-generation biosensors). However, the redox mediators
used in conjunction with redox proteins are not selective but
rather general, facilitating not only the electron transfer between
electrode and protein but also various interfering reactions.
Therefore, the mediator-free biosensors (third-generation biosen-
sors) have received more and more interest recently [6].


Since the flavin adenine dinucleotide (FAD) moiety is deeply
embedded within a protective protein shell, well-defined direct
electrochemical behavior of GOD is rather difficult. In lite-
rature, only a few examples of quasi-reversible voltammograms
from GOD active site were reported. Ianniello et al. [7] studied
the direct electron transfer of adsorbed GOD at a graphite
electrode and a cyanuric chloride-modified graphite electrode
using differential pulse voltammetry. The direct electrochem-
istry of GOD, immobilized at a self-assembled monolayer of
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Scheme 1. Representation of the process of GOD immobilization.


Fig. 2. CVs of GOD–Aunano–DHP/GE at various scan rates (A). Plots of peak
currents vs scan rate (B).
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3,3-dithiobis-sulfosuccinimidyl propionate, was reported by
Jiang et al. [8]. Direct electron transfer of GOD realized by
carbon nanotubes was also studied by various groups in recent
years [9–11].


Dihexadecylphosphate, a surfactant with a negative charged
headgroup and two nonpolar tails, is insoluble in water and

Fig. 1. CVs of a Aunano–DHP/GE (a); GOD–DHP/GE (b); GOD–Aunano–DHP/
GE (c) in 0.06 M air-free phosphate buffers (pH 7.0) at a scan rate of 150 mV s−1.

does not form micelles. Stable films can be cast from its
aqueous vesicle dispersions. Evaporation of the solvent leaves
self-assembled multi-bilayer films, similar to stacks of bio-
membranes. Thus, DHP have been used to immobilize redox
proteins onto the electrode surface to promote their electron
transfer [12–14]. Au colloids possess biocompatibility and
proteins bound with Au colloids electrostatically can retain
biological activity [15]. Some groups have demonstrated that
several enzymes could maintain their enzymatic and electro-
chemical activity when immobilized on colloid Au [16,17]. The
immobilization of a redox protein on Aunano can help the protein
to keep a favored orientation or to make possible conducting
channels between the prosthetic groups and the electrode
surface, and they will both reduce the effective electron transfer
distance, thereby facilitating electron transfer between electrode
and enzyme [18].


In this work, we combined the advantageous features of col-
loidal Au and dihexadecylphosphate to prepare a composite film
for the immobilization of glucose oxidase onto a graphite elec-
trode surface. GOD confined in Aunano–DHP composite film
have realized its direct electrochemistry. The immobilized GOD
can catalyze the reduction of dissolved oxygen, and glucose
determination is developed based on the decrease of reduction
peak current of oxygen with the addition of glucose. The applied







Fig. 4. CVs of GOD–Aunano–DHP/GE in different pH values with scan rate of
150 mV s−1. (A). Plot of peak potential vs pH value (B). Inset of B: plots of peak
currents vs pH value.


Fig. 3. Plots of the anodic peak potential, Epa, and cathodic peak potential, Epc vs
the logarithm of the scan rate (A). Plot of ΔEp vs logν (B).


337Y. Wu, S. Hu / Bioelectrochemistry 70 (2007) 335–341

potential of the biosensor is −0.5 V, therefore, it prevents the
interference from electrochemically oxidizable compounds, such
as ascorbic acid and uric acid.


2. Experimental


2.1. Reagents


Glucose oxidase (GOD, EC 1.1.3.4., from Aspergillus niger,
191 units mg−1) and dihexadecylphosphate were purchased
from Fluka. Glucose was purchased from Shanghai Boao bio-
scientific Ltd. Co. (Shanghai, China). All other chemicals were
of analytical grade and were used without further purification.
Doubly-distilled water was used throughout and the supporting
electrolyte was usually phosphate buffer containing 0.06 M
Na2HPO4 and NaH2PO4.


Colloid Au was prepared as described by Hillier et al. [19]. In
brief, HAuCl4 aqueous solution (4ml of 0.4mgml−1) was boiled,
then 1 ml sodium citrate (1% aqueous solution) was added to the
boiled solution above. The resulting solution was maintained at

100 °C for several minutes until the color of the solution was not
changed.


2.2. Apparatus


All the voltammetric determinations were performed with a
computer controlled Model CHI 830A electrochemical analyzer
(ChengHua Instrument Co., ShangHai, China). The working
electrode is a modified graphite electrode with the geometric area
of 0.071 cm2. The saturated calomel electrode (SCE) is used as
reference electrode, and a Pt wire used as counter electrode. All
the potentials were reported versus SCE.


2.3. Film preparation and electrode modification


1mgDHPwas added into 1 ml colloid Au aqueous solution or
into 1 ml redistilled water. A homogeneous dispersion of Aunano–
DHP or DHP aqueous solution was achieved with the aid of
ultrasonication agitation. 10 μl of 3 mg ml−1 GOD in pH 7.0
phosphate buffers was mixed with 10 μl of Aunano–DHP dis-
persion or DHP aqueous solution. Before modification, a graphite
electrode was polished with 0.05 μm aluminum slurry (CH
Instruments, USA), then rinsed thoroughly with redistilled water,







Fig. 6. An amperometric i–t curve of GOD–Aunano–DHP/GE in air-saturated
pH 7.0 phosphate buffer at a constant potential of −0.45 V while glucose was
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and finally sonicated successively in 1:1 HNO3–H2O (v/v) and
redistilled water, each for 1 min. After that, 10 μl of the above
mixed GOD–Aunano–DHP solution or GOD–DHP solution was
pipetted onto the surface of GE and the solvent was evaporated at
room temperature. By this means, GOD was immobilized onto
the GE surface. The modified electrodes were denoted as GOD–
Aunano–DHP/GE and GOD–DHP/GE, respectively.


The process of GOD immobilization is illustrated in Scheme 1.
The association of GOD to the Au colloid surface is due to the
interaction between cysteine or NH3


+-lysine residues of GOD and
the Au colloid surface.


3. Results and discussion


3.1. Electrochemical behavior of GOD confined in the Aunano–
DHP composite film


Curves a, and b in Fig. 1 are the cyclic voltammograms (CVs)
of an Aunano–DHP/GE electrode and a GOD–DHP/GE

Fig. 5. CVs of GOD–Aunano–DHP/GE (A) and Aunano–DHP/GE (B) in air-free
pH 7.0 phosphate buffer (a and d), air-saturated pH 7.0 phosphate buffer (b and
e) and air-saturated pH 7.0 phosphate buffer with addition of 8 mM glucose (c
and f) at scan rate of 150 mV s−1.


added at 65 s with the concentration of 15 mM.

electrode in pH 7.0 phosphate buffer at scan rate of 150 mV
s−1, respectively. No any observable peak was obtained at the
Aunano–DHP/GE electrode, but a pair of well-defined and
stable peaks was observed at the GOD–DHP/GE electrode,
corresponding to the reaction of GOD–FAD+2e+2H+↔GOD–
FADH2. It suggests that DHP can immobilize GOD and provides
a favorable microenvironment to facilitate its electron commu-
nication. However, when using Aunano–DHP to immobilize the
same amount of GOD, the peak currents increase obviously
(curve c in Fig. 1), indicating Aunano acts as an improved active
interface for the direct electron transfer of GOD. The formal
potential (E0′) of GOD in Aunano–DHP film electrode is around
−0.475 V and the peak potential separation (ΔEp) is 50 mV at
scan rate of 150 mV s−1, close to the literature value in which
GOD was immobilized on carbon nanotubes [10].


The surface coverage (Γ ) of GOD on the GE surface was
estimated from integration of the reduction peak in the CVs
according to Γ=Q /nFA, where Q is the charge involved in the
reaction, n is the number of electron transferred, F is Farady con-
stant, andA is the electrode area. The value ofΓ=7.82×10−12 mol
cm−2 was calculated. It indicated that a monolayer of GOD
molecules takes the electrode reaction [20].


The effect of scan rate on the voltammetric response of GOD
is shown in Fig. 2A. With the increasing scan rate, both peak
currents and peak-to-peak separation increase. The anodic and
cathodic peak currents are linearly proportional to the scan rate
ranging from 50 to 500 mV s−1 (Fig. 2B), indicating the redox
reaction is a surface process [21].


For a redox monolayer modified electrode, the peak potentials
can be represented by Laviron [22]:


Epc ¼ E0V−
2:3RT
anF


log
aFn
RT


þ log½m=ð Vs−1Þ�−log½k=ðs−1Þ�
� �


ð1Þ







Table 1
Determination of glucose in human serum sample by the GOD biosensor
utilizing standard addition method (n=7)


Sample
no.


Cglucose/mM Recovery/
%


Found before
adding


Added Expected Found after
adding


1 5.50 2.0 7.50 7.62 101.6
2 5.76 2.0 7.76 7.68 98.9
3 6.07 2.0 8.07 8.12 100.6
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Epa ¼ E0V−
2:3RT


ð1−aÞnF flog ð1−aÞFnRT
þ log½m=ð Vs−1Þ�


−log½k=ðs−1Þ�g ð2Þ


DEp ¼ 2:3RT
ð1−aÞanF falogð1−aÞ
þ ð1−aÞloga−ð1−2aÞlogRT


nF


−ð1−2aÞlog½k=ðs−1Þ�g
þ 2:3RTð1−2aÞ


ð1−aÞanF log½m=ð Vs−1Þ� ð3Þ


where Epa, and Epc are anodic peak potential, and cathodic peak
potential, respectively, ΔEp=Epa−Epc, α is the transfer coeffi-
cient, ν is the scan rate (V s−1), k is the heterogeneous electron
transfer rate constant (s−1). According to the slopes of anodic
process and the cathodic process in Fig. 3A, it was calculated that
α=0.44. Based on ΔEp∼ logν plot (Fig. 3B), the value of
k=1.713 s−1 was calculated, close to the literature value in which
GOD was immobilized on carbon nanotubes [10].


The influence of buffers pH on the voltammetric response of
GOD was examined. An increase in pH value from 3.0 to 10.0
caused a negative shift in both anodic and cathodic peak
potentials of GOD (Fig. 4A), indicating hydrogen ion is
involved in the electrode reaction of GOD. The slope of the
E0′ vs pH line was 55.6 mV pH−1 (Fig. 4B), which is close to the
theoretical value (59.0 mV pH−1) for a two-proton coupled with
two-electron redox reaction process. The pH value does also
affect the redox peak currents of GOD (inset in the Fig. 4B).
Obviously, the maximum peak currents are observed at an
optimal pH range between 6.0 and 7.0. It may be due to the
immobilized GOD that maintains its higher bioactivity at such a
pH range.

Fig. 7. LSVs of GOD–Aunano–DHP/GE in a pH 7.0 air-saturated phosphate
buffer with addition of 0, 2.0, 5.0, 8.0, 11.0, and 14.0 mM glucose (from bottom
to top) at scan rate of 200 mV s−1.

3.2. Bioactivity of GOD confined in the Aunano–DHP composite
film


It is well known thatGODcatalyzes the oxidation of glucose to
glucono-1,5-lactone and hydrogen peroxide, using molecular
oxygen as the electron acceptor. Whether GOD immobilized in
the Aunano–DHP composite film retains its bioactivity is im-
portant to be investigated. Curves a, and b in Fig. 5A show the
CVs of GOD–Aunano–DHP/GE in air-free and air-saturated
buffers, respectively. The reduction peak of GOD significantly
increases in the presence of oxygen, indicating that GOD can
catalyze the reduction of oxygen. It follows the reaction as:


GOD–FADH2 þ O2→GOD–FAD þ H2O2 ð4Þ


Curve c in Fig. 5A shows the CVof GOD–Aunano–DHP/GE in
air-saturated buffers with addition of 8 mM glucose. The
reduction peak current decreases with the addition of glucose.
This result demonstrates that molecular oxygen was consumed at
the electrode interface in the presence of glucose because the
dissolved oxygenmediates the enzymatic oxidation of the glucose
by GOD. It follows the reaction as:


Glucose þ O2→Gluconolactoneþ H2O2 ð5Þ


In order to demonstrate that the reduction of oxygen at −0.5 V
is catalyzed by GOD, Aunano–DHP/GE was investigated to
compare. In the presence of dissolved oxygen, no peak current
was observed at Aunano–DHP/GE (curve e in Fig. 5B) at −0.5 V,
though there is an increase in cathodic current at the potential that
is more negative than −0.5 V.


An amperometric i–t experiment on GOD–Aunano–DHP/GE
at a constant potential of −0.45 V was carried out under constant
stirring. Upon the addition of glucose, the monitored current was
dramatically increased as shown in Fig. 6. All these experiment
results demonstrated that the immobilized GOD retained its
bioactivity.

Table 2
The comparison between the GOD biosensor and YSI blood sugar analyzer
(average of 7 determinations)


Sample
no.


Cglucose/mM Bias/
mM


Determined by
biosensor


Determined by YSI blood sugar
analyzer


1 5.50 5.58 −0.08
2 5.76 5.69 +0.07
3 6.07 6.18 −0.11
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3.3. Determination of glucose by linear sweep voltammetry


The decrease of the reduction current of oxygen with the ad-
dition of glucose is employed to determine the glucose con-
centration. The linear sweep voltammograms of GOD–Aunano–
DHP/GE with successive addition of glucose to air-saturated
buffers (pH 7.0) are shown in Fig. 7. With increasing glucose
concentration, the reduction current decreased. When the
concentration of glucose was above 11 mM, the reduction peak
did not decrease any more, indicating that it arrived to the GOD's
substrate saturated concentration. The relationships between the
decrease of the reduction peak current of oxygen and the con-
centration of glucose were examined. The decrease of the re-
duction peak current is linear with the concentration of glucose
from 0.5 mM to 9.3 mM. The linear regression equation is ΔIp
(μA)=2.20+1.14C (mM) with the correlation coefficients of
0.992. The detection limit is 0.1 mM based on a signal-to-noise
ratio of 3. The sensitivity of GOD–Aunano–DHP/GE to glucose
was found to be 1.14 μA mM−1.


3.4. Stability and reproducibility of the glucose biosensor


The stability tests were carried out at room temperature by
measuring the response from day to day. The GOD–Aunano–
DHP/GE and GOD–DHP/GE were kept at 4 °C. It was shown
that the GOD–Aunano–DHP/GE and GOD–DHP/GE maintain
their 90% and 80% initial activity after 15 days, respectively. The
biosensor shows a good stability due to the stable film formation
of DHP and its prevention of the leakage of colloid Au and GOD
from the electrode surface. The repeatability was estimated from
two series of 15 repetitive measurements of 0.8 mM and 8 mM
glucose solution, and the relative standard deviations (RSD) were
4.2% and 3.3%, respectively. The fabrication of the GOD–
Aunano–DHP/GE composite film onto the same GE surface for
seven times independently showed an acceptable reproducibility
with a relative stand deviation of 6.7% for 1 mM glucose. These
results suggest that the GOD biosensor has a good repeatability
for the determination of glucose.


3.5. Determination of glucose in human serum sample


The determination of glucose in human serum sample was
performed by the glucose biosensor utilizing standard addition
method. After the current response was determined in 10.0 ml of
pH 7.0 buffers containing the sample of 5.0 m1, 20 μl of 1 M
glucose solution was added to the above system for standard
addition determination. The results are listed in Table 1. Com-
parative determinations of the concentration of glucose in the
sample were carried out by a yellow springs blood sugar analyzer
(YSI Model 2300). The results are shown in Table 2 with a good
agreement.


4. Conclusions


The colloid Au and dihexadecylphosphate composite
film was used to immobilize glucose oxidase. GOD in the
composite film is electroactive and can catalyze the reduction of

dissolved oxygen. Upon the addition of glucose, the reduction
peak current of dissolved oxygen decreases, which has been
developed for glucose biosensor. The biosensor showed long
stability and excellent reproducibility due to advantageous
features of colloidal Au and dihexadecylphosphate, and it was
applied to determine glucose in human serum sample
successfully.
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Abstract


A novel film of chitosan-gold nanoparticles is fabricated by a direct and facile electrochemical deposition method and its application in glucose
biosensor is investigated. HAuCl4 solution is mixed with chitosan and electrochemically reduced to gold nanoparticles, which can be stabilized by
chitosan and electrodeposited onto glassy carbon electrode surfaces along with the electrodeposition of chitosan. Then a model enzyme, glucose
oxidase (GOD) is immobilized onto the resulting film to construct a glucose biosensor through self-assembly. The resulting modified electrode
surfaces are characterized with both AFM and cyclic voltammetry. Effects of chitosan and HAuCl4 concentration in the mixture together with the
deposition time and the applied voltage on the amperometric response of the biosensor are also investigated. The linear range of the glucose
biosensor is from 5.0×10−5∼1.30×10−3 M with a Michaelis–Menten constant of 3.5 mM and a detection limit of about 13 μM.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Metal nanoparticles, such as silver (Ag) [1], gold (Au) [2–4],
platinum (Pt) [5] and palladium (Pd) [6] nanoparticles have
attracted much interest in the construction of biosensors due to
their unique chemical and physical properties. Gold nanoparti-
cles, in particular, have been widely used to construct biosensors
because of their excellent ability to immobilize biomolecules
and at the same time retain the biocatalytic activities of those
biomolecules. Many kinds of biosensors, such as enzyme sensor
[7–9], immunosensor [10] and DNA sensor [11], with improved
analytical performances have been prepared based on the appli-
cation of gold nanoparticles.


Biopolymer chitosan is a polysaccharide derived by deacetyla-
tion of chitin. It has primary amino groups that have pKa values of
about 6.3 [12]. At pH below the pKa, most of the amino groups are
protonated, making chitosan a water-soluble polyelectrolyte.When
the pH is raised above the pKa, the amino groups are deprotonated,
and chitosan becomes insoluble. Chitosan is inexpensive and
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displays an excellent film-forming ability, biocompatibility,
nontoxicity, high mechanical strength, and a susceptibility to
chemical modifications. The stabilization of gold nanoparticles
with chitosan has been extensively reported [13,14]. As chitosan in
solution is protonated and positively charged, it can be adsorbed
onto the surfaces of gold nanoparticles, stabilizing and protecting
the nanoparticles, and further construct biosensors [15]. In our
previous work, we have developed two kinds of biosensors based
on the excellent properties of chitosan and gold nanoparticles
[16,17]. Gold nanoparticles, which were prepared in advance
through the reduction of HAuCl4 with citrate, can be self-assembly
onto electrodeposited chitosan films and then immobilize enzymes
effectively. And also they can bemixed with chitosan and enzymes
to construct biosensors through simple one-step electrodeposition.
However, in both of these systems, gold nanoparticles need to be
prepared previously, which prolongs the whole time of biosensor
preparation and makes the procedure a bit complicated.


Recently, several methods for the formation of gold nano-
particles on the surface of electrodes directly through the electro-
chemical reduction of HAuCl4 have been reported. Mena et al.
compared different strategies for the construction of ampero-
metric enzyme biosensors using gold nanoparticle-modified
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Fig. 1. AFM images of bare gold substrate (A), electrochemically deposited gold nanoparticles (B), chitosan (C), chitosan-gold nanoparticles (D) on gold surfaces.


Fig. 2. Cyclic voltammogram at a gold electrode (a), gold nanoparticles (b) and
chitosan-gold nanoparticles film (c) modified GC and bare GC (d) electrodes at a
scan rate of 50 mV s−1 in 0.1 M pH 7.4 PBS. The chitosan-gold nanoparticles
film was electrodeposited from 4.0 ml 0.04 wt.% chitosan solution (250 mg/L
HAuCl4) for 4 min.


343Y. Du et al. / Bioelectrochemistry 70 (2007) 342–347

electrodes [18]. Compton et al. investigated electrochemical de-
tection of As(III) at a gold nanoparticle-modified glassy carbon
(GC) electrode which was fabricated by the eletrochemical
deposition of Au nanoparticles onto GC [19]. By this means, one
can synthesize gold nanoparticles on the surface of electrode di-
rectly in a short of time, and the sizes of the nanoparticles can be
controlled by different conditions of electrochemical deposition
with the advantageous properties being kept.


In this work, we investigated a simple method for fabricating a
chitosan film containing gold nanoparticles. HAuCl4 solution is
mixed with chitosan and electrochemically reduced to gold
nanoparticles directly, and the produced gold nanoparticles were
stabilized by chitosan and electrochemically deposited onto the
glass carbon electrode under a certain voltage alongwith chitosan.
The whole procedure cost only about 10 min. Then a model
enzyme, glucose oxidase (GOD), was assembled on the chitosan-
gold nanoparticles modified electrode. Characteristics and per-
formance of both the film and the resulting biosensor were studied
in detail.


2. Experimental


2.1. Reagents and apparatus


Chitosan from crab shells (85% deacetylated) and GOD (E. C.
1.1.3.4,type II-S, units g−1) were purchased from Sigma.
HAuCl4·4H2O (Au%N48%) was obtained from Aldrich. Chit-
osan solutionwas prepared by adding chitosan flakes to water and

gradually dropping 2.0 M HCl to the solution to maintain the pH
near 3, and then filtered. The filtrate was adjusted to about pH 5.0
using 2.0 M NaOH. Glucose stock solutions were allowed to
mutarotate overnight at room temperature before use. All other
reagents were of analytical grade and commercially available.
Twice-distilled water was used throughout.


All electrochemical measurements were performed on a CHI
750A electrochemical workstation (Shanghai ChenhuaApparatus







Fig. 4. The effect of applied potential on the resulted biosensor response to
1.0 mM glucose in pH 7.4 PBS. Electrodeposition conditions: 0.05% chitosan
solution containing 200 mg/L HAuCl4, electrodeposition time 240 s, applied
potential is from −0.5–−3.0 V.


Fig. 3. The effect of electrodeposition time on the resulted biosensor response to
1.0 mM glucose in pH 7.4 PBS. Electrodeposition conditions: chitosan solution
containing 200 mg/L HAuCl4, electrodeposition time 60–420 s, applied po-
tential −2.0 V.
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Corporation, China). All experiments were carried out using a
conventional three-electrode system with a glass carbon (GC)
disk electrode (2.0 mm diameter) as a working electrode, a pla-
tinum foil as an auxiliary electrode, and a saturated calomel
electrode as a reference electrode. Before eachmodification, glass
carbon disk electrodes were abraded with fine SiC paper and
polished carefully with 0.3 and 0.05 μm alumina slurry and
sonicated in water and absolute ethanol. Cyclic voltammetric
experiments were carried out in quiescent solutions with the scan
rate of 50 mV s−1. Amperometric experiments were carried out
under stirred phosphate buffer solution (PBS, 0.1M, pH 7.4) with
an applied potential of 0.70 V at ambient laboratory temperature
(25±2 °C). Atomic force microscopy (AFM) studies were per-
formed in ambient conditions using a Molecular Imaging Pico
SPM in tap mode with a 10 μm scanner.


2.2. Procedure


Electrochemical deposition of chitosan-gold nanoparticles
and immobilization of GOD.


The electrochemical deposition of chitosan-gold nanoparticles
onto the electrode surface was performed following a potentio-
static procedure with a conventional three-electrode system. The
polished GC was immersed into solution of chitosan–HAuCl4
and a fixed potential in the range of −0.5–−3 V was applied for a
certain time, depending on the experiments. Chitosan-gold
nanoparticles film was deposited on the GC electrode surface as
a result. After deposition, the electrode was removed from the
solution and rinsed with water, and then the electrode was dried in
air at room temperature for about 3 h. After that, the modified
electrode was immersed in 10mgml−1 GOD for 10 h at 4 °C. For
comparison, the enzyme electrode without gold nanoparticles or
chitosan was prepared similarly, but in the absence of HAuCl4 or
chitosan. All the resulting electrodes were stored at 4 °Cwhen not
in use.


Gold nanoparticles, chitosan and chitosan-gold nanoparticles
films electrochemically deposited on gold slides in corresponding
solutions were used to study the morphologies by AFM.

3. Results and discussion


3.1. Electrochemical deposition of chitosan-gold nanoparticles


In our previous work [16,17], we added gold nanoparticles to
the chitosan solution while stirring and found that they can be
evenly distributed within the solution without aggregation.
Actually, the mixture of chitosan and gold nanoparticles can be
stored for more than 1 month, which means chitosan is a good
stabilizer for gold nanoparticles. Based on this fact, we investigate
the preparation of gold nanoparticles through electrochemical
reduction of HAuCl4 in the presence of chitosan, which is
expected to stabilize the produced gold nanoparticles, and at the
same time chitosan was electrodeposited onto electrodes surface
to form a film containing gold nanoparticles.


Fig. 1 exhibits the AFM images of the bare gold and the
substrate modified with different materials: chitosan film, gold
nanoparticles, and chitosan-gold nanoparticles film, respective-
ly. As can be seen from Fig. 1B, gold nanoparticles are obviously
formed on the gold substrate, which manifested that HAuCl4 can
be electrochemically reduced to gold nanoparticles. The size of
the formed gold nanoparticles is about 50 nm, and the roughness
of the formed gold nanoparticles layer is about 10 nm. The
electrodeposited chitosan film (Fig. 1C) shows a porous
structure, and the roughness of the formed chitosan layer is
about 10 nm, which is dependent on the applied voltage, the
deposition time, and the chitosan concentration as reported
previously [20]. It can be seen from Fig. 1D that the produced
gold nanoparticles are homogenously distributed within the
electrodeposited chitosan film, while the size of the nanoparti-
cles is about 40 nm, which is smaller than that of Fig. 1B. Si-
multaneously, the surface of the film is rougher than both of the
chitosan and gold nanoparticles films. The reason of the
difference can be attributed to the synthesis of the gold nano-
particles on the surface of electrode. It is well known that the free
amino groups in chitosan contribute polycationic, chelating, and
film-forming properties, along with ready solubility in weak
acid. It is similar in behavior to hydrophilic polymers that can
adsorb on metal particle surfaces and form complexes [14]. In







Fig. 5. The effect of HAuCl4 concentration on the resulted biosensor response to
1.0 mM glucose in pH 7.4 PBS. Electrodeposition conditions: 0.04% chitosan
containing 100–350 mg/L HAuCl4, electrodeposition time 240 s, applied
potential − 2.0 V.
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the presence of chitosan, the produced gold nanoparticles will be
covered by chitosan and thus prevent it from growing bigger, as
chitosan can be readily adsorbed onto gold nanoparticles. More-
over, chitosan adsorbed onto gold nanoparticles can also stabilize
the formed gold nanoparticles, and along with the electrodepo-
sition of chitosan, gold nanoparticles can be entrapped into the
chitosan film.


3.2. Cyclic voltammogram of the modified electrode


Fig. 2 shows the cyclic voltammogram (CV) of the gold
electrode, bare GC electrode, gold nanoparticles, chitosan-gold
nanoparticles modified GC electrodes in the 0.1 M pH 7.4 PBS.
From Fig. 2d, we can see that the CVof the bare GC has no peak
from 0–1.2 V. But from Fig. 2a, b, c we can see the obvious redox
peaks of gold at about 0.9 V and 0.3–0.4 V. For the bare gold
electrode, the accurate value of redox is 1.008 V and 0.379 V
(Fig. 2a). For gold nanoparticles modifiedGC electrode, the value
of the redox peaks of gold is 0.900 V and 0.348 V(Fig. 2b). For
chitosan-gold nanoparticles modified GC electrode (Fig. 2c), the
value of the reduction peak turns to 0.310V. It can be seen that the

Fig. 6. The effect of chitosan concentration on the result biosensor response to
1.0 mM glucose in pH 7.4 PBS. Electrodeposition conditions; chitosan solution
in different concentration containing 200 mg/L HAuCl4, electrodeposition time
240 s, applied potential −2.0 V.

Ep value is more and more positive along with the sizes of gold
particles decrease. Simultaneously the peak current of which
decreases sharply compared to the gold nanoparticles modified
electrode which may be due to the formed chitosan film. These
results manifest that gold is present in the modified GC electrode,
which resulted from the reduction ofHAuCl4, and they exist in the
form of gold nanoparticles as verified with AFM above.


3.3. Optimization of chitosan-gold nanoparticles biosensor
performance


It has been reported that the thickness of the deposited chitosan
film and the amount of gold nanoparticles were dependent on the
applied voltage, the deposition time and the chitosan concentra-
tion, and on the other hand, the area of the gold surface is corre-
lated to the concentration of the AuCl4


− solution, deposition time
and the deposition voltage. In this section, we explored the effect
of the four deposition conditions on the response of the biosensor.


First, the effect of deposition time on the properties of the
deposited film is studied (Fig. 3). The time we choose is 2, 3, 4, 5,
6, 7min respectively which is from a 0.05%w/v chitosan solution
containing 250 mg/L HAuCl4 with the applied voltage of −2.0 V.
The response current increases with the increase of deposition
time and reaches themaximumwhen the deposition time is 4min.
Further increasing the deposition time, the response current de-
creases due to the thicker film-forming.


Second, we explored the effect of deposition voltage (Fig. 4).
The deposition voltage is −0.5, −1.0, −1.5, −2.0, −2.5, −3.0 V
respectively which is from a 0.05% w/v chitosan solution con-
taining 250 mg/L HAuCl4 with the deposition time of 4 min.
Similarly, the response current increases with the increase of
deposition voltage and reaches the maximum when the depo-
sition voltage is −2.0 V, then decreases.


Third, we studied the effect of the concentration of HAuCl4
and chitosan solution (Figs. 5, 6). The response currents reach
the maximum when 200 mg/L HAuCl4 or 0.04% chitosan solu-
tion is chosen. On the whole, we can see that the response of the
biosensor increases firstly and then decreases with the increase

Fig. 7. Successive amperometric response of the chitosan-gold nanoparticles-
GOD electrode to glucose in 0.1 M PBS (pH 7.4) at 0.7 V. The inset a and b is
the successive amperometric response of the chitosan-GOD and gold
nanoparticles-GOD electrodes respectively. The glucose addition each time is
from 0.050 to 2.0 mM as indicated.







Fig. 8. A: Calibration curves of the biosensors based on (a) chitosan-gold nanoparticles film, (b) chitosan and (c) gold nanoparticles. B: The Lineweaver–Burk plot of
1 / iss vs. 1 /C for the biosensor based on chitosan-gold nanoparticles film.
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of chitosan and HAuCl4 concentrations. So for the deposited
conditions we finally choose 0.04% w/v chitosan solution
containing HAuCl4 200 mg/L with the applied voltage −2.0 V
and the deposition time of 4 min.


3.4. Effect of chitosan and gold nanoparticles on the enzyme
immobilization


Fig. 7 is the typical steady-state responses of the GC electrode
modified with chitosan film (insert a) and gold nanoparticles
(insert b) and chitosan-gold nanoparticles at the working
potential of 0.7 V. Compared with the electrodes modified
with mono-component, we can see that the response of the GC
electrode modified with chitosan-gold nanoparticles is much
larger than that of the electrodes modified with only chitosan or
gold nanoparticles and also the linear range is much wider. It
indicates that when there is no gold nanoparticles or chitosan, the
deposited chitosan or gold nanoparticles can only adsorb a small
quantity of GOD and results in a small response to glucose. In
other words, the advantages of the chitosan-gold nanoparticles
film is that the electrochemically generated gold nanoparticles
are stabilized by chitosan and evenly dispersed within the
chitosan film, which forms an excellent platform for enzyme
immobilization combining the advantages of chitosan and gold
nanoparticles. On the other hand, during the process of the film
forming, the gold nanoparticles reduced on the electrode surface
improves the condition of the electrode surface, which induces
chitosan to be deposited with the nanoparticles easily,
simultaneously increase the effective area surface. That is to
say, the resulting film don't permit only to increase the retention
of GOD on the electrode surface, but also to increase the
effective area surface when the chitosan-gold nanoparticles are
used. The two aspects make the chitosan-gold nanoparticles film
better than each of them used alone on the detection of glucose.


3.5. Amperometric determination of glucose with the biosensor


From Fig. 7, we can see that a subsequent addition of glucose
to the stirring PBS provokes a remarkable increase in the oxi-
dation current at the biosensor based on chitosan-gold nanopar-
ticles, and the time required to reach the 95% steady state response
is within 10 s. Fig. 8A shows the calibration curves of the three

kinds of enzymes. The proposed biosensor presents a linear
response to glucose concentration within the range from 50 μM to
1.30 mM (r=0.996, n=10) with a detection limit of 13 μM at a
signal-to-noise ratio of 3.


When glucose concentration is higher than 3.0 mM, a plateau
current was observed, showing the characteristics of the
Michaelis–Menten kinetics. The apparent Michaelis–Menten
constant (Km


app) can be calculated from the electrochemical
version of the Lineweaver–Burk plot [21]:


1
iss


¼ Kapp
m


imax


1
C
þ 1
imax


ð1Þ


where iss is the steady-state current after the addition of sub-
strate, imax is the maximum current measured under saturated
substrate condition, and C is the bulk concentration of the
substrate. The Km


app value, which gives an indication of the
enzyme substrate kinetics for the biosensor, was determined by
an analysis of the slope and intercept for the plot of the
reciprocals of the steady-state current vs. glucose concentration.
The Lineweaver–Burk plot of 1 / iss vs. 1 /C for the biosensor
based on chitosan-gold nanoparticles film was shown in
Fig. 8B. The Km


app value for the biosensor was estimated to be
3.5 mM, which is much smaller than the biosensor prepared by
sol-gel organic–inorganic hybrid material (20 mM) [22] and
smaller than that biosensor prepared by covalent attachment of
glucose oxidase to an Au electrode modified with gold nano-
particles (4.3 mM) [23]. The smaller Km


app value means that the
immobilized GOD possesses higher enzymatic activity and the
proposed electrode exhibits a higher affinity to glucose.


The reproducibility of the proposed biosensor has also been
studied. The relative standard deviation (RSD) of the biosensor
response to 0.10 mM glucose was 3.3% for 10 successive
measurements.

4. Conclusion


This study describes a fast and easy way for the fabrication of
chitosan-gold nanoparticles film using electrochemical deposition
method. We can control the characteristics of the film by
controlling the deposition condition, and the whole procedure
costs only several minutes. In addition, the resulted chitosan film
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containing gold nanoparticles can be used to construct biosensor
through assembling enzymes on the surface of the film, and the
immobilized enzymes keep good bioactivity. The film fabrication
technique demonstrated in this work and its application on bio-
sensor are readily applicable to the fabrication of other chitosan-
metal nanoparticles film and biosensors based on biomaterial.
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Abstract


The carbohydrate research has emerged as a “new frontier” in chemical/biological field. The binding of lectin with carbohydrate is one of the important
courses of life activities. The report studies concanavalinA (ConA)–glycogen interaction on gold electrode surfaces by electrochemical piezoelectric quartz
crystal impedance (EPQCI) method. The piezoelectric quartz crystal (PQC) parameters, resonant frequency shift (Δf0) and the motional resistance change
(ΔR1), and the electrochemical impedance (EI) parameters, electrolyte resistance change (ΔRs) and the double layer capacitance change (ΔCs), were
measured and discussed simultaneously. Twomethodswere adopted formeasuring theConA–glycogen association. Based onEPQCImeasurement during
Con A reaction with glycogen adsorbed on Au electrode, association constant Ka and the amount of the binding sites s calculated are 1.48×106 M−1 and
4.09, respectively. Based on single PQCmeasurement of glycogen reaction with ConA assembled on Au electrode,Ka was estimated to be 1.26×10


6 M−1.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Since its successful liquid-purpose application in the very
beginning of 1980s [1], the piezoelectric quartz crystal (PQC)
sensor has been widely used by analysts and electrochemists due
to its satisfactory performance, e.g., high sensitivity, rapid and
facile operation, etc. It is well known that the Sauerbrey equation
[2] displays a good linear relationship between the mass change
(Δm in g) and the PQC frequency change (Δf0 in Hz),


Df0 ¼ −
2f 20g


ðqqlqÞ1=2
Dm
A


ð1Þ


where f0g is the fundamental frequency, A is a piezoelectrically
active surface area, and ρq and μq are the density and shear
modulus of quartz, respectively. It is worth pointing out that this
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equation is valid for loading and removal of thin, rigid and
uniform film on the electrode surface.


In the liquid phase the PQC response is sensitive not only to
mass loading but also to changes in solution density and
viscosity near the electrode. Martin et al. [3] reported a series of
equivalent circuit parameters and a modified Butterworth–Van
Dyke (BVD) equivalent electrical circuit, as shown in Fig. 1, for
the characterization of a quartz crystal microbalance (QCM)
with simultaneous mass and liquid loading. The PQC
impedance analysis is based on the modified equivalent circuit
composed of a motional arm and a static arm in parallel. The
motional arm contains three equivalent circuit elements in
series, namely, the motional resistance R1 (R1=Rq+RL), the
motional inductance L1 (L1=Lq+LL+Lm), and the motional
capacitance C1(C1=Cq). For a PQC with one face in contact
with the liquid, the solution viscosity–density effects on the f0
and R1 can be deduced from Martin's model:


Df0L ¼ −
f 3=20g


ðπqqlqÞ1=2
½ðqL2gL2Þ1=2−ðqL1gL1Þ1=2� ð2Þ
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DR1L ¼ −
4f0gLqðπf Þ1=2
ðc̄66qqÞ1=2


½ðqL2gL2Þ1=2−ðqL1gL1Þ1=2� ð3Þ


where f0 is the resonance frequency and f0=1 / [2π(L1C1)
1 / 2],


Δf0L and ΔR1L are the changes in the resonant frequency and
motional resistance of PQC due to variations in the solution
density (ρL) and viscosity (ηL), f0g is the resonant frequencies of
the PQC in air, ρq is the density of quartz (2648 kg m−3), μq is
the shear modulus for AT-cut quartz (2.947×1010 N/m2), c66 is
the piezoelectrically stiffened elastic constant (2.957×1010 N/
m2) [4], and the subscripts of L1 and L2 denote ρL and ηL of
states (1) and (2), respectively.


Combination of Eqs. (2) and (3) yields:


DR1L ¼ −
4πLq


ffiffiffiffiffiffiffi
f lq


p


ffiffiffiffiffiffiffiffiffiffiffiffi
c̄66 f0g


p Df0L ð4Þ


The relationship between Δf0 and ΔR1 due to net changes in
solution density and viscosity can thus be obtained. For the
9 MHz crystal used in this work, the slope of Δf0 versus ΔR1


calculated from Eq. (4) is about −10 Hz Ω−1. The PQC-based
biosensor has been widely used for analyses of protein [5],
nucleic acid [6], and enzyme [7], and for immunoassay [8], etc.
In addition, the PQC sensor has been combined with many other
analytical techniques, e.g., electrochemical methods, spectro-
photometry, for acquiring multi-dimensional and in situ
information in chemical and/or biological events at/near the
PQC electrode [9–14].


Electrochemical impedance spectroscopy (EIS) is a powerful
tool for investigating the interfacial properties of surface-
modified electrode [15]. The typical electrochemical interface
can be represented as an electrical circuit composed of the
electrolyte resistance (Rs) in series with the parallel combination
of the double layer capacitance (Cs) with the Faradaic
impedance (Zf). The electrochemical complex impedance (Z)
is represented as a sum of the real (Zre) and imaginary (Zim) parts
(Z=Zre− jZim), since electrochemical interface can be simplified
as a series RC circuit for a given higher frequency. Rs and Cs


can be calculated out from Zre and Zim according to Rs=Zre and
Cs=1 / (2fπZim). The information of surface-modification on an
electrode can be effectively obtained by measurement of
electrochemical impedance (EI) at a proper frequency.


Beside nucleic acids and proteins, carbohydrates play critical
roles in biological systems and their study and characterization
have become increasingly important. Glycoconjugates serve as
important parts in cellular recognition, transmission of informa-
tion, immunity, and tumorigenesis [16]. Glycogen as one of gly-

Fig. 1. A modified Butterworth–Van Dyke equivalent electric circuit for quartz cryst
and motional capacitance of unperturbed crystal, respectively. RL and LL are the moti
the motional inductance due to mass loading. C0 is the static capacitance.

coconjugates is extensively distributed in animal tissues including
liver, skeletal muscle, heart, and brain. Glycogen functions as an
energy-storage form of glucose in animal cells, which resembles
the mission of starch in plant [17]. The content of glycogen in
tissues is regarded as a kind of signal reflecting the state of health,
whose determination is thus of obvious importance for the early
diagnosis of related diseases [18]. Some methods, such as iodine
binding assay [19], enzymatic method [20], and light scattering
technique [21], have been applied to detect glycogen. Concanav-
alin A (Con A), derived from jack bean, is one of the best
characterized lectins. It exhibits high affinity for α-D-glucose, α-
D-mannose, and glycogen [22]. The existent structure of Con A is
dependent on the pH conditions of solutions. At lower pH (below
5.9), Con A is a dimer. At higher pH (above 6.9), it is a tetramer.
So ConA has four identical binding sites for sugar per molecule at
physiological pH solution. The Con A–sugar combination, being
very similar to the well-known antigen–antibody combination,
has also been used for constructing sugar-containing thin films for
biological and chemical studies [23–26].


The present report gives a detailed account of piezoelectric
quartz crystal impedance (PQCI) analysis in combination with
cyclic voltammetry (CV) and electrochemical impedance (EI)
for studying Con A–glycogen interaction on gold electrode
surface. Both the association constant Ka and the amount of the
binding sites s are obtained by the electrochemical piezoelectric
quartz crystal impedance (EPQCI) system.


2. Experimental


2.1. Materials


Concanavalin A (biochemical grade), glycogen (biochemical
grade, FW 100 000) and bovine serum albumin (BSA) were
purchased from Shanghai Yuanju Biological Technique Co., Ltd
and used as received. The solutions of Con A and glycogen were
prepared by dissolving them in doubly-distilled water and stored
in the refrigerator at 4 °C before use. A pH 7.2 phosphate buffer
solution (PBS) was prepared by mixing 72 ml of 0.2 mol L−1


Na2HPO4 with 28 ml of 0.2 mol L−1 KH2PO4. All other
chemicals were of analytical grade, and all aqueous solutions
were prepared in distilled water, which was produced with a
double-distillation quartz set.


2.2. Apparatus


The setup for the combined PQCI and EI measurements
included an HP4395A Network/Spectrum/Impedance analyzer, a
CHI 660 electrochemical analyzer and two IBM-compatible

al resonance, where Rq, Lq and Cq are motional resistance, motional inductance
onal resistance and motional inductance due to liquid loading, respectively. Lm is







Fig. 2. Schematic representation of two experimental protocols taken in this
work.
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personal computers (PC). AT-cut 9 MHz piezoelectric quartz
crystals (12.5 mm in diameter) with gold electrodes (6 mm in
diameter) on both sides were used, with only one side in contact
with the test solution. Based on the simultaneous fitting of
synchronously recorded conductance (G) and susceptance (B) for
the PQC resonance to the Butterworth–Van Dyke (BVD)
equivalent circuit, the equivalent circuit parameters and PQC
resonant frequencies were acquired real time by a user program
written in Visual Basic 5.0, which also controlled the HP 4395A

analyzer. The gold electrode on one PQC side was used as the
working electrode (WE). A saturated KCl calomel electrode
(SCE) with a supporting electrolyte salt bridge served as the
reference electrode (RE) and all potentials in this work were cited
with respect to it. A large-area platinumplate served as the counter
electrode (CE). A conventional glass three-electrode electrolytic
cell of a volume of ca. 50 ml was used. The test solution (30 ml)
was stirred at a constant rate with a magnetic stirring bar. All
experiments were performed at room temperature.


2.3. Measurement procedures


To remove possible contamination, the gold electrode surface
was cleaned with Piranha solution (30%H2O2: H2SO4 1:3). After
being rinsed thoroughly with doubly-distilled water, gold
electrode was subjected to a voltammetric treatment in 0.2 M
HClO4 aqueous solution until cyclic voltammograms were repro-
ducible. Then the surface was thoroughly rinsed and blown dry
with a stream of nitrogen gas prior to use.


The experimental protocols are illustrated in Fig. 2. Two
kinds of methods were adopted. One is the measurement of
parameters during the Con A reaction with glycogen adsorbed
on bare Au electrode (I). The other is the investigation for the
glycogen reaction with Con A assembled on Au electrode (II).
The ferricyanide/ferrocyanide couple was employed as electro-
chemical probes for CV and EIS studies. The experimental
procedures for estimation of the association constant and the
amount of the binding sites will be given in captions of related
figures and text. All experiments were conducted at room
temperature.


2.4. Assembly of Con A onto gold electrode


As shown in Fig. 3, the freshly cleaned PQC electrode was
immersed into 0.01 mol L−1 cysteine (Cys) aqueous solution
overnight. The Cys-modified PQC electrode was then immersed
in 2.5% glutaraldehyde (GA) aqueous solution for 2 h. Sub-
sequently, the crystal was washed with distilled water and then
nitrogen-dried, followed by dropping 10 μl of 5 mg ml−1 Con A
aqueous solution on the dry Cys/GA-modified gold surface. By
the time the solvent was evaporated, the crystal was washed
with PBS (pH 7.2) and then nitrogen-dried.


3. Results and discussion


3.1. Adsorption of glycogen onto bare Au electrode and
subsequent reaction of Con A


Fig. 4(A) shows time courses of simultaneous responses of
the resonant frequency (Δf0) and the motional resistance (ΔR1)
during immobilization of glycogen, blocking with BSA and
then binding of Con A to immobilized glycogen on bare Au
electrode in PBS buffers (pH 7.2). It is found thatΔf0 decreased
slowly and kept declining all the time with addition of glycogen.
Meanwhile, ΔR1 in the bare gold case kept slow increasing.
This phenomenon is similar to the behavior of starch adsorbed
on QCM [27]. It implies that the glycogen adsorption on the







Fig. 3. Schematic representation of the Con A assembling process on the Au-QCM.
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bare gold is kinetically sluggish. As a blocking reagent, BSA
can inhabit the active sites for non-specific adsorption on Au
electrode. Δf0 and ΔR1 changed immediately and became
steady in short time after BSA was added, which indicates that

Fig. 4. (A) Time courses of simultaneous of responses of Δf0 and ΔR1 during
immobilization of glycogen (1), blocking with BSA (2), binding of Con A to
immobilized glycogen (3) and direct adsorption of Con A (4) on bare Au
electrode in PBS buffers (pH 7.2). The final concentration of glycogen, BSA,
and Con A were 2.63, 2.98 and 0.7396 μmol L−1, respectively. (B) shows
relationships of Δf0 versus ΔR1 for curves (1), (2), (3) and (4).

the whole surface of Au electrode was covered by biological
molecules. Subsequently, we drew a comparison between bin-
dings of Con A to immobilized glycogen and direct adsorption
of Con A on bare Au electrode in PBS buffers (pH 7.2), res-
pectively. It is obvious that the two modes of Con A adsorption
are different. Direct adsorption of Con A on bare Au electrode is
a gradual course that resembles that of glycogen. And yet
binding of Con A to glycogen-modified Au electrodes brings
the distinct decrease of Δf0 and ΔR1. The R1 response should
reflect the viscous changes in the surrounding environment of
the PQC [4]. For the density–viscosity effect of a 9 MHz crystal
in a Newtonian liquid, the characteristic Δf0/ΔR1 value should
be about −10 Hz Ω−1 [3,28]. In other words, a ΔR1 of 1 Ω is
able to cause a Δf0 of only about 10 Hz. The relationships
betweenΔf0 andΔR1 here are shown in Fig. 4(B). TheΔf0/ΔR1


(slope) values for curves 1–4 are calculated to be −41.6, −42.0,
44.2, and −43.2 Hz Ω−1, respectively. It is thus concluded that
the frequency shifts caused by adsorption of glycogen, BSA and
Con A on Au electrode might mainly be caused by the mass
effect, and Sauerbrey's rigid approximation is reasonably valid.
The decrease of ΔR1 resulted from binding of Con A to
glycogen can be explained that association between them gave
birth to precipitates which owns rigid structure.


Fig. 5 exhibits the cyclic voltammograms and electrochem-
ical impedance spectroscopy for bare Au electrode before and
after glycogen and Con A were added. After glycogen ad-
sorption, peak currents were a little decreased, while the peak-
to-peak separation and the Nyquist diameter increased a little.
Glycogen molecules are highly hydrophilic and have branched
and loose structure, and they may be randomly adsorbed on the
gold electrode surface. The ferri-/ferrocyanide probe might ac-
cess to the bare electrode moieties with a certain freedom, and
thus the glycogen adsorbed imposed little influence on the
electrode activity. Binding of Con A to glycogen adsorbed on







Fig. 5. Cyclic voltammograms (A) for bare (solid line), glycogen- (dotted line) and glycogen/Con A-modified (dash dotted line) Au electrodes as well as
electrochemical impedance spectra (B) for bare (●), glycogen- (○) and glycogen/Con A-modified (△) Au electrodes in a PBS solution (pH 7.2) containing 1 mM
K3Fe(CN)6, 1 mM K4Fe(CN)6, and 0.2 M NaCl. (A) dE / dt=20 mV s−1; (B) 100 kHz~5 mHz, 10 mV rms, 0.18 V versus SCE.
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the electrode surface and formation of precipitates decreased the
electrochemical activity to a certain extent, as revealed by some
lowered peak currents, and certain increased peak-to-peak
separation and Nyquist diameter for the curve in Fig. 5.


Because the glycogen–Con A interaction resembles an
antibody–antigen reaction, estimation of the association con-
stant Ka between glycogen and Con A and the amount of the

Fig. 6. Time courses of simultaneous of responses of Δf0, ΔR1, ΔRs, and ΔCs


during the Con A reaction with glycogen adsorbed on bare Au electrode in PBS
buffers (pH 7.2). Arrows indicate successive additions of 2 mg mL−1 Con A
solution (200 μL for each addition) to a final concentration of 0.1274 (1), 0.2531
(2), 0.3771 (3), 0.4995 (4), 0.6204 (5), 0.7396 μmol L−1 (6), respectively.
Electrochemical impedance measurements: 1 kHz, 10 mV rms, and at open circuit
potential.

binding sites s of Con A can be achieved according to the
following equations [29]:


cF
DCs


¼ 1
KaDC0


s


þ cF
DC0


s


ð5Þ


cF
Df0


¼ 1


KaDf 00 s
þ cF
Df 00


ð6Þ


where Ka is the association constant; s is the amount of the
binding sites of the antigen (or Con A) molecule which
recognize specific areas of the antibody (or glycogen), namely,
the valence of antigen (or Con A); ΔCs and Δf0 are the
capacitance and the frequency changes measured at each
antigen (or Con A) concentration, respectively; ΔCs


0 and Δf0
0


are the capacitance and the frequency changes measured at
saturation, respectively; and cF is the concentration of free
antigen (or Con A) in solution. Since the concentration of
associated antigen (or Con A) is far smaller than that of the
initial antigen (or Con A) in solution cP, cF is approximately
equal to cP.


Fig. 6 shows the real-time and simultaneous monitoring of the
resonant frequency shift (Δf0), the motional resistance change
(ΔR1), the electrolyte resistance change (ΔRs), and the double
layer capacitance change (ΔCs) due to the successive Con A
reaction with glycogen adsorbed on bare Au electrode in PBS
buffers (pH 7.2). Δf0 and ΔR1 exhibited ladder-like decrease
owing to the PQC mass effect caused by glycogen–Con A pre-
cipitates. On the other hand, changes of ΔRs and ΔCs could
demonstrate alteration of electrical properties, such as conduc-
tance and dielectric constant, in the solution and near the electrode
surface. Parameters of Ka, s, ΔCs


0 and Δf0
0 of best fit were


obtained by the linear regression program embedded in the
SigmaPlot Graphing Software V2.0 based on Eqs. (5) and (6).







Fig. 7. (A) Calibration curve obtained for the glycogen-modified PQC sensor to
Con A solutions at different concentrations. (B) and (C) represent linear
transformation of relative data in Fig. 6, see text for further explanation.


Fig. 8. Time course of response of Δf0 during the glycogen reaction with Con A
assembled on Au electrode in PBS buffers (pH 7.2). Arrows indicate successive
additions of 10 mg mL−1 glycogen solution (100 μL for each addition) to a final
concentration of 0.3322 (1), 0.6623 (2), 0.9901 (3), 1.3158 (4), 1.6393 (5),
1.9608 μmol·L−1 (6). Insert (A) indicates calibration curve obtained for the Con
A-assembled PQC sensor to glycogen solutions at different concentrations. Inset
(B) indicates linear relationships of cglycogen/Δf0 versus cglycogen.
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Fig. 7(A) shows calibration curve of Δf 0 versus lgc at different
Con A concentrations. The regression equation isΔf0=50.9lgc+
395, with linearity correlation coefficient of 0.9886. Fig. 7(B) and
(C) represents transformation of relative variables presented in
Eqs. (5) and (6), i.e. cF/ΔCs versus cF and cF/Δf0 versus cF, which
possess good linear relationships. The regression equations are
y1=2.36×10


6x1+1.60 and y2=0.01x2+1.65×10
−9, with linear-


ity correlation coefficients of 0.9844 and 0.9994, respectively.
According to the slope and intercept, Ka and s calculated are
1.48×106 M−1 and 4.09, respectively.


Referring to the analysis of binding ratio of antibody and
antigen performed by Su, et al. [30], the frequency changes
caused by glycogen immobilization (Δf0,glycogen) and those
caused by the saturated reaction of Con Awith glycogen-coated
surface (Δf0,Con A) can be used to estimate the interaction ratio
of glycogen and Con A by using the Eq. (1). Because the
molecule weights of glycogen and Con A are 100,000 and
104,000 (tetramer), respectively, the ratio of total amount of

glycogen immobilized onto the crystal (Nglycogen, mol) to the
reaction amount of Con A bound (NCon A, mol) to the coated
glycogen can be obtained using Eq. (7):


Nglycogen


NconA
¼


Df0;glycogen
FWglycogen


Df0;conA
FWconA


ð7Þ


The result indicates that the ratio of Nglycogen to NCon A is
(327/100,000)/(81/104,000)≈4.20, which indicates that one
molecule of Con A can approximately bind with four molecules
of glycogen. It is basically coincident with the result calculated
by Eqs. (5) and (6) (s=4.09).

3.2. Glycogen reaction with Con A assembled on Au electrode


Each Con A-monomer consists of 237 amino acids [31], so
Con A can easily react with GA. The procedures for assembly
of Con A on the PQC gold electrode by Cys and GA are
depicted in Fig. 2.


It is found that the signals of the double layer capacitance
change (ΔCs) due to the successive glycogen reactionwith ConA
assembled on bareAu electrode in PBS buffers (pH 7.2) was quite
faint. It is inferred that assembly of Con A probably has an impact
on EI measurement. As a result, single PQC measurement was
applied. Fig. 8 exhibits the frequency shifts of Con A-assembled
Au electrode after successive additions of glycogen. The absolute
values of Δf0 are proportional to the common logarithm of
glycogen concentration from 0.332 to 1.96 μmol L−1. Satisfac-
tory linear relationships,Δf0=96.7lgc+678, with high regression







Fig. 9. Cyclic voltammograms (A) for bare (solid line), Con A-assembled (dotted line) and Con A/glycogen-modified (dash dotted line) Au electrodes as well as
electrochemical impedance spectra (B) for bare (●), Con A-assembled (○) and Con A/glycogen-modified (△) Au electrodes in a PBS solution (pH 7.2) containing
1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6, and 0.2 M NaCl. (A) dE / dt=20 mV s−1; (B) 100 kHz~5 mHz, 10 mV rms, 0.18 V versus SCE.
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coefficient, 0.9945, were obtained. Optimization of the experi-
mental conditions may find analytical applications. Inset (B) of
Fig. 8 indicates linear relationships between cglycogen/Δf0 and
cglycogen displayed in Eq. (6). Ka, 1.26×10


6 M−1, is obtained
since Ka×s calculated is 1.26×10


6 M−1 as well as the valence of
glycogen (=1) is considered. The value of Ka by the method of
glycogen reaction with Con A assembled on Au electrode is
basically equal to that by the method of Con A reaction with
glycogen adsorbed on bare Au electrode. The dissociation con-
stant KD (KD=1/Ka) could be estimated to be 0.8 μM, which is
little bigger thanKD of yeast mannan–ConA compound (0.4μM)
[32]. It seems the association of Con A with glycogen is less
compact than the mannan–Con A binding. It may be the steric
hindrance caused by glycogen macromolecules that has some
influence on the combination between Con A and glycogen.


As shown in Fig. 9, Con A-assembled gold electrode was of
electrochemical characteristics similar to the glycogen-adsorbed
gold electrode (Fig. 5). It suggests that the spacing between the
Con A molecules and gold substrate due to the presence of short
and hydrophilic Cys/GA chains allow the facile penetration of
small ferri-/ferrocyanide molecules to access to the bare gold
moieties. Activity and conductivity of the electrode were further
impaired after glycogen associate with Con A assembled on Au
electrode. Unlike the case given in Fig. 5, here the effects of
adsorption of glycogen and the glycogen–Con A adduct on
activity and conductivity of the electrode is less because the
more incompact space between the precipitates and gold subs-
trate accommodates more ferri-/ferrocyanide molecules.


4. Conclusion


The work reveals that the association between glycogen and
ConA can yield rigid-structure precipitates that affect activity and
conductivity of Au electrode to a certain extent. Simultaneously
obtained parameters by EPQCI measurement during Con A re-

action with glycogen adsorbed on Au electrode were used to
estimate the association constant of the glycogen–Con A inter-
action Ka, 1.48×10


6 M−1 and the amount of the binding sites s,
4.09, respectively. PQC measurement of glycogen reaction with
Con A assembled on Au electrode deduced Ka is 1.26×10


6 M−1.
Comparability of Ka values by two methods shows validity of
EPQCI measurement, which indicates that this technique pro-
bably can be applied as an effective method to studies of inter-
facial biomacromolecular interaction, including many other
lectins. In addition, quantitative analyses for relevant biomacro-
molecules may be achieved by the EPQCI method provided that
optimal conditions for determination are investigated.
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Abstract


A poly (tetrafluroethylene)-deoxyribonucleate acid (PTFE-DNA) film-modified glassy carbon electrode (GCE) has been fabricated. The
electrochemical oxidation behaviors of morin as well as its interaction with DNA have been studied at PTFE-DNA film-modified GCE and bare
GCE by electrochemical methods. This modified electrode shows an enhanced effectiveness towards the oxidation of morin. Importantly, as to the
interaction between morin and DNA in solution, characteristic parameters such as the binding stoichiometry and association equilibrium constant
according to the Hill model for cooperative binding have been determined on the basis of linear sweep voltammetry and chronocoulometry.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Over the past decade, the field of life science has witnessed
an explosion of interest in using deoxyribonucleic acid (DNA)
detection for all kinds of applications, such as epidemiology,
oncology and genetics [1,2]. Because DNA contains all of the
genetic information related to cellular function including DNA
replication and gene expression, it plays a very important role in
life processes. However, DNA molecules can be easily da-
maged under some conditions [3–6]. As far as it goes, recent
trends in nucleic acid damage mainly focus on the interaction of
DNA with other molecules, especially certain classes of drugs
that may have potential therapeutic applications [7]. The
interaction of DNA with drugs has been studied by various
techniques including fluorescence [8], UV [9], luminescence
[10], electrophoresis [11], NMR [12], quartz crystal micro-
gravimetry [13,14] and electroanalytical methods [6,15–18].


Morin (2′, 3, 4′, 5, 7-pentahydroxyflavone) is one kind of
flavonoids widely distributed in tea, coffee, cereal grains and a
variety of fruits and vegetables [19] (Scheme 1). It has aroused
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considerable interest due to their broad pharmacological
activity. In fact, flavonoids have been found to have antiviral,
antiallergic, anticancer and antitumor activities, and possibly
even protective effects against chronic diseases [20,21]. As far
as morin is concerned, it is endowed with anti-oxidant
properties shown to protect cells against the oxygen radical
damage [22]. It cannot only scavenge free radicals, but also
inhibit xanthine oxidase moderately [23]. The literatures on the
electrochemistry of flavonoids are limited, but interaction of
morin or its complexes with DNA has been reported recently
using fluorescence and electrochemical methods [24,25].
However, the electrochemical behaviors of morin and its
interaction with DNA by electrochemical methods have not
been investigated in detail. Therefore, in our work, a novel poly
(tetrafluroethylene)-deoxyribonucleic acid (PTFE-DNA) mod-
ified GCE was used to study the electrochemical behaviors of
morin. PTFE is a well-known hydrophobic material [26–28]
and frequently used as an electrode modifier. Here, PTFE was
used to immobilize DNA molecules on the electrode surface
and the results are satisfying. The electrochemical parameters of
morin, binding number, association constant and the possible
binding mode with DNA have been obtained using various
electrochemical methods. Interacting with DNA morin forms
one kind of supramolecular complex which has no electro-
chemical activity and cannot be subsequently oxidized at the
electrode surface.



mailto:sshu@whu.edu.cn
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Fig. 1. Cyclic voltammograms of the [Co(phen)3]
3+ at PTFE-DNA film-coated


GCE (curve a), DNA film-modified (curve b), bare GCE (curve c), and PTFE
film-modified GCE (curve d). Scan rate, 100 mV/s.
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2. Experimental


2.1. Apparatus and reagents


All the electrochemical measurements were performed on a
CHI 830 electrochemical analyzer (Shanghai Chenhua Co.,
China) in a three-electrode system. The working electrode was a
PTFE-DNA film coated GCE. A Pt wire and a saturated calomel
electrode (SCE) were used as the counter and reference
electrodes, respectively.


Morin (obtained from Sigma, USA) stock solution was
prepared by dissolving it in ethanol–water solution at a
concentration of [morin]=1.00×10−2 mol/L. The solution
was stored at 4 °C in dark to avoid any decomposition. Calf
thymus DNA (CT DNA, obtained from Sigma, USA) was
dissolved in water to form 1.0 mg/mL stock solution and stored
at 4 °C. This solution of CT DNA gave a ratio of UVabsorbance
at 260 and 280 nm of 1.8–1.9:1, indicating that the DNA was
sufficiently free of protein. The concentration of DNA solution,
expressed in moles of base pair ([BP]=(3.20±0.01)×10−3 mol/
L), was determined by UV absorbance at 260 nm using the
molar extinction coefficient (ε) of 13200 M−1 cm−1. Other
chemicals used were analytical reagents. Co(phen)3(ClO4)3·
3H2O was synthesized according to the scientific literature [29]
and dissolved in water to form 50.0 μmol/L standard solution
containing 5.0 mmol/L NaCl. All the chemicals were used
without further purification and all the solutions were prepared
with doubly distilled water.


2.2. Preparation of the PTFE-DNA film coated GCE


0.1 mL 1.2% PTFE suspension and 0.1 mL DNAwere mixed
together. Prior to modification, the GCE (A=0.071±0.001 cm2)
was mechanically polished with polishing microcloth contain-
ing 0.05 μm Al2O3 slurry to a mirror finish, and then carefully
cleaned in 1:1 HNO3–H2O (v/v) and ethanol, water in turn via
ultra-sonication each for 2 min. At last, 5 μL of the PTFE-DNA
suspension was cast on the GCE surface and dried. Then a
stable and uniform PTFE-DNA film was formed. The modified
electrode was dipped in water for several hours and then dried.
In the same way, DNA film without PTFE or PTFE film without
DNA coated GCE was obtained.


2.3. Electroanalytical procedure


A certain volume of phosphate buffer solution (pH=7.28)
was used as the supporting electrolyte in a conventional
electrochemical cell. At the beginning of experiment, 5 μL of

Scheme 1. The structure of morin.

1.00×10−2 mol/L stock solution of morin were placed into the
cell to make up 5 mL mixture solution at a morin concentration
of [morin]= (1.00±0.01)×10−5 mol/L. The voltammograms
were recorded with cyclic potential scan between −0.10 V and
0.50 V.


3. Results and discussion


3.1. Characterization of the PTFE-DNA film coated GCE


The electrochemical behaviors of the K3Fe(CN)6/K4Fe(CN)6
were used as an electrochemical probe to characterize different
electrodes including bare GCE, PTFE film modified GCE, DNA
film modified GCE and PTFE-DNA film coated GCE. A couple
of reversible redox peaks are observed at 0.24Vand 0.16Vat bare
GCE due to the electrochemical responses of K3Fe(CN)6/K4Fe
(CN)6. When a certain volume of PTFE suspension or DNA
solutionwas cast on the surface ofGCE, the peak currents ofK3Fe
(CN)6/K4Fe(CN)6 decrease apparently and the potential differ-
ence between cathode and anode increase accordingly. Firstly, this
result may be attributed to the negatively chargedDNAmolecules
and PTFE molecules with long hydrophobic chains. Secondly, as
unconductivemolecule DNA self can block redox reaction so that
the peak currents decrease consequentially. Because of the
cooperative effects of DNA and PTFE the reversible electro-
chemical responses of K3Fe(CN)6/K4Fe(CN)6 at PTFE-DNA
film coated GCE almost disappear and the separation between the
oxidation and the reduction is enlarged greatly. On the contrary,
the other electrochemical probe [Co(phen)3]


3+ has totally
different electrochemical responses at these electrodes mentioned
above. The corresponding data are displayed in Fig. 1. Curve c of
Fig. 1 represents the reversible electrochemical responses of [Co
(phen)3]


3+ at bare GCE. A couple of redox peaks appear at 0.17 V
and 0.11 V. Similar results are obtained at PTFE modified GCE
(curve d), but because of the repulsive effect of long chain of
PTFE molecules the peak currents reduce to a smaller extent.
Compared the peak currents of [Co(phen)3]


3+ at bare GCE with
those at the DNA film modified GCE (curve b) and PTFE-DNA







Fig. 2. Electrochemical responses of 1.0×10−5 mol/L morin at PTFE-DNA
film-coated GCE (curve a), DNA film-modified (curve b), PTFE film-modified
GCE (curve c) and bare GCE (curve d). Scan rate, 100 mV/s.


Fig. 3. Effects of solution pH on the peak potential Ep for the oxidation of
1.0×10−5 mol/L morin at PTFE-DNA film-modified GCE in phosphate buffer.
Inset: variation of the peak current Ip, with different pH.
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film coatedGCE (curve a), the peak currents at bare electrode (see
curve c of Fig. 1) decrease markedly. Moreover, there is a fact that
the peak potentials shift negatively. It may be mainly caused by
the electrostatic attraction of negatively charged DNA to
positively charged [Co(phen)3]


3+ in solution with small ion
intensity referring to appropriate references [15,30,31]. Further-
more, the current of cathodic peak is larger than that of anodic
peak, which indicates that some intercalation effect exists
between DNA and PTFE. It is consistent with other workers'
reports [32,33]. At PTFE-DNA film coated GCE the peak
currents are higher than those at DNA film coated GCE. This is in
good agreement with the recent electron transfer studies through
mixed monolayers at the electrode surface modified by polymer
[34]. Maybe because the double helix of DNA molecules
dispersed by PTFEmolecules in the PTFE-DNA film are exposed
mostly to [Co(phen)3]


3+ compared with that in DNA film ad-
sorbed to the surface of GCE. All results show that DNA
molecules have been well immobilized with PTFE molecules on
the surface of GCE.


3.2. Studies on the electrochemical behaviors of morin


The electrochemical behaviors of morin were investigated on
a bare GCE (curve d), PTFE film modified GCE (curve c), DNA
film modified (curve b) GCE and PTFE-DNA film coated GCE
(curve a) by cyclic voltammetry (CV). The cyclic voltammo-
grams are illustrated in Fig. 2. It is not difficult to believe that
the oxidation of morin at these electrodes is totally irreversible
under these experimental conditions. PTFE can block the
electron transfer between morin and the electrode surface, and
then decrease the oxidation peak current of morin. So the peak
current in curve c of Fig. 2 is smaller than that in curve d and the
peak potential shifts positively. However, it is the interaction of
morin with DNA immobilized on the GCE surface that make
the peak currents in curves a and b higher than those in curves c
and d. The positive shift of the peak potential indicates that the
binding of morin to DNA is via electrostatic interaction. As for
the difference between a and b, it may be explained as being due

to the fact that DNA molecules dispersed in the PTFE-DNA
film are easier to interact with morin than DNA film directly
adsorbed to the surface of GCE.


3.2.1. The electrochemical behaviors of morin at PTFE-DNA
film-coated GCE


Fig. 2 demonstrates that the electrode reaction of morin is an
irreversible process at PTFE-DNA film-modified GCE. In order
to get more information about its reaction mechanism the effects
of buffer pH were tested by linear sweep voltammetry (LSV).
The positive oxidation peak potential decreases with increasing
solution pH and obeys the following equation in the range of pH
from 4.0 to 9.0 in phosphate buffer: Ep=0.579 V− (0.049 pH) V.


In all the cases for straight lines in this work the correlation
coefficients are N0.99. With the increase of solution pH the
oxidation peak current decreases firstly as shown in Fig. 3 and
then keeps stable, finally depresses (inset in Fig. 3). Since Ep


can be expressed as (at 25 °C):


Ep ¼ E0−ðm=nÞ 0:059 V ð1Þ
where E0 is the standard potential, n is the number of electrons
transferred and m is the number of protons transferred in the
electrooxidation process of morin. Thus the value ofm /n=(0.9±
0.1) was obtained based on the linear section. This value can be
accepted as 1.0 and suggests that the number of the electrons
transferred in the oxidation ofmorin at PTFE-DNA film-modified
GCE is equal to that of protons.


The slopes derived from the relationships of the peak
potential or peak current and the scan rates exhibit different
characteristics in Fig. 4. The oxidation peak current is linear
with the square root of the scan rate v (V/s), following equation
below: Ip=−3.597 μA+{16.82 [v/(V/s)]1/2} μA, suggesting
that the electrode process is controlled by the diffusion step.
Corresponding fitting lines for the relationship between the
peak potential and scan rate (V/s) can be obtained as
Ep=0.249 V+{0.015 ln [v/(V/s)]} V.







Fig. 4. The dependence of oxidation peak current of 1.0×10−5 mol/L morin on
scan rate at PTFE-DNA film-coated GCE in phosphate buffer solution
(pH=7.28). Inset: variation of the peak current Ip, with different scan rates.


359F. Wang et al. / Bioelectrochemistry 70 (2007) 356–362

Consequently, based on the slope of RT / 2αnaF, the value of
αna for electrochemical oxidation of morin at the concentration
of [morin]= (1.00±0.01)×10−5 mol/L at PTFE-DNA film
coated GCE in phosphate buffer solution (pH=7.28) can be
calculated as 0.9±0.1.


According to Laviron [35], as for a totally irreversible peak the
width at mid-height of the anodic peak, it can be parametrized as
ΔE1/2=[62.5 / (1−α)n] mV. From the curve d in Fig. 2 the width
of anodic peak of morin is (92.0±0.3) mV, then considering the
above result the value of n is obtained as 1.6±0.1.


3.2.2. The electrochemical behaviors of morin at bare GCE
Influences of scan rate on the oxidation current and peak


potential of morin at bare GCE were estimated. The peak currents
increase linearly with increasing the scan rate that ranged from
0.10 V/s to 0.50 V/s at bare GCE in phosphate buffer solution
(pH=7.28) containing (2.00±0.02)×10−5 mol/L morin in the
absence of DNA and can be expressed as follows: Ip=1.323 μA+
{7.215 [ν/(V/s)]} μA.


Thus, the electrode process is controlled by the adsorption
step. With increase of scan rate, the relationship between the
reduction peak potential and scan rate (V/s) is described by the
following equation: Ep=0.238 V+{0.021 ln [ν/(V/s)]} V.


Based on Nernst equation:


E ¼ E0 þ ðRT=nFÞln½COð0; tÞ=CRð0; tÞ� ð2Þ
CO and CR being the concentration of the electroactive species
(oxidized and reduced forms) at the electrode surface, and
Laviron's theory for diffusionless electrochemical systems:


Ep ¼ Ej−ðRT=anaFÞln½a=jmj�


m ¼ ðRT=FÞðks=namÞ ð3Þ
Ej being equal to E'o,


E Vo ¼ Eo−ðRT=nFÞlnðbO=bRÞ ð4Þ

bO and bR being the adsorption coefficients of oxidized and
reduced forms for the irreversible surface electrochemical reac-
tion involving adsorption of oxidized and reduced forms, and
then the relationship between scan rate ν and peak potential Ep


can be expressed by the following equation [35]:


Ep ¼ E Vo


þ ðRT=anaFÞln½ðRTks=anaFÞ=ðV=sÞ�−ðRT=anaFÞln½m=ðV=sÞ�
(5)


where R is the universal gas constant (8.314 J K−1 mol−1), T is
Kelvin temperature,F is the Faraday constant (96,487C/mol),α is
the transfer coefficient, ks, the rate constant of the electrochemical
reaction, nα and n are the numbers of electrons transferred in the
rate-limiting step and whole reaction, respectively. Eo is the
standard potential for the redox reaction, and E′o is the formal
potential which can be obtained from the intercept of the Ep vs. υ
curve by extrapolation to the vertical axis at ν=0.00 (V/s) [36].
Thus from the slope and intercept of theEp vs. lnυ plot, the values
of αnα and ks, can be calculated.


The value ofαnα for electrochemical oxidation ofmorin at bare
GCE in phosphate buffer solution (pH=7.28) without DNA is
obtained as αnα=1.2±0.1. On the assumption that the value of α
for an irreversible surface reaction, the numbers of electron
involved in the oxidation of morin in phosphate buffer solution
(pH=7.28) is 2.0±0.4.


According to the Eq. (5), the value of ks for morin oxidation
in phosphate buffer solution (pH=7.28) is ks(GCE)=260 s−1.


The effects of solution pH on the oxidation peak current of
morin at bare GCE were researched, too. The fitting line is
obtained asEp=0.581V− (0.053 pH) V from pH=4.0 to pH=9.0
in phosphate buffer. With the increase of pH the oxidation peak
current of morin firstly increases slowly up to pH=5 and then
decreases rapidly.


According to the Eq. (1), m /n=0.9±0.1 is obtained for the
linear section, which can be accepted as 1.0, suggesting that the
number of the electrons transferred in the oxidation of morin at
bare GCE is equal to that of protons.


3.2.3. Adsorption of morin measured by chronocoulometry
The method of chronocoulometry was applied to character-


ize the adsorption of morin at bare GCE in phosphate buffer
solution (pH=7.28) and determine the diffusion coefficient D
and Qads containing (1.00±0.01)×10−5 mol/L morin, accord-
ing to the formula given by Anson [37].


QðCÞ ¼ 2nFAcD1=2p−1=2t1=2 þ Qdl þ Qads ð6Þ


where n is the number of electrons transferred in reaction, F is the
Faraday constant (96,487 C/mol), A is the surface area of the
working electrode, c is the concentration of morin, D is the
diffusion coefficient of morin in phosphate buffer, t is time,Qdl is
double-layer charge and Qads is the faradaic charge due to the
oxidation of adsorbed morin. In our experiment, the effects of
double-layer charge Qdl can be eliminated via subtraction of the
background charge and the plots of Q (μC) against t (s) in Fig. 5
are converted into the plots of Q against t1/2, which is depicted in







Fig. 6. Linear sweep voltammograms for 2.0×10−5 mol/L morin in the absence
−4 −4
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Fig. 5. It is clear that the charges (Q) have linear relationships with
the square roots of time (t1/2) for the reduction reaction (inset in
Fig. 5). According to the Eq. (6), the diffusion coefficient ofmorin
in phosphate buffer solution (pH=7.28) can be estimated from the
slope of the plot of Q vs. t1/2. In present work, [morin]=(1.00±
0.01)×10−5 mol/L, and slope is (0.18±0.01) μC/s1/2. Based on
the above conclusion that the value of n is 2.0±0.0, it is calculated
that D (morin)=(1.36±0.01)×10−6 cm2/s. Qads can be obtained
by the difference of the intercepts of the plot of Q vs. t1/2 in the
presence and absence of morin. Here Qads is (0.13±0.01) μC,
considering the equation


Qads ¼ nFAC ð7Þ
the value of surface concentration corresponding to a monolayer
at the electrode surface, Γ, can be obtained as (9.49±0.01)×
10−12 mol/cm2.

(curve a) and presence of 1.14×10 mol/L BP (curve b) and 2.28×10 mol/L
BP (curve c) at bare GCE in phosphate buffer solution (pH=7.28).

3.3. Interaction of morin with DNA in solution


3.3.1. Electrochemical oxidation of morin in the presence of
DNA


Fig. 6 displays linear sweep voltammograms of morin at
[morin]=(2.00±0.02)×10−5 mol/L in the absence (curve a) and
presence (curve b) of (1.14±0.01)×10−4 mol/L BP and (curve c)
(2.28±0.02)×10−4 mol/L BP at bare GCE in phosphate buffer
solution (pH=7.28). It is clear that the oxidation peak current of
morin decreases obviously after the addition of DNA, and the
oxidation potential has not apparently change and no new peaks
are found when the potential initially sweeps from −0.20 V to
0.50 V.


The peak currents increase linearlywith increase of the scan rate
ranging between 0.10 V to 0.50 Vat bare GCE in phosphate buffer
solution (pH=7.28) containing (2.00±0.02)×10−5 mol/L morin
in the presence of (3.42±0.01)×10−4 mol/L BP (Fig. 7), and can
be expressed as follows: Ip=1.705 μA+{7.771[ν/(V/s)]} μA.

Fig. 5. Chronocoulometry at bare GCE in the absence (curve a) and presence of
1.0×10−5 mol/L morin (curve b). The inset shows the linear relationship
between the charges (Q) and the square roots of times (t1/2) for the oxidation of
morin (background subtracted). Initial potential 0.0 V, final potential 0.4 V, and
pulse width 9 s.

Thus, the electrode process is controlled by the adsorption step.
With increase of scan rate, the relationship between the oxidation
peak potential and scan rate is described by the following
equations: Ep=0.246 V+{0.024 ln[ν/(V/s)]} V.


The value of αnα for electrochemical oxidation of morin at
bare GCE in phosphate buffer solution (pH=7.28) in the
presence of DNA is obtained as 1.1±0.1. On the assumption
that the value of α for an irreversible surface reaction, then
n=2.0±0.1.


According to the Eq. (5), the value of ks for morin oxidation in
phosphate buffer solution (pH=7.28) in the presence of DNA is ks
(DNA)=251 s−1. As the peak currents decreased the ks decreased
lightly [38,39], but it is all the same close to the value of ks (GCE).
These results suggest that the electrochemical parameters ofmorin
oxidation have no obvious change in the presence or absence of
DNA. It is concluded that it is morin but not DNA–mMorin
complex taking part in the electrode process. The coherence of the
calculated values of ks and αnα for morin oxidation in absence and

Fig. 7. The dependence of oxidation peak current on scan rate at bare GCE in
phosphate buffer solution (pH=7.28) containing 2.0×10−5 mol/L morin and
3.42×10−4mol/LBP. Inset: variation of the peak current Ip, with different scan rates.







Fig. 8. Dependence of log [ΔI /ΔImax−ΔI] on log [Morin].
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presence of DNA suggests that no electroactive complex forms
betweenmorin andDNA. It is difficult for morin in the complex to
make contact with the electrode surface and subsequently be
oxidized at that surface. Furthermore, the formation of this com-
plex reduces the free concentration of morin in solution, and
thereby the electrochemical oxidation peak current of morin de-
creases as a result of partitioning behavior of the electrochemical
probe in the DNA solution or aggregates [39–47].


3.3.2. Determination of the association constant and binding
number between morin and DNA


According to the method of Qu et al. [48], it is assumed that
DNA and morin only produce a single complex DNA·Morinm.
The stoichiometric coefficient, m, and association constant, Ka,
between morin and DNA refer to the reaction scheme (8) for all-
or-none (Hill) cooperativity of multiple ligand binding:


DNA þ mMorin⇌DNAdMorinm ð8Þ
The condition of association constant is as follows:


Kad ½Morin�m ¼ ½DNAdMorinm�
½DNA� ¼ f


1−f
ð8:1Þ


where f=[DNA·Morinm] / [DNA]0 is the fraction of DNA to
which morin is bound as DNA·Mm, relative to the total DNA
concentration in the supporting electrolyte [DNA]0=[DNA·
Morinm]max. Mass conservation dictates that:


½DNA� ¼ ½DNA�0−½DNAdMorinm�


½Morin� ¼ ½Morin�0−m½DNAdMorinm� ð8:2Þ
and


I ¼ kd ½Morin�; ð8:3Þ


ΔI ¼ IðMorin0Þ−IðMorinÞ ð8:4Þ
where [Morin] is the free concentration of morin and I(Morin) is
the peak current of morin in the presence of DNA. Insertion of
Eqs. (8.2) and (8.3) into (8.4) yields:


ΔI ¼ kð½Morin�0−½Morin�Þ ¼ kd md ½DNAdMorinm� ð8:5Þ
and


ΔImax ¼ kd md ½DNA�0 ð8:6Þ
where ΔImax is the maximum peak current change, obviously,
[DNA·Mm]max= [DNA]0 holds true. Based on the equations
above, the following equations can be deduced:


logðΔI=ΔImax−ΔIÞ ¼ log Ka þ m logf½Morin�=ðmol=LÞg ð8:7Þ


1=ΔI ¼ 1=ΔImax þ ð1=Kad ΔImaxÞxð1=½Morin�mÞ ð8:8Þ
The corresponding experimental data are shown in Fig. 8. The


log [ΔI /ΔImax−ΔI] vs. log {[Morin]/(mol/L)} becomes linear
with the slope of m. The results of m=3 and log Ka=14.8 were
obtained from Fig. 8, which means that only one compound is

formed. Or according to Ka=KH
m and KH≈105 L/mol, Ka=10


15


(L/mol)3 can be yielded. So, at KH=[Morin]0.5≈105 mol/L
(Morin), half of the binding sites on DNA are occupied by morin.


4. Conclusion


Morin is an important flavonoid. In our paper, the electro-
chemical behaviors of morin at bare and PTFE-DNA film
modified GCE were investigated. Based on the experimental
results, the electrode reaction mechanisms of morin at bare GCE
and PTFE-DNA film modified GCE in the absence and presence
of DNA were proposed. Electrochemical oxidation of morin
exhibits a one-stepmechanism involving the loss of two electrons
and two protons in both two cases. In sequence, corresponding
electrochemical parameters were calculated including diffusion
coefficient of morin, transfer coefficient and standard rate
constant. Most important of all, the interaction of morin with
DNAwas studied and the binding number and association cons-
tant were obtained. It is helpful for us to understand pharma-
cokinetics of morin.
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Abstract


In this study, a new micro electroporation (EP) cell chip with three-dimensional (3D) electrodes was fabricated by means of MEMS
technology, and tested on cervical cancer (HeLa) cells. Extensive statistical data of the threshold electric field and pulse duration were determined
to construct an EP “phase diagram”, which delineates the boundaries for 1) effective EP of five different size molecules and 2) electric cell lysis at
the single-cell level. In addition, these boundary curves (i.e., electric field versus pulse duration) were fitted successfully with an exponential
function with three constants. We found that, when the molecular size increases, the corresponding electroporation boundary becomes closer to the
electric cell lysis boundary. Based on more than 2000single-cell measurements on five different size molecules, the critical size of molecule was
found to be approximately 40kDa. Comparing to the traditional instrument, MEMS-based micro electroporation chip can greatly shorten the
experimental time.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Micro electroporation; MEMS; 3D electrode; HeLa cells; Membrane permeability; Phase diagram; Size effect

1. Introduction


Electroporation (EP) is a widely-used technique for
delivering a large variety of impermeable molecules, such
as drugs, antibodies, oligonucleotides, RNA and DNA
plasmids [1–5], the electric parameters for loading different
molecules into different cells may vary significantly from one
experiment to another. For instance, the pulse amplitude can
range from 0.3kV/cm to 12kV/cm, and the pulse duration
from 0.5μs to 50ms. Large molecules can penetrate cells only
at high field strength or extended pulse length, when a
population of larger size pores is created and the critical size
of molecular weight is reported to be around 40kDa [6]. The

⁎ Corresponding author. Department of Mechanical Engineering, HKUST,
Clear Water Bay, Kowloon, Hong Kong. Tel.: +852 2358 8663; fax: +852 2358
1543.


E-mail address: meyklee@ust.hk (Y.-K. Lee).


1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.05.008

basic relationship between the parameters of major impor-
tance–field strength and pulse duration–initially was
addressed by Dev et al. [7] to qualitatively describe the
boundaries of electroporation and electric cell lysis. However,
to date the optimal conditions for electroporating specific
molecules into cells has not been well addressed.


In this paper, a new micro electroporation chip, based
upon a modified electroplating technique, was designed and
fabricated. It can be used to study the “phase diagram” of
cervical cancer cells (HeLa cell line) for electroporating
different size molecules. Using this design, large-scale EP
experiments with different voltage, U, and pulse duration, td,
can be conducted on a single chip at the same time.


2. Experimental studies


2.1. Device fabrication


A micro electroporation chip with twelve pairs of three-
dimensional multiple input electrodes was fabricated on a glass



mailto:meyklee@ust.hk
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Fig. 1. Fabrication process flow diagram of a micro EP chip: (a) glass wafer
Pyrex 7740, (b) sputter a layer of Ti/W, (c) pattern Au layer by lift-off, (d)
pattern thick photoresist for electroplating, (e) electro-plating gold electrode, (f)
remove PR and Ti/W.
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wafer utilizing electroplating technology. The thickness of
sputtered thin-film planar electrodes using sputtering technique
is usually less than 0.5μm. Therefore, as described in our
previous work [8], it is very difficult to achieve a uniform
distribution of the electric field across the cell chamber. The
majority of the high electric field strength area is close to the
surface of the micro electroporation chip, especially in the area
between the two electrodes. Consequently, this creates a large
number of pores located only around the bottom of the cells that
fill in the cell chamber. However, some negatively-charged
molecules, like DNA plasmid, cannot precipitate to the bottom
of the chip. Therefore, transfection efficiency can be very low.
Here, we developed a new micro electroporation chip that has a
3D gold electrode with a height that is comparable to the
diameter of the cell.


A modified electroplating process was adopted to avoid
damage to the gold structure during the wet-etching process in
an iodide bath. The gold seed layer was patterned, first using the
lift-off technique, so that no additional step for removing the

Fig. 2. (a) A photo of a packaged micro EP chip; (b)

gold was required after the electroplating process. This can
protect the electroplated structure from being attacked, and
ensures that it is consistent with the original design.


The microfabrication process is shown in Fig. 1, a layer of
Ti/W (100nm) was sputtered by means of a CVC 601 sputtering
system, as the conductive layer for electroplating. Then, a
200nm gold layer was patterned, using the standard lift-off
process as the seed layer. This, was followed by building a 20-
μm-thick AZ4903 photoresist mold on the wafer. The
electroplating process ultimately was carried out in Neutronex
309 (Cookson Electronics, United Kingdom), an alkaline and
non-cyanide plating solution, for about 2h at a temperature of
55°C. The deposit speed was about 0.25μm/min at the optimal
current density of 4mA/cm2. In the end, the photoresist and the
Ti/W layer were removed using a photoresist-stripping reagent
MS2001 and hydrogen peroxide.


Twelve pairs of commonly-grounded 3D electrodes with
different inputs were fabricated on the glass wafer. Each
segmented electrode was made of 100-nm-thick sputtered
titanium, 200-nm-thick sputtered gold and 12-μm-thick
electroplated gold with a width of 30μm. The space between
adjacent electrodes was 30μm. With such a design,
12groups of results with different electric pulse amplitudes
and pulse duration can be obtained on a single chip at the
same time.


After all the fabrication processes were complete, the wafer
then was diced and packaged on a printed circuit board (PCB),
using wire-bonding technology. A 1-mm-diameter hole was
drilled on the PCB at the area of the chip, for optical detection,
under an inverted fluorescence microscope (Olympus IX70,
Japan). PDMS (Sylgard 184, Dow Corning, USA), a biocom-
patible polymer material, was coated on the wire-bonded site to
protect the wire from possible breakage during the cleaning
process. A photo of a packaged micro EP chip and the SEM
close-up view of the fabricated 3D electrode structures are
shown in Fig. 2.


2.2. Electric field simulation


Compared to the 2D planar electrode reported in our
previous work [8], the 3D electrode can provide a more uni-
formly-distributed electric field for single-cell electroporation.

SEM close-up view of the 3D microelectrodes.







Fig. 3. Simulation results of the electric field distribution on a cross-section of 2D electrodes (a) and 3D electrodes (b).
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The electric field distribution across the cell chamber for both
2D and 3D electrodes were simulated using commercial
software (CFD-ACE+, ESI CFD Inc., AL, USA). A 2D
simulation model was created, based upon the exact size of
the chip with a mesh density of 90×30. The numerical model
included two regions: gold electrodes and the region filled with
poration media. The electric module in ACE was utilized and a
fixed potential was defined as the boundary condition.
Simulation results are demonstrated in Fig. 3. For 2D planar
electrodes, most of the high electric field is close to the micro
electroporation chip surface and concentrated between the two
electrodes, while in other areas the electric field is much weaker.
However, as shown in Fig. 3(b), with the 3D electrodes, the
electric field distribution is much more uniform. Thus, a larger
part of cell membranes can be exposed to the high electric field
in this new design.


An estimate of the average electric field within the chip
also can be obtained by averaging the non-uniform electric
field distribution for each data point within the area of the
electrodes. Therefore, the externally applied voltage Ua can
be converted to the average electric field Eavg (Eavg=αUa/Le,
where Le is the distance between the two adjacent electrodes)
via a correction factor (α2=0.630 for 2D electrode, α3=0.976
for 3D electrode) calculated from the numerical simulation.
Le is 30μm in this paper. Obviously, the correction factor, α3,
for the 3D electrode is closer to 1 (for the ideally uniform
electric field). Note that all the electric fields used in the rest
of this paper are the average electric field calculated by the
aforementioned equation.


2.3. Electric field pulse delivery


The pulsed radio-frequency (RF) electric field with adjust-
able frequency, amplitude and pulse duration was applied to the
micro EP chip using a Labview program and the PCI 6110 DAQ
card (National Instrument, TX, USA). The main advantage of
using a pulsed RF electric field is that it can counterbalance the
cells' size effect with an opposite effect of cell relaxation [9,10].

As a result, the viability and permeability of the electroporation
can be improved, versus the traditional DC pulse or exponential
decay pulse [9–11].


2.4. Cell preparation and fluorescent probe


HeLa cells were grown as a monolayer in a 60mm petri dish
in EMEM medium (CCL-2™, ATCC, VA, USA), supplemen-
ted with 10% fetal bovine serum (ATCC, VA, USA) at 37°C
and 5% CO2. Cells were trypsinized by 0.05% trypsin/EDTA
and then were washed twice with the poration medium
(comprised of 280mM mannitol, 5mM sodium phosphate,
10mM potassium phosphate, 1mM MgCl2 and 10mM HEPES
at the pH level of 7.4) by spinning at 1400rpm at room
temperature. Subsequently, they were re-suspended in the
poration medium at a concentration of 5×105cells/mL. The
devices first were sterilized with 75% ethanol solution, rinsed
with DI water and finally dried in a 65°C oven.


To quantitatively detect the results of electroporation, a
fluorescent dye, propidium iodide (PI) (P-4170, Sigma-Aldrich,
MO, USA; molecular weight 668.4) was used in the experi-
ments. PI dye is a membrane-impermeable nucleic acid
intercalator that shows no auto-fluorescence, but it can become
fluorescent when bound to nucleic acids with an excitation/
emission maxima at 535/617nm. Thus, the contrast is high
between the cells uploaded with dye molecules and the
background. This ensures good-quality fluorescence images
being obtained. In the experiments, PI dye was dissolved in the
cell suspension prior to electroporation, in order to achieve the
desired concentration of 15μg/mL.


Rhodamine B-labeled dextran (D-1824, Invitrogen), RITC-
label dextran (R9006, Sigma-Aldrich) and FITC-labeled
dextrans (FD-40S, FD-70S, Sigma-Aldrich) with average
molecular weights of 10, 20, 40, 70kDa were used as
macromolecules with approximate physical diameters of
4.6nm, 6.6nm, 9nm and 12nm, respectively (product informa-
tion data from Sigma-Aldrich). The concentrations of dextrans
were adjusted to 0.4% (w/v).
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3. Results and discussion


3.1. Electric field strength, pulse duration and pulse number


Cell permeabilization only can be detected if the applied
electric field amplitude and pulse duration are higher than their
thresholds. The uptake of PI was quantified by the associated
fluorescence intensity, which reflects its free diffusion across
the permeabilized cell membrane. Our micro EP chip can realize
the large-scale cell-array that is crucial for a high-throughput in
situ electroporation study. The variations in fluorescence
intensity of the suspended HeLa cells, as a function of U (or
electric field strength, E) under different pulse durations, td, and
different pulse number were measured and the results are shown
in Fig. 4. It can be seen that increasing the pulse amplitude and
duration both enhance cell uptake of fluorescent dye, while
pulse amplitude plays a more important role comparing with the
pulse duration. It is demonstrated in Fig. 4(b) that if the electric
field is smaller than the critical value, extension of the pulse
duration can not induce the electroporation. Only the pulse
amplitude is above the critical electric field, nanometer-sized
pores can be induced on the cell membrane and the dye
molecules can diffuse into the cell through the pores, as shown
in Fig. 4(a). The critical voltages are different for different pulse
duration and in general, the critical voltage is lower for longer
pulse duration. Moreover, further increase of the pulse
amplitude does not increase the membrane permeability any

Fig. 4. Average fluorescence intensity as a function of applied voltage (a), pulse dur
single HeLa cells.

more and the fluorescent intensity becomes stable. At this stage
some cells can undergo lysis. Apart from the electric field
amplitude and pulse duration, the pulse number also can affect
the results of electroporation, Fig. 4(c) and (d) shows the uptake
of PI dye as functions of pulse amplitude and pulse number,
with 400μs and 1ms pulse duration, respectively. Increasing
pulse number can enhance the uptake of molecules under the
same pulse amplitude and pulse duration.


3.2. Loading different sizes of molecules


Different sizes of molecules, including Rhodamine B–
dextran with a molecular weight of 10kDa, RITC–dextran with
a molecular weight of 20kDa, FITC–dextran with a molecular
weight of 40kDa and 70kDa, and a gene-coding green
fluorescent protein, were introduced into HeLa cells, as
shown in Fig. 5(a), (b), (c), (d) under a fluorescence field. For
fluorescence-labeled dextran, 20μL of the cell suspension with
dextran was pipetted and loaded onto the micro EP chip. After
the electric pulse treatment, 200μL culture medium was added
and cells remained on the chip for 4h to attach to the chip. Cells
then were rinsed with PBS 5 times to remove the additional
fluorescence background, before examination under the
microscope.


Fig. 5(e) shows the loading efficiency of five different
molecules, as a function of the average electric field with a
single pulse duration of 400μs. For all these 5 molecules, the

ation (b), and pulse number (c) and (d). Each data point from the average of 10







Fig. 5. Micrographs of HeLa cells after electroporation on micro EP chips, using 4 different macromolecules under fluorescence mode: (a) 10kDa rhodamine B–
dextran, (b) 20kDa RITC–dextran, (c) 40kDa FITC–dextran, and (d) 70kDa FITC–dextran (all scale bars=30μm). (e) Loading efficiency of macromolecules with
different molecular weights (pulse duration td=400μs, single pulse).
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loading efficiencies increased with an increase in the electric
field. Conversely, cell viability decreased significantly with an
increase in permeability. In addition, as shown in Fig. 5(e), the
permeability of dextran during the micro electroporation
process depends on its molecular weight. The higher the
dextran's molecular weight, the lower its permeability was
observed to be. This is due to the diameter of the pores, induced
by external electric field, limiting the passage of dextran of a
given size. This can be proven by the observation that large
molecules can penetrate only at higher strength or increased
pulse duration, which results in a population of larger size pores
being created.


Furthermore, many of the conditions indicating uptake of
large numbers of macromolecules are accompanied by a
significant loss of cell viability. In addition, large molecules
(40kDa and 70kDa dextran) cannot reach a penetration of 50%
within such a short duration as 400μs, while the viability
already has dropped to lower than 20%. The results were

Fig. 6. The EP phase diagram for four different sizes of molecules. The threshold
electric fields for loading different molecules (EEP) and ECL (EECL) can be
nicely fitted to exponential functions of td (ms).

consistent with Hui's conclusion [6], that there is a size cut-off
criterion for dextran that falls somewhere between 9kDa and
41kDa, because dextran molecules with a molecular weight of
41K or higher behave very differently from dextran with a
molecular weight of 9kDa. Based on what we obtained from the
current study, it is now possible to narrow the critical size down
to approximately 40kDa (see Fig. 5).


Quantitatively analysing 2000 data points, the critical
voltage, U, for loading molecules of different sizes and
Electric Cell Lysis (ECL) with different pulse durations, td,
was determined, so as to construct the phase diagram shown
in Fig. 6. Apparently, U and td can be traded off to a certain
extent; i.e., lower U needs longer td to charge the cell
membrane to reach the EP threshold voltage, UEP. Conversely,
if U is high enough, it needs only a short td. However,
treatment of cells with intense U and short td will lead to an
irreversible process wherein the cell cannot repair the damage
and will be lysed. On the other hand, cells can sustain a
longer time period if a mild voltage is applied. In addition,
larger molecule size results in narrower loading area at the
same time that the boundary of electroporation becomes
closer to the boundary of cell lysis. The boundary for loading
10kDa dextran and 20kDa dextran were almost overlapped,
as the dash line shown in Fig. 6, while the boundary for
loading 70kDa dextran cannot be shown in the figure since
the viability dropped to lower than 50% when loading
efficiency reached 50%.

Table 1
The constants for the threshold electric field EEP− td relationship for four
different molecules, Eq. (1)


Molecules E0 E1 τ (ms) R2


PI dye 1.464±0.2985 1.464 0.6932 0.9312
10kDa dextran 1.789±0.4648 3.0907 0.7478 0.9932
20kDa dextran 1.789±0.4834 3.0907 0.6404 0.9823
40kDa dextran 1.952±0.1240 0.7320 3.8825 0.9881


All the electric field constants are in kV/cm.
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Moreover, the threshold electric fields, EEP, for loading
different molecules can be nicely fitted to an exponential
function of pulse duration td with three constants (E0, E1, τ), as
follows:


EEP ¼ E0 þ E1expð−td=sÞ ð1Þ


where E0 is the electric field at the longest duration, E1 is the
difference of critical electric field at longest duration and shortest
duration, τ (in ms) is the time constant of exponential decay
curve. The error margins of the electric field based on 95%
confidence interval are calculated and included in the constant
E0 [16]. All the coefficients of determination R2 are higher than
0.93. All the constants and the error margins for the four different
molecules are listed in Table 1.


In addition to the above curve fitting analysis, we found
that the three constants in the exponential function can be
simply determined from only three sets of experimental data
points. The phase diagram was constructed from 2000 data
points of single-cell electroporation measurements. Obviously,
it was much more efficient and economic to obtain such a
large-scale statistical data by using MEMS-based micro cell
array chips in comparison with the micro electroporation
chips reported in the literature [12–15].


4. Conclusions


A new micro electroporation chip with 12 groups of 3D
electrodes has been designed and fabricated, using MEMS
technology. We demonstrated that a large amount of statistical
data for the electroporation of cervical cancer cells (HeLa cell
line) at the single-cell level with different pulse amplitudes,
pulse durations and pulse number can be obtained easily, so
as to construct an EP phase diagram. The threshold electric
field as a function of pulse duration for different size
molecules can be nicely fitted into exponential functions. The
electroporation phase diagram will be highly useful for
electric parameter selection to improve the electroporation
efficiency in future cell models.
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Abstract


A sensitive electrochemical method was developed for the differential pulse voltammetric determination of rhein at a glassy carbon electrode
(GCE) modified with a nanoparticle composite film. In the present paper, multi-wall carbon nanotube (MWNT) was dispersed into dihexadecyl
phosphate (DHP) to give a homogeneous suspension. After the solvent evaporation, a uniform film of MWNT-DHP composite film was obtained
on the GCE surface. The MWNT-DHP composite film-modified GCE exhibited excellent electrocatalytic behavior toward the redox of rhein.
Compared with an irreversible reduction of rhein at the bare GCE, a reversible redox behavior of rhein was observed at the MWNT-DHP
composite film-modified GCE and the redox current was also enhanced greatly. Based on this, a cathodic differential pulse voltammetry (DPV)
was applied for the determination of rhein. The experimental parameters, which influence the current of rhein, were optimized. Under optimal
conditions, the cathodic DPV measurements were performed and a linear response of rhein was obtained in the range from 1.0×10−8 to
5.0×10−6 mol L−1 and with a limit of detect (LOD) of 5.0×10−9 mol L−1. The proposed procedure was successfully applied to assay rhein in real
samples with satisfactory results.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Rhein; Electrocatalysis; Differential pulse voltammetry; Nanoparticle composite film-modified electrode

1. Introduction


Rhein is an active ingredient that extensively exists in plants
such as Aloe, Cassitora L, Rhubarb and so on, which has been
widely used in traditional medicine for cathartic, febrifugal and
antidotal purposes. Pharmacological tests revealed that rhein
not only has a strong antibacterial action on Bacteroids fragilis,
but also may be useful in cancer chemotherapy as a biochemical
modulator [1]. It also has been reported that rhein can retard the
progression of type-2 diabetic nephropathy [2]. Its therapeutic
action and toxicity is still the subject of considerable research
and it is necessary to control the dose in biological fluid. So that
is very important to establish an efficient method for the
determination of rhein. To date, several methods including

⁎ Corresponding author. Tel.: +86 732 8292205; fax: +86 732 8292477.
E-mail address: fei_junjie@hotmail.com (J. Fei).
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capillary electrophoresis with two-marker technique [3] or with
electrochemical detection [4], high performance liquid chro-
matography [5], reversed phase high performance liquid
chromatography [6] and synchronous fluorescence spectrosco-
py [7] have been reported for the determination of rhein.
However, seldom electrochemical techniques, which are often
simple and less expensive, have been used to determine rhein.
Here, a direct electrochemical method based on multi-wall
carbon nanotube (MWNT)-dihexadecyl phosphate (DHP)
composite film-modified glassy carbon electrode (GCE) was
developed for the determination of rhein.


There has been much interest in the research of carbon
nanotubes since their discovery [8]. Carbon nanotubes are
molecular-scale wires with high electrical conductivity, high
chemical stability, and extremely high mechanical strength and
modulus [9]. Utilization of these properties has lead to
application of carbon nanotubes as scanning probes [10],
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electron field emission sources [11], actuators [12], nanoelec-
tronic devices [13], batteries [14], nanotubes-reinforced materi-
als [15] and potential hydrogen storage material [16]. The subtle
electronic behaviors of carbon nanotubes reveal that they have
the ability to promote electron-transfer reactions when used as
an electrode material in electrochemical reactions. However,
since carbon nanotubes have a large dimension and hydropho-
bic surface, the aqueous suspension of intact carbon nanotubes
was usually unstable, which limited the applications of carbon
nanotubes in electroanalytical chemistry. Our previous work has
been developed carbon nanotube-modified GCEs based on the
stable dispersion of acid-treated MWNT in the aqueous
suspension of DHP and the formation of a stable film of the
resulting suspension on the surface of GCE [17–19]. These
electrodes have been applied to the sensitive and catalytic
detection of some biomolecules [17,18] and heavy metal ions
[19]. Compared with other MWNT-modified electrodes,
MWNT-DHP composite film-modified GCE has the advantages
of easy fabrication, controllable dispersion and high stability as
well as good reproducibility.


In the present work, described here is to investigate the
electrochemical responses of rhein at the MWNT-DHP
composite film-modified GCE and to develop a convenient
and sensitive method for the determination of rhein, based on
the unusual properties of carbon nanotube such as strong
adsorptive ability, huge specific area, subtle electronic proper-
ties as well as excellent electrocatalytic activity. In this report,
the MWNT-DHP composite film-modified GCE exhibited
strong electrocatalytic activity toward the redox reaction of
rhein and a great increase in the magnitude of the redox peak
currents. The feature of the electrocatalysis strongly revealed
that the electrochemical behaviors of rhein were facilitated and
then the determination sensitivity of rhein was significantly
improved. Consequently, a differential pulse voltammetric
method based on the MWNT-DHP composite film-modified
electrode was firstly developed for the determination of rhein.
This newly proposed method possesses following advantages
such as high sensitivity, rapid response, low cost and simplicity.


2. Experimental


2.1. Reagents and apparatus


Rhein purchased from Chinese National Institute for the
Control of Pharmaceutical and Biological Products was used
without further purification. Stock solution of rhein
(1.0×10−4 mol L−1) was prepared by dissolving it into
ethanol and lower concentrations of rhein were obtained by
simply dilution with water. Dihexadecyl phosphate (DHP)
was purchased from Fluka Chemical Reagent Corporation.
The 0.1 mol L−1 NaAc–HAc buffer (pH 4.5) was using the
supporting electrolyte. All other chemicals were of analytical
grade and all the solutions were prepared from doubly
distilled water. The multi-wall carbon nanotube (obtained
from the Chengdu Organic Chemicals Co., Ltd., CAS, China)
was synthesized by a catalytic pyrolysis method. Before use,
MWNT were purified by refluxing in 2.6 mol L−1 HNO3 for

48 h and treating with 2.0 mol L−1 HCl for 12 h before use
[20].


All electrochemical measurements were performed with a
computer-controlled model 830B electrochemical analyzer
(Shanghai Chenhua Co., China). A conventional three-electrode
system was employed with a platinum wire as counter electrode;
a saturated calomel electrode (SCE) as reference electrode and a
MWNT-DHP composite film-modified GCE as working
electrode. All potentials were quoted with respect to SCE.


High performance liquid chromatography (HPLC) analysis
was carried out with a HPLC system (Shimadzu, Kyoto, Japan)
consisted of LC-10AT pump, n Shim-pack ODS column
(150 mm×4.6 mm) and a SPD-IOA UV spectrophotometric
detector. The detection wavelength is 258 nm. Mobile phase
consisted of 0.2% phosphoric acid solution–acetonitrile–
methanol (54:5:41, v/v). The flow rate is 1 mL/min and
separation was carried out at 40 °C.


2.2. Preparation of the MWNT-DHP composite film-modified
electrode


Glassy carbon electrode of 3 mm in diameter was used. The
electrode was sanded in ultrafine sand paper, polished with
0.3 μm and 0.05 μm alumia slurry (CH instrument, Inc., USA)
in sequence and sonicated successively in 1:1 HNO3–H2O (v/v)
and doubly distilled water between each polishing step.


2.5 mg purified MWNTs were added into 5 mL 0.5 mg mL−1


DHP suspension. A homogeneous and stable suspension of
0.5 mg mL−1 MWNT-DHP was achieved with the aid of
ultrasonication agitation for about 30 min. The GCE was coated
by casting 5 μL suspension of MWNT-DHP and dried in the air.
The freshly prepared MWNT-DHP composite film-modified
GCEs were activated in blank supporting electrolyte by using
successive cyclic scans from −0.8 V to 0.4 V until the stable
voltammograms were obtained.


2.3. Procedure


Voltammetric measurements were performed at room
temperature (∼ 25 °C). The accumulation step was performed
at 0.10 V for 120 s in a stirring solution, and the differential
pulse stripping voltammograms were recorded from −0.20 to
−0.80 Vafter 10 s quiescence. The peak currents were measured
at −0.50 V for the quantification of rhein. After each
measurement, in order to remove the previous deposits
completely, the modified electrode surface was refreshed by
15 successive cyclic voltammetric sweeps from −0.80 to 0.20 V
at 50 mV/s in a 0.1 mol L−1 NaOH solution.


2.4. Sample preparation


The sample preparation was performed as Ref. [7]. It was
briefly described as follows: the samples of Huangdan Yinchen
Keli were respectively obtained from Lanzhou Foci Pharma-
ceutical Company Ltd., Lanzhou, China. 2.5 g of the sample
powder was leached with 20 mL ethanol for 24 h. Then the
mixtures were filtered through a paper filter and the residues







Fig. 1. Cyclic voltammograms. (a) Bare GCE in blank buffer; (b) (a)
+5×10−6 mol/L rhein. (c) MWNT-DHP composite film modified GCE in
blank buffer; (d) (c)+5×10−6 mol/L rhein. Scan rate: 50 mV s−1.


Fig. 2. Cyclic voltammograms of 5×10−6 mol/L rhein at differential scan rates
at the MWNT-DHP composite film modified GCE. Scan rates from inert to
outmost: 10, 25, 50, 100, 150, 200, 250, 300 mV s−1.
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were washed twice with 10 mL ethanol. The extracts and
washings were combined and then diluted to 50 mL in a
volumetric flask with ethanol. The extracts were further diluted
with ethanol prior to their analysis.


3. Result and discussion


3.1. Electrochemical behavior of rhein at the MWNT-DHP
composite film-modified electrode


The electrochemical behaviors of different electrodes in the
absence or presence of 5×10−6 mol L−1 rhein are investigated
by cyclic voltammetry (CV) (Fig. 1). When in the absence of
rhein, no redox peaks was observed at both bare and modified
GCE electrodes during the CV scan within the potential window
from −0.20 to −1.00 V (Fig. 1a,c). Compared with the bare
GCE (Fig. 1a), a large background current was observed at the
MWNT-DHP composite film-modified GCE (Fig. 1c) during
the CV scans, which is probable due to high double layer
capacity currents [21]. Fig. 1b demonstrates the cyclic
voltammogram of a bare GCE in the presence of rhein and
the results shows that only a small and broad reduction peak
occurs at about −0.54 Vand no corresponding oxidation peak of
rhein was observed in the reverse scan, which indicates that the
electrochemical behavior of rhein at the bare GCE is an
irreversible and sluggish process. While at a MWNT-DHP
composite film-modified GCE, a pair of redox peaks of rhein
with the cathodic peak potential of −0.52 Vand the anodic peak
potential of −0.48 V was observed (Fig. 2d). The peak currents
of anodic and cathodic give similar value and the peak
separation is about 40 mV, which clearly indicates that the
reversibility of such a redox process was obviously improved at
the MWNT-DHP composite film-modified GCE. The obviously
increased peak currents and the improvement of the reversibility
clearly demonstrate an efficient catalytic reaction between the
MWNT-DHP composite film-modified GCE and rhein. This
electrocatalytic properties of MWNT-DHP composite film-
modified GCE may due to that MWNT can improve the

reversibility of the electron transfer processes, hence greatly
increases the rate of electron transfer from rhein to the electrode
[22]. Additionally, the high aspect ratios of the nanotubes may
present a steric effect for more efficient redox reaction of rhein
[21].


Fig. 2 demonstrates the effect of scan rates on the
electrochemical response of rhein by using cyclic voltammetry.
In the range of 0.01–0.3 V s−1, both the anodic and cathodic
peak currents had good linear relationships with scan rates,
indicating that the electrochemical reaction of rhein at the
MWNT-DHP composite film-modified GCE is an adsorption-
controlled process.


In order to better understand the electrochemical properties
of MWNT-DHP compote film-modified GCE, the electrochem-
ical active surface areas of bare and modified electrodes were
measured by chronoamperometry by using 0.1 mmol L−1


potassium ferrocyanide as the redox probe. In chronoampero-
metric studies, the current, i, for the electrochemical reaction (at
a mass-transport-limited rate) of ferrocyanide that diffuses to an
electrode surface is described by the Cottrell equation,


i ¼ nFAD1=2C⁎=p1=2t1=2 ð1Þ
where A is the electrochemical active area, D is the diffusion
coefficient, C⁎ is the bulk concentration of ferrocyanide and the
other parameters have their usual meanings. Under diffusion
control, a plot of i vs. t1/2 will be linear, and from the slope, the
value of A can be obtained, for the precise value of diffusion
coefficient of ferrocyanide is well known (6.20×10−6 cm2 s−1).
The experiment results showed that the electrochemical active
area of bare GCE and MWNT-DHP-modified GCE were
0.11 cm2 and 0.71 cm2, respectively. Hence, the enhanced
responses of rhein at MWNT-DHP composite film-modified
GCE may be arise from the large active area of MWNT-DHP
composite film for the adsorption of rhein.


The relationship between ip and ν indicates that the electrode
process of rhein is adsorption-controlled. To infer more about
the adsorption of rhein on three different electrodes, chronocou-
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lometry was investigated in the presence of 1.0×10−6 mol L−1


rhein. From the intercepts of the Anson's plots (Q vs. t1/2), the
excess charge (Qads) corresponding to the adsorbed component
(after background charge correction from the backward step)
can be obtained, and the results showed that Qads of rhein at
bare GCE, DHP-modified GCE and MWNT-DHP composite
film-modified GCE were 3.5, 1.8 and 21 μC, respectively.
Under identical conditions, the value of Qads of rhein at the
DHP-modified GCE is much lower than that at the bare GCE,
suggesting that the DHP film blocks the adsorption of rhein. In
contrast, the value of Qads of rhein at the MWNT-DHP
composite film-modified GCE increased significantly in
comparison with that at the bare GCE, indicating that MWNT
offers more effective accumulation of rhein. There is no doubt
that the MWNT-DHP composite film-modified electrode gives
more sensitive signals to rhein.


3.2. DPV behavior of rhein at the MWNT-DHP composite film-
modified electrode


In order to further elucidate the fascinating properties and
potential of MWNT-DHP-modified GCE in the determination
of rhein, the electrochemical behaviors of 5×10−7 mol L−1


rhein at three different working electrodes (i.e. bare GCE, DHP-
modified GCE and MWNT-DHP composite film-modified
GCE) were compared by cathodic differential pulse voltam-
metry (DPV), and the results are shown in Fig. 3. The response
on the bare GCE is a poor reduction peak that occurred at about
−0.45 V (curve b). Under the identical conditions, the MWNT-
DHP composite film-modified GCE gives significantly in-
creased signals at about −0.50 V (curve c). However, the peak
current of rhein decreases obviously at a DHP-modified GCE
(curve a). This may be due to that DHP can form a perfect thin
film on GCE surface and thus blocks the mass transportation
and electron transfer of rhein; therefore, the peak current
conversely decreases compared with that at a bare GCE. Based
on above discussions, the DPV technique was chosen as the

Fig. 3. Differential pulse voltammograms of 5×10−7 mol/L rhein at three
different electrodes after 120 s accumulation at 0.1 V. Pulse amplitude: 50 mV,
scan rate: 20 mV/s, pulse width: 50 ms. Curve (a): DHP film modified GCE;
curve (b): bare GCE; curve (c): MWNT-DHP composite film-modified GCE.

analytic method for the determination of rhein in this paper and
the optimized parameters of DPV is as follows: pulse amplitude:
50 mV, scan rate: 20 mV/s, pulse width: 50 ms.


3.3. Effect of the amount of MWNT-DHP suspension


Since DHP film can prohibit the electron exchange between
rhein and the electrode and block the adsorption of rhein, the
concentration of DHP in the MWNT-DHP suspension solution
should be kept as low as possible. However, the lower
concentration of DHP leads to a poor dispersion characteriza-
tion and hence affects the casting of MWNT-DHP composite
film. In present case, the DHP concentration of 0.5 mg mL−1 is
suitable. The relationship between the amount of MWNT-DHP
suspension solution on the GCE and the DPV peak current of
rhein has been examined. The results illustrated that the peak
current increases gradually with the increasing of the amount of
the MWNT-DHP over the electrode surface at firstly. When the
amount of MWNT-DHP suspension solution exceeds 5.0 μL, no
obvious change in the peak current is observed, which suggests
that the MWNT-DHP composite film has genuine catalytic
function towards the electrochemical behavior of rhein and that
the diffusion of electron transfer processes within the film and at
the film–solution interface are sufficiently fast and not the rate-
controlled steps. Thus, the thickness of film does not affect the
catalytic redox of rhein. However, the charging current
increased with the amount of the MWNT-DHP on the electrode
surface, thus preventing from determining rhein at low
concentration level. Then the amount of MWNT-DHP on the
GCE surface is chosen for 5.0 μL.


3.4. Choice of supporting electrolyte


For optimization of the rhein determination, the effects of pH
and buffer systems, such as phosphate buffer, B-R buffer,
acetate buffer and Macllvaine buffer, were examined. The
results showed that the highest DPV peak current of rhein was
obtained in acetate buffer and, moreover, the cathodic peak was
also well defined. The effect of pH of the supporting electrolyte
on the peak current of rhein at the MWNT-DHP composite film-
modified GCE is investigated over the range of pH 3.0–8.0.
When the pH of the solution is lower than 4.0, the DPV peak
current of rhein increases with the pH increase and little change
in the peak current is observed over the pH range of 4.0–5.5. At
the pH higher than 5.5, the peak current of rhein decreases with
the pH increase. When at the higher pH, rhein become
deprotonated and the solubility of rhein become larger.
Hence, the adsorption of rhein on the electrode at higher pH
is inefficient. Thus, after each measurement, the MWNT-DHP
composite film-modified GCE was multi-cyclic potential
scanning in a 0.1 mol L−1 NaOH solution to regenerate the
surface of MWNT-DHP composite film-modified GCE.


3.5. Accumulation conditions


Accumulation, either open-circuit or close-circuit accu-
mulation, is a common and effective tool to improve







Fig. 5. Scheme of the redox reaction of rhein at the MWNT-DHP composite film
modified GCE.
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determining sensitivity. The influence of accumulation
potential on the DPV peak current of rhein was investigated
at different potentials from −0.2 to 0.4 V and open-circuit.
When the accumulation potential shifted from −0.2 to 0.1 V,
the DPV peak current of rhein increased. As the
accumulation potential becoming more positive, the adsorp-
tion of rhein at the electrode surface became more efficient
and, consequently, the DPV peak currents increased. When
the accumulation potential is more positive than 0.1 V, the
DPV current decreased slightly and, at the same time, the
background current increased. The experiment also showed
that the accumulation of rhein at open-circuit was less
efficient than that at 0.1 V. Hence, the best accumulation
potential is 0.1 V.


The effect of accumulation time on the DPV peak current of
5×10−7 mol L−1 rhein is shown in Fig. 4. The DPV peak
current increases rapidly with the increase of accumulation
time. Rapid adsorption of rhein on the surface of the MWNT-
DHP composite film-modified GCE is responsible for this
phenomenon. The peak current increases linearly with the
accumulation time over the range 15 s to 120 s. However, for a
longer accumulation time, the plot levels off, indicating,
presumably, that a limiting amount of rhein on the electrode
surface has been adsorbed. Further increase of the accumulation
time leads to only slight increase the amount of rhein adsorbed
on the electrode owing to surface saturation. The sensitivity for
lower rhein concentrations could be increased by increasing the
accumulation time, but the linear concentration range was
diminished.


3.6. Electrode reaction mechanism of rhein


The pair of symmetrical peaks of rhein (Fig. 1d) at the
MWNT-DHP composite film-modified GCE indicates that it
belongs to a typical reversible adsorptive redox reaction. The
cyclic voltammogram of rhein demonstrates that the width at a
half-height of either the cathodic or the anodic peak is about to

Fig. 4. Variation of the DPV peak current of 5×10−7 mol/L rhein versus the
accumulation time. Other conditions are the same as in Fig. 3.

47 mV. The electron number (n) can be calculated by following
equation [23]:


DEp;1=2 ¼ 3:53RT=nF ¼ 90:6=n ðmV; 25 -CÞ ð2Þ


Thus, the n of rhein involved in the electrode reaction is 2.
The relationship between pH value and the redox peak potentials
of rhein has also been studied and the results showed that the pH
value strongly affects the peak potentials of rhein. It shows that
both the peak potentials shift toward more negative potentials as
pH increasing from 3.0 to 8.0, and a good linear relationship was
observed between pH value and peak potentials with a slope of
−53mV/pH. The slope of −53mV/pH indicates that the number
of protons and electrons involved in the electrode reaction of
rhein is equal. From the structure of rhein, it could be proposed
that the electroactive group is quinonyl. Thus, the possible
electrode reaction of rhein at the MWNT-DHP composite film-
modified GCE is described as in Fig. 5.

3.7. Calibration plot


The calibration plot for the rhein determination was
constructed based on results of cathodic differential pulse
voltammetry. Its linear segment increases from 1.0×10−8 to
5.0×10−6 mol L−1 (R=0.9976). For the concentration of rhein
higher than 5.0×10−6 mol L−1, the peak currents increased
only slightly and approaching a constant value due to saturation
of the MWNT-DHP composite film-modified electrode surface.
The detection limit was 5.0×10−9 mol L−1 at a 3:1 signal-to-
noise ratio for accumulation time of 120 s. The relative standard
deviation of 4.7% for determination of 5.0×10−7 mol L−1 rhein
(n=10) indicates excellent reproducibility.

Table 1
Results of rhein analysis in real samples (n=6)


Samples Detected
(mg/mL)


Added
(mg/mL)


Recoveries
(%)


Measured with
HPLC (mg/mL)


1 0.32 0.20 102.5 0.34
1 0.34 0.40 98.1 0.33
2 0.28 0.20 103.6 0.29
2 0.30 0.40 102.2 0.31
3 0.34 0.20 98.7 0.34
3 0.35 0.40 103.8 0.34
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The stability tests were carried out in room temperature. The
current response decreased only by around 3.8% of its initial
response after 2 weeks exposing the electrode in air, which
shows the MWNT-DHP composite film-modified GCE has
good long-time stability for determination of rhein.


4. Interferences


The effect of coexistent substances on the determination of
rhein was investigated. Under optimal conditions, the proposed
method was used for the determination of 1.0×10−7 mol L−1


rhein. The experimental results showed that at least a 200-fold
excess of Ca2+, Mg2+, Ba2+, L-histidine, DL-alanine, DL-phenyl
alanine, proline, thymine, a 100-fold excess of adenine,
thiourea, urea, epinephrine, guanine, uric acid, and a 10-fold
excess of aloe-emodin and emodin do not interfere with the
determination of 1.0×10−7 mol L−1 rhein within an error of
5%.


5. Sample analysis


In order to confirm the sensitivity and generality of the
proposed method, we have used this method for the determina-
tion of rhein in sample solutions of Huanddan Yinchen Keli by
using standard addition method. The results are listed in Table 1.
The recoveries obtained were found to be 98.1–103.8%, which
indicate that this method is accuracy enough for practical
application. The reliability for the detection of rhein at MWNT-
DHP composite film-modified electrode was also proved by
comparative experiment using HPLC, and Table 1 also shows
that results obtained with MWNT-DHP composite film-
modified electrode are in good agreement with reference values
obtained with HPLC.


6. Conclusion


An easy prepared MWNT-DHP composite film-modified
GCE was firstly performed to investigate the electrochemical
behavior of rhein in detail. The reported modified electrode
improved the reversibility of redox reaction of rhein and
increased the electrochemical response of rhein significantly,
which clearly demonstrates the excellent electrocatalytic
activity of the MWNT-DHP composite film toward the redox
reaction of rhein. The electrode reaction mechanism of rhein at
the MWNT-DHP composite film was also investigated. Based
on this, a sensitive cathodic differential pulse voltammetric
method was proposed for the determination of rhein in real
samples. Its sound results showed that the method is quite
valuable and seems to be of great utility for further sensor
development.
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Abstract


The development of a cholesterol biosensor by co-immobilization of cholesterol esterase (ChEt) and cholesterol oxidase (ChOX) on oxygen
electrode is described. The electrode consists of gold cathode and Ag/AgCl anode. The enzymes were immobilized by cross-linking with
glutaraldehyde and Bovine Serum Albumin (BSA). The immobilized enzymatic membrane was attached to the tip of the electrode by a push cap
system. The optimum pH and temperature of the sensor was determined, these are 6 and 25 °C respectively. The developed sensor was calibrated
from 1–75 mg/dl of cholesterol palmiate and found linear in the range of 2–50 mg/dL. The calibration curve was drawn with Vi (ppm/min)(initial
velocity) vs different concentrations of cholesterol palmiate (mg/dL). The application of the sensor to determine the total cholesterol in different
real food samples such as egg, meat was investigated. The immobilized enzymatic layer can be reused over 30 times and the stability of the
enzymatic layer was studied up to 9 weeks.
© 2006 Elsevier B.V. All rights reserved.

Keywords: ChEt; Cholesterol biosensor; ChOX; Food sample analysis; Stability

1. Introduction


Cardiovascular diseases in people are increasing day by day
and cardiac arrest is a major cause of death world over. There
are several causes for this but one of the most important reasons
is hypercholesterolemia i.e. the increased concentration of cho-
lesterol in the blood [1,2]. Cholesterol belongs to the sterol
group of fats. It is present in egg yolk, dairy products, goat meat
etc. Therefore, cholesterol is one of the most frequently de-
termined analytes in clinical as well as in analysis of food
samples. The development of efficient rapid analytical methods
for their estimation in food and clinical samples is important.
HPLC [3], gas–liquid chromatography [4,5] methods used for
the determination of total cholesterol offer sensitivity and se-
lectivity but are neither suitable for rapid nor cost effective
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24137121.


E-mail address: crunu@hotmail.com (R. Chakraborty).
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detection. Enzymatic procedures have practically replaced the
chemical methods based on the classical Libermann–Burchard
reaction, used traditionally for free and total cholesterol de-
termination [6]. Owing to the advantages of simplicity, rapid-
ness and cost effectivity, a few cholesterol biosensors have been
developed which are based on cholesterol oxidase (ChOX) and
cholesterol esterase (ChEt) [7,8], cholesterol oxidase [9–14],
Cytochrome P450scc [15], fiber-optic biosensor [16,6], acoustic
wave [17].


Most of the above reported cholesterol biosensors were
applied for clinical analysis. Application of this sensor in the
field of food sample analysis is very limited. In this paper our
aim is to develop a fast, economic, simple cholesterol biosensor
based on immobilized ChEt and ChOX on a polycarbonate
membrane attached to the tip of the oxygen electrode and use it
for determination of cholesterol in food. For quality control,
determination of cholesterol in food is important as food high in
cholesterol may increase its level in the blood [18].


The current enzymatic methods are based on ChEt and
ChOX, which catalyze the following reactions [19,20].



mailto:crunu@hotmail.com
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2. Materials and methods


2.1. Materials


Cholesterol esterase (EC 3.1.1.1.3,3.6 U mg−1), cholesterol
palmiate, nonaethylene glycol monododecyl ether used as a
surfactant were purchased from Sigma, USA. Cholesterol oxi-
dase (EC 1.1.3.6, 15 Umg−1) was procured from SRL, India.
Mono and di-sodium phosphate, glutaraldehyde, Bovine Serum
Albumin (BSA), sodium chloride were obtained from Merck,
Germany. Polycarbonate membrane (pore size 0.4 μm) was
purchased from Sartorius, Germany. All the food and meat
samples were purchased from local market of Jadavpur, Kolkata,
India.


2.2. Apparatus


Oxygen consumption during the reactions was measured
polarographically at −0.7 V using an oxygen electrode. The
probe consists of a silver anode and a gold cathode (with a
sensitive end of 0.5mm diameter). This probe is connected to the
DOmeter (Orion, 850 plus).When a polarizing voltage (−0.7 V)
is imposed across the cathode/anode, by the principles of
electrode chemistry, it reduces oxygen at the cathode, causing a
measurable current to flow. This current is in proportional to the
difference in partial pressure of oxygen (pO2) across the mem-
brane, which is in turn proportional to the absolute pressure out
side the membrane, assuming pO2 inside the membrane is zero.
The higher the oxygen concentration in the reaction medium,
and the higher the external pO2 the more is the current flow. The
DO meter used this signal to calculate the dissolved oxygen
concentration in the reaction medium in parts per million (ppm).
For constant stirring of the sample a magnetic stirrer (REMI
India, model 1 MLH) was used.


2.3. Preparation of cholesterol palmiate solution


Cholesterol palmiate is insoluble in water. So, it is important
to make the homogeneous solution using either propanol/triton-
X or nonaethylene glycol monododecyl ether. Standard solution
of cholesterol palmiate was prepared by dissolving 400 mg of
cholesterol palmiate followed by addition of nonaethylene gly-
col monododecyl ether by stirring till the solution was clear and
colorless at 65 °C. Then hot phosphate buffer saline (PBS) was
added and volume made up to 100 ml. The solution was allowed
to reach its normal temperature before being used and was stored
at 4 °C.

2.4. Immobilization of enzymes


A 10 μl (10×4) aliquot from a 40 μl mixture prepared by
mixing 25 μl of BSA (10%), 10 μl of a bifunctional cross-linker,
glurataldehyde (2.5%) and 5 μl of PBS containing different
amount of cholesterol oxidase (2.5 μl) and 150 U ml−1 of
cholesterol esterase (2.5 μl) was spread over the polycarbonate
membrane and dried at room temperature (25 °C) for 1 h [21]. The
membranewaswashed thoroughlywith PBS (pH7) to remove any
excess glutaraldehyde and stored in PBS at 4 °C when not used.


2.5. Development of the sensor


The immobilized enzyme membrane was mounted on the tip
of the oxygen electrode with a push cap system. A rubber washer
was used between the membrane layer and push cap to make it
leak proof. The enzyme electrode was connected to the DO
meter with a socket. The buffer saturated with air had an oxygen
concentration 7–8 ppm at 25 °C. Zero oxygen concentration was
obtained by an oxygen scavenging solution of sodium sulfite.


2.6. Assay procedure


The enzyme electrode was polarized for about 30–40 min
every time before use. The DOmeter was calibrated with the help
of the manufacturer's instruction manual. Assay was started by
adding different concentrations of cholesterol plamiate. In order
to restore 100% oxygen saturation, the enzymatic membrane was
washed several times with PBS before the following assay. Oxy-
gen diffusion from air decreases the efficiency of the assay when
carried out with enzyme in the solution [22,23]. To overcome this
problem, an air sealed reaction chamber of glass (capacity 12 ml)
was used. But with enzyme immobilized on an electrode, envi-
ronmental oxygen does not interfere as the sensor measures
oxygen at the level of the film [23]. For sample measurement, the
background O2 concentration was subtracted every time. All the
experimental data given are average of 5 times repeats.


Buffer and all other solutions were prepared with double
distilled water, immediately before use.


2.7. Sample preparation


Sample extraction was performed by using a modification of
the method of Folch et al. [24] and Ishikawa et al. [25]. Fresh goat
meat and chicken meat were gutted and the muscle tissue was cut
into small pieces. About 5 g of each samplewas homogenized in a
mixer–grinder (REMI, India) with 50 ml of chloroform–me-
thanol mixture. The homogenized tissue was then filtered. For
sensormeasurement the mixture solutionwas evaporated at 80 °C
in water bath. After that the sample residue was dissolved in
nonaethylene glycol monododecyl ether following the same
procedure as the standard cholesterol palmiate preparation.


2.8. Cholesterol estimation by spectrophotometric method


By the colorimetric enzymatic kit (CHOD-PAP) method
(Human ®, Germany) the desired colour of cholesterol in the







Fig. 2. Temperature profile determined at pH 6.0 (at varying temperatures of 10±2
to 50±2 °C), containing 33.33 mg/dl of cholesterol palmiate.
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samples was reached and then analyzed in a spectrophotometer
(Hitachi U-2000) at 500 nm.


3. Results and discussion


3.1. Optimization of pH in sensor responses


The effect of the pH on the response of the cholesterol sensor,
containing immobilized ChEt (150 U ml−1) and ChOX (60 U
ml−1) was examined over the range of 4–9 at a fixed concentration
of cholesterol palmiate (33.33 mg/dl).


The effect of pH on the activity of DO/ChEt/ChOX probe is
shown in Fig. 1. It can be seen in figure that the peak signals were
obtained at pH 6.0, whereas the mixture of ChEt and ChOX in
free solution showed an optimum pH of 6.5 at 30 °C [26]. This
shift of optimum pH to the acidic region may be due to change in
microenvironment for immobilization. Other reported values
show that the optimum pH of these co-immobilized enzymes as
7.5 [26] and 7.0 [8]. This anomaly may be due to the difference
in sensor fabrication and process for enzyme immobilization.
Further experiments were carried out in buffer of pH 6.0.


3.2. Optimization of temperature on sensor responses


Temperature exerts a marked influence on the enzymatic acti-
vity as well as the performance of the oxygen electrode because
all the enzymes have a narrow temperature range for their func-
tioning. The effect of temperature was studied by exposing the
cholesterol palmiate solution at a fixed concentration 33.33 mg/dl
over the temperature range of 10–50 °C (Fig. 2).


O2 consumption (Vi ppm/min, initial velocity) by the cho-
lesterol sensor increased with increase in temperature till it reached
20 °C and further increased slightly at 25 °C (Vi=0.6405 ppm/
min). Beyond 25 °C, the consumption of O2 gradually decreased.
A bell-shaped temperature profile is obtained in the figure with a
distinct optimum temperature at 25 °C. This value is lower than
that of the earlier reported values [26,8]. This difference may be
due to the difference in electrode preparation and immobilization
of the enzymes. Further experiments were carried out at 25 °C.

Fig. 1. Optimization of pH performed at 25±2 °C by making use of 0.2 M
citrate–phosphate buffer (pH 4, 5, 6), sodium phosphate buffer (pH 7 and 8),
glycine–NaOH buffer (pH 9), containing 33.33 mg/dl of cholesterol palmiate.

3.3. Enzyme loading


In these sets of experiments, the immobilized enzyme mem-
branes were prepared by co-immobilizing of ChEt and ChOX.
The cholesterol biosensor was standardized with four different
ChOX concentration (15, 30, 60 100 U ml−1) keeping the
loading concentration of ChEt fixed at 150 U ml−1 and each
biosensor was evaluated based on the characteristics of its
oxygen consumption (Vi ppm/min) to the concentration of
cholesterol palmiate at pH 6.0 and temperature 25 °C. It was
found that the loading concentration of ChOX at 60 U ml−1 and
ChEt at 150 U ml−1 has exhibited superior performance over
the other three loading concentrations (Fig. 3). So, for sub-
sequent experiments the loading concentration of ChOX at
60 Uml−1 and ChEt at 150 Uml−1 were taken as the optimum
loading concentration.

Fig. 3. Effect of enzyme loading concentration on the sensor responses varying
the loading concentration of cholesterol oxidase (▴ 15 U ml−1, □ 30 U ml−1,
♦ 100 U ml−1, ● 60 U ml−1), keeping the concentration of cholesterol esterase
fixed at 150 U ml−1.







Fig. 4. Calibration curve of the coupled cholesterol esterase and cholesterol
oxidase system at varying substrate concentrations at 25±2 °C and pH 6.0.


Table 1
Determination of cholesterol in different real food samples (10 times diluted
except duck egg) by the developed cholesterol biosensor


Sample Vi (ppm O2/min) Cholesterol mg/100g


Poultry egg yolk 0.752 456.04
Poultry egg yolk (boiled) 0.761 465.4
Poultry egg (white) −0.01 0
Deshi egg yolk 0.653 352.92
Deshi egg yolk (boiled) 0.662 362.3
Duck egg yolk (40 times diluted) 0.498 765.8
Goat meat 0.384 72.7
Goat meat (cooked) 0.389 77.91
Goat liver 0.679 380
Chicken meat 0.377 65.4


*Values reported as the average of 5 repeats.
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3.4. Calibration of the sensor


An oxygen consumption in ppm vs substrate concentration
(mg/dl) curve were drawn. Normally the time required to reach
maximum O2 consumption value i.e. the response time of the
sensor was 90 s (data not shown). The optimum concentration of
substrate, which can be estimated by enzyme sensor can be deter-
mined by measuring O2 consumption at varying concentrations of
cholesterol palmiate (1–75 ml/dl) in the assay mixture at pH 6.0
and temperature 25 °C. The effect of cholesterol palmiate con-
centration on the sensor is shown in Fig. 4. A linear relationship
was found between substrate concentration and O2 consumption
(Vi ppm/min) from 2–50 mg/dl of cholesterol palmiate. The
following regression equation with a R2=0.9925 was obtained.


Viðppm=minÞ ¼ 0:0096½ Cholesterol palmiate� þ 0:3142


At this stage, the biochemical reaction reaches saturation point
with the substrate. Above this substrate concentration (50 mg/dl),
the ratio of increase in O2 consumption vs increase of substrate
concentration gradually decreased.

Fig. 5. Correlation between the total cholesterol values determined by the
Libermann–Burchard method and the present method using coupled cholesterol
esterase and cholesterol oxidase system.

3.5. Estimation of cholesterol in real samples


In order to check the validity of our sensor, we have analyzed
the total cholesterol in real food samples. These values obtained by
sensory method were also compared with enzymatic kit (CHOD-
PAP) method. The results are compared graphically in Fig. 5 with
R2=0.9995. The data given are average of five measurements.
The values of the total cholesterol of different food samples is
represented in the Table 1. It was found by both of these methods
that the cholesterol content increased after cooking. It may be due
to the retention and tissue moisture losses [27].


3.6. Storage stability of the membrane


The long term stability and repeatability of the immobilized
membrane was investigated in identical condition for each time.
The membrane was kept for 9 weeks at 4 °C in sealed poly-
propelene bags containing PBS (pH 7.0). The enzymatic mem-
brane can be reused over 30 times with 10–12% loss of its initial
activity (data not shown).


For long-term storage, the enzyme activities were almost the
same as the initial activity up to 2 weeks (Fig. 6). After that the
enzyme activity started to decrease with storage time and reached
almost 50% of its initial activity after 8 weeks. The activity further
decreased below 50% after 9 weeks.

Fig. 6. Storage stability of the immobilized membrane.
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4. Conclusion


A rapid, economic and simple DO probe based cholesterol
biosensor was developed for the estimation of the total cholesterol
in food substances. The biosensor can be prepared by co-immo-
bilizing ChEt and ChOX. This sensor exhibits linearity with the
concentration range from 2–50mg/dl of cholesterol palmiate at pH
6.0 and temperature 25 °C. In this study, it has been demonstrated
that the developed sensor can be applied in food samples for the
estimation of the total cholesterol. This sensor also shows close
results as with the colorimetric method.
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Abstract


Alamethicin forms voltage-gated ion channels that have moderate cation-selectivity. The enhancement of the cation-selectivity by introducing
negatively charged residues at positions 7 and 18 has been studied using the tethered homodimers of alamethicin with Q7 and E18 (di-alm-Q7E18)
and its analog with E7 and Q18 (di-alm-E7Q18). In the dimeric peptides, monomer peptides are linked at the N-termini by a disulfide bond. Both
the peptides formed long lasting ion channels at cis-positive voltages when added to the cis-side membrane. Their long open duration enabled us
to obtain current–voltage (I–Vm) relations and reversal potentials at the single-channel level by applying a voltage ramp during the channel
opening. The reversal potentials measured in asymmetric KCl solutions indicated that ionized E7 provided strong cation-selectivity, whereas
ionized E18 little influenced the charge selectivity. This was also the case for the macroscopic charge selectivity determined from the reversal
potentials obtained by the macroscopic I–Vm measurements. The results are accounted for by stronger electrostatic interactions between permeant
ions and negatively charged residues at the narrowest part of the pore than at the pore mouth.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Alamethicin; Ion channel; Planar BLM; Charge selectivity; Reversal potential

1. Introduction


Alamethicin is a well-studied channel forming peptide of 20
residues (Fig. 1), which forms voltage-gated ion channels in
lipid bilayers [1–6]. The multi-conductance behavior in the
single-channel recordings is interpreted in terms of the helix-
bundle model [6–8], which is a basic design for the pore region
of intrinsic ion channels. Because of the structural resemblance
to intrinsic ion channels as well as the simple sequence,
alamethicin has provided a good model channel to study
structure–function relationships (for reviews, see Refs. [9–13]).
Hence, effects of structural modifications in alamethicin on the
channel properties have been extensively studied, and various
channel forming peptides based on alamethicin have been
designed to mimic the function of intrinsic ion channels, such as
ion-selectivity, gating and sensing [14–30]. This study has been
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performed along the same line and is concerned with the
modification of the ion-selectivity of alamethicin channels.


Ion-selectivity of ion channels is commonly evaluated in
terms of the ratio of permeability coefficient determined from
the reversal potential (or the diffusion potential) evoked in the
presence of a salt concentration gradient. It is, however, difficult
with alamethicin channels to measure reversal potentials in
either single- or multi-channel measurements because of their
voltage-dependent channel formation, i.e., the channels formed
at a voltage, say 100mV, close before reaching the reversal
potential when the voltage decreases. Alternatively, we often
use the ratio of single-channel conductance measured in sym-
metric solutions of various kinds of salts [26, 31] and in the
presence of a salt concentration gradient [32]. Unfortunately, the
conductance ratio is not necessarily consistent with the ratio of
permeability coefficient determined from the reversal potential
[26].


Recently, use of tethered alamethicin made it possible to
measure the reversal potentials at the single-channel level.



mailto:asami@e.kuicr.kyoto-.ac.jp

http://dx.doi.org/10.1016/j.bioelechem.2006.05.005





Fig. 1. Amino acid sequences of alamethicin Rf 30 (alm-Q7E18), its analog with
E7 and Q18 (alm-E7Q18) and their dimers (di-alm-Q7E18 and di-alm-E7Q18)
in which monomers are linked at their N-termini by a disulfide bond. U, α-
aminoisobutyric acid; Pheol, phenylalaninol; Ac, acetyl.


Fig. 2. EIS-MS chart of purified di-alm-E7Q18.
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Tethering stabilizes specific conductance states to increase the
duration of open channels and reduce the rate of channel closure
[22–26,30], thereby enabling us to obtain the entire current–
voltage (I–Vm) curves for the single channels by applying a fast
voltage ramp during the open state [24,25,30]. Using this
technique, Starostin et al. [26] studied the ion-selectivity of the
single channels formed by covalently linked dimers of
alamethicin analogs, and clearly demonstrated that the substi-
tution of Lys (K) for Gln18 (Q18) converted cation-selective
channels into anion-selective ones at pH 6.8; the permeability
ratio of K+ to Cl− (PK/PCl) for channels with octameric helices
was 2.1 for the peptide with Q18 and 0.56 for the peptide with
K18. Furthermore, the ion-selectivity for the peptide with K18
depended on the pH of the bathing solution, i.e., PK/PCl=0.25
at pH<7, PK/PCl≈1 at pH 7–11 and PK/PCl=4 at pH>11 [28].


In macroscopic (or multi-channel) measurements, some of
the channels can survive at lower voltages around the reversal
potential when the voltage is decreased at a relatively high
sweep rate. The probability of remaining open channels is a
function of the voltage sweep rate, the lifetime of channels and
the number of peptides in the membrane. For alamethicin
channels with a relatively short lifetime, a relatively high
peptide concentration is required to increase the probability, but
it also makes the membrane unstable. Measurement of the
reversal potential, therefore, is not easy task for alamethicin
channels. Nevertheless, Eisenberg et al. [2] succeeded in
measuring reversal potentials under various salt concentration
gradients and estimated the macroscopic ion-selectivity, i.e., the
permeability ratios of Ca++, Na+ and K+ to Cl− were 0.3, 1.6
and 2.7, respectively. If the channel lifetime is prolonged, the
reversal potential can be more easily measured at low peptide
concentrations. Thus, as well as single-channel I–Vm measure-
ments, use of tethered alamethicin would be of considerable
benefit in determination of the reversal potential by macro-
scopic I–Vm measurements.


In a previous paper, we studied the effects of charged
residues on the charge selectivity of alamethicin ion channels
by comparing the single-channel conductance measured in
solutions of K and Cl salts with bulky counterions. The

results with alamethicin analogs with Glu7 (E7) instead of
Gln7 (Q7) suggested that ionized E7 located at the narrowest
part of the channel strongly enhanced cation-selectivity [21].
The charge selectivity of the channels, however, should be
verified by measuring the reversal potentials. To measure the
entire I–Vm relations of single channels, long lasting channels
are required as above mentioned. Hence, we synthesized the
alamethicin dimer (di-alm-Q7E18) N-terminally linked by a
disulfide bond and succeeded to increase the open duration
and to obtain the entire I–Vm relations of the single channels
[30].


In this study, we synthesized a homodimer of an alamethicin
analog with E7 (di-alm-E7Q18) by tethering alm-E7Q18 at the
N-terminus by a disulfide bond. For di-alm-E7Q18 and di-alm-
Q7E18 previously synthesized, the I–Vm relations and the
reversal potentials were obtained at the single- and the multi-
channel levels. The charge selectivity was determined from the
reversal potential measured in asymmetric KCl solutions and
the effects of ionized E7 and E18 on the charge selectivity were
discussed.


2. Materials and methods


2.1. Peptide synthesis


The sequences of alamethicin Rf 30 (alm-Q7E18) and pep-
tides used in this study are shown in Fig. 1. Alm-E7Q18 and di-
alm-Q7E18 (a dimer of alm-Q7E18) were synthesized previ-
ously [21,30]. In this study, di-alm-E7Q18 was synthesized by
the same method used for di-alm-Q7E18. Fig. 2 shows the ESI-
MS chart of synthesized di-alm-E7Q18 (MW=4018.79)
obtained using an API-3000K (PE Sciex), two peaks being
found as: 2009.9 [M+2H+] and 1340.4 [M+3H+].


2.2. Channel current measurements


Currents through ion channels formed by peptides in
diphytanoyl phosphatidylcholine bilayers were measured as
described previously [21,30,32]. The bathing solutions (1M
and 3M KCl) were buffered with either 10mM MES–HCl (pH







Fig. 4. Conductance histogram of di-alm-E7Q18 channels in 1M KCl at pH 6.9.
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3.5) or 10mM HEPES–KOH (pH 6.9–7.0). A pair of Ag–
AgCl electrodes was used for current measurement and voltage
supply. Peptides were added to one of the aqueous compart-
ments (cis-side) to a final concentration of 1–5nM for alm-
E7Q18 and 0.1–2.5nM for di-alm-E7Q18 and di-alm-Q7E18,
and the other side (trans-side) is virtually grounded. Currents
were measured using a home made current–voltage converter
or an Axopatch 200B (Axon Instruments). Measurements were
made at 25±0.5°C and the cut-off frequency was around
1kHz. Single-channel recordings were made by applying a dc
voltage of about 200mV. For macroscopic current–voltage
measurements, triangular wave voltages of 0.01 to 1Hz (or the
voltage sweep rate of 10–1000mV/s) were applied to the
membranes.


The current–voltage characteristics of the single channels of
di-alm-Q7E18 and di-alm-E7Q18 were measured by applying a
fast voltage ramp during the open states as described previously
[30]. Briefly, when a single channel is formed under a dc
voltage of ∼200mV, the voltage is linearly decreased to
∼−200mVand then is increased to ∼200mVat a sweep rate of
32mV/ms. If the channel does not close during the voltage
sweep, we can get the I–Vm curve after correction for the
charging current of the membrane.

Fig. 3. Single channel recordings for alm-E7Q18 and di-alm-E7Q18 channels in
1M KCl at pH6.7–6.9 and at 200mV. Note the difference in time scale between
alm-E7Q18 and di-alm-E7Q18. For di-alm-E7Q18, three traces are shown.

2.3. Determination of charge selectivity


To determine the charge selectivity of channels, microscopic
and macroscopic I–Vm curves were measured in asymmetric
KCl solutions: cc and ct are KCl concentrations at the cis- and
trans-sides, respectively. Since, with asymmetric KCl solutions,

Fig. 5. Macroscopic I–Vm curves for (A) di-alm-Q7E18 and (B) di-alm-E7Q18
in 1M KCl at pH 7.0. Sweep rates of voltage: in (A), (a) 46, (b) 92 and (c)
184mV/s; in (B), (a) 92, (b) 184 and (c) 460mV/s. Insets are closer looks of the
negative slope conductance. Arrows indicate the directions of voltage sweep.







Fig. 7. Current–voltage (I–Vm) curves of di-alm-Q7E18 channels (putative
hexameric channels) in asymmetric KCl solutions at pH 6.9. KCl solutions (cis/
trans): 3M/1M for curve a and 1M/3M for curve b. Dots indicate the observed
data. Solid curves were obtained by fitting a polynominal function to the data.
Inset: a close look near the reversal potentials.
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the applied voltage V is the sum of the electrode potential
difference Vel and the membrane potential difference Vm, Vm


was obtained by subtracting Vel from V as described previously
[32].


When there is a difference between the permeability
coefficients of K+ and Cl− denoted as PK and PCl, the reversal
potential Em is evoked, which is represented by the Goldman–
Hodgkin–Katz equation


Em ¼ RT
F


ln
PKat þ PClac
PKac þ PClat


; ð1Þ


where at and ac are the activities of KCl solutions at the trans-
and cis-sides, respectively.


3. Results and discussion


3.1. Single-channel recordings


Fig. 3 shows current fluctuations observed with lipid
bilayers doped to alm-E7Q18 and di-alm-E7Q18 in 1M KCl
at pH 6.9 and at 200mV. For alm-E7Q18, there appeared rapid
transitions among several current levels as described in a
previous paper [21]. This current behavior indicates that there
are several channels of different conductance values because
every current level is not a multiple of a unit current and that
their lifetimes are less than 10ms. In contrast to alm-E7Q18,
di-alm-E7Q18 formed long lasting channels of a few
conductance levels, indicating that particular channels are

Fig. 6. Membrane conductance Gm plotted against membrane voltage Vm for
(A) di-alm-Q7E18 and (B) di-alm-E7Q18 in 1M KCl at pH 7.0. Data are the
same as in Fig. 5. Arrows indicate the directions of voltage sweep.

stabilized by tethering monomer peptides. Similar results were
found for di-alm-Q7E18 as described previously [30]. The
current traces for di-alm-E7Q18, however, were more noisy
than those of di-alm-Q7E18 and various sublevels with slightly
different conductance values were found. Fig. 4 shows one of
the conductance histograms that were relatively often observed
for di-alm-E7Q18. The main peak around 1.1nS corresponds
putatively to channels with six helices. The conductance value
fluctuated among measurements, suggesting that the channels
take several different conformations.


3.2. Macroscopic measurements


Fig. 5 shows macroscopic channel currents for di-alm-
Q7E18 and di-alm-E7Q18 measured in 1M KCl (pH 7.0) by
varying voltage sweep rate. Channel currents were observed at

Fig. 8. Current–voltage (I–Vm) curves of di-alm-E7Q18 channels (putative
hexameric channels) in asymmetric KCl solutions at pH 6.9. KCl solutions
(cis/trans): 3M/1M for curve a and 1M/3M for curve b. Dots indicate the
observed data. Solid curves were obtained by fitting a polynominal function to
the data.







Table 1
Microscopic charge selectivity of di-alm-Q7E18 and di-alm-E7Q18 channels
that are putative hexameric bundles


Peptides PK/PCl


KCl concentration (cis/trans)


1M/3M 3M/1M


pH 3.5 pH 7.0 pH 3.5 pH 7.0


Di-alm-Q7E18 1.4 1.8 1.3 1.2
Di-alm-E7Q18 1.3 38.9 1.2 8.5


The permeability ratios PK/PCl were determined from the reversal potentials
measured in asymmetric KCl solutions at 25°C.


Fig. 10. Macroscopic I–Vm curves for di-alm-E7Q18 in 1M/3M KCl (cis/trans)
at pH 7.0. Sweep rates of voltage: (a) 92, (b) 184 and (c) 460mV/s.
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cis-positive voltages when peptides were added to the cis-side
chamber, indicating peptides were N-terminally inserted in the
membrane to form channels. The macroscopic current–voltage
(I–Vm) relations traced wide hysteresis loops due to slow
opening and closure of channels. At voltages below 0mV, a
negative slope conductance (dI/dVm<0) appeared after a peak
of negative current. Fig. 6 shows the logarithm of the cord
conductance of membrane Gm (Gm= I/Vm) plotted against the
membrane potential difference Vm. There were linear relations
between log Gm and Vm in the ascending voltage limb and the
slopes were almost independent of the voltage sweep rate. In the
descending voltage limb, Gm gradually decreased after a broad
peak but still remained high conductance levels even below
0mV. Since Gm is proportional to the number of open channels,
the results indicate that more than 100channels are still open at
0mV given the mean unit channel conductance is ∼1nS.

Fig. 9. Macroscopic I–Vm curves for di-alm-Q7E18 in asymmetric KCl
solutions at pH 7.0. KCl solutions (cis/trans): (A) 1M/3M and (B) 3M/1M.
Sweep rates of voltage: in (A), (a) 184, (b) 460 and (c) 920mV/s; in (B), (a) 92,
(b) 184 and (c) 460mV/s.

Hence, we would expect that the reversal potential can be easily
determined in the macroscopic I–Vm measurements with high
voltage sweep rates for di-alm-Q7E18 and di-alm-E7Q18 in
asymmetric salt solutions.


3.3. Current–voltage curves of single channels in asymmetric
KCl solutions


The long open duration found in the single-channel
recordings of di-alm-Q7E18 and di-alm-E7Q18 enables us to
measure the entire current–voltage curves by applying a voltage

Fig. 11. Macroscopic I–Vm curves for di-alm-E7Q18 in 3M/1M KCl (cis/trans)
at pH 7.0. (B) is a close look of (A) near the reversal potentials. Sweep rates of
voltage: (a) 92, (b) 184 and (c) 460mV/s.







Table 2
Macroscopic charge selectivity of di-alm-Q7E18 and di-alm-E7Q18 channels


Peptides PK/PCl


KCl concentration (cis/trans)


1M/3M 3M/1M


pH 3.5 pH 7.0 pH 3.5 pH 7.0


Di-alm-Q7E18 1.3 1.8 1.2 1.3
Di-alm-E7Q18 1.3 5.5 1.1 4.4


The permeability ratios PK/PCl were calculated from the reversal potentials
measured in asymmetric KCl solutions at 25°C.
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ramp during the open state. Thus, we can obtain reversal
potentials in asymmetric KCl solutions to determine the charge
selectivity at the single-channel level. Fig. 7 shows the I–Vm


curves for di-alm-Q7E18 at pH 6.9. The channels are putatively
a bundle of six helices [30]. The reversal potentials were slightly
negative (∼−4mV) for 3M/1M (cis/trans) KCl solutions,
slightly positive (∼8mV) for 1M/3M KCl solutions, and were
zero volt in symmetric KCl solutions (1M and 3M KCl). Fig.
8 shows the I–Vm curves of di-alm-E7Q18 channels with
putatively hexameric helixes at pH 6.9. The reversal potentials
were ∼−22mV (3M/1M) and ∼26mV (1M/3M), which were
larger than those for di-alm-Q7E18.


The ratios of permeability coefficient PK/PCl were calculated
from the reversal potentials using Eq. (1), being summarized in
Table 1. The di-alm-Q7E18 channels have moderate cation-
selectivity at both pH 3.5 and pH 6.9. The ionization of E18
slightly enhanced cation-selectivity in 1M/3M but little did in
3M/1M. On the other hand, di-alm-E7Q18 channels showed
strong cation-selectivity at pH 6.9 where E7 is ionized, whereas
the charge selectivity at pH 3.5 was almost the same as that of
di-alm-Q7E18. The charge selectivity for both di-alm-Q7E18
and di-alm-E7Q18 at pH 6.9 depended on the direction of KCl
concentration gradient; the PK/PCl for 1M/3M was higher than
that for 3M/ 1M.


The values of PK/PCl estimated for di-alm-Q7E18 and di-
alm-E7Q18 were qualitatively consistent with those of the
conductance ratio GK/GCl measured for alm-Q7E18 and alm-
E7Q18 channels using solutions of K and Cl salts with bulky
organic counterions, i.e., GK/GCl=1.2 for alm-Q7E18 and GK/
GCl=4.2 for alm-E7Q18 at pH 7.0 [21]. The conductance ratio,
however, provided always lower values than the ratio of
permeability coefficient as described by Starostin et al. [26].


3.4. Macroscopic I–V curves in asymmetric KCl solutions


Fig. 9 shows macroscopic I–Vm curves measured for di-alm-
Q7E18 in asymmetric KCl solutions at pH 7.0. There found
small reversal potentials as 8mV for 1M/3M (cis/trans) and
−3mV for 3M/1M KCl. In contrast to di-alm-Q7E18, di-alm-
E7Q18 showed much larger reversal potentials, i.e., 21mV for
1M/3M KCl and −17mV for 3M/1M KCl at pH 7.0 (Figs. 10
and 11). The reversal potentials indicated weak cation-
selectivity for di-alm-Q7E18 and strong cation-selectivity for
di-alm-E7Q18. The selectivity depended on the direction of
KCl concentration gradient in a similar manner as described for
the single channels in the previous subsection. Table 2
summarizes the macroscopic PK/PCl calculated from the
reversal potentials using Eq. (1). The PK/PCl for di-alm-
E7Q18 was much larger than that for di-alm-Q7E18 at pH 7.0,
whereas almost the same PK/PCl was obtained at pH 3.5 for the
both peptides. This tendency was consistent with that obtained
for the single channels (Table 1). The values of PK/PCl were,
however, smaller than those for the single channels of
hexameric helixes. This is because there are channels that
have larger pores than the hexameric channel in the macro-
scopic measurements. The ion-selectivity of the membrane is
determined by the larger pores with smaller PK/PCl values.

3.5. Charge selectivity


We verified that the negatively charged E7 brings strong
cation-selectivity and that the ionized E18 at the pore mouth
little influences charge selectivity. This is reasonable because
permeant ions receive strong electrostatic interactions from
charged E7 at the narrowest part of the pore than charged E18 at
the pore mouth. If the channels are of funnel shape as proposed
by Fox and Richards [8], i.e., the C-terminal side has a wider
mouth than the N-terminal one, little effect of ionized E18 on
the charge selectivity is not surprising. However, this is not the
case for the C-terminally linked alamethicin dimers, i.e., the
replacement E18 by K18 converted weakly cation-selective
channels to moderate anion-selective ones at neutral pH [26,28].
This could be because the residues at position 18 are closer each
other for the C-terminally linked dimer than the N-terminally
linked one.


The charge selectivity depended on the direction of KCl
concentration gradient; PK/PCl was 38.9 (1M/3M) and 8.5
(3M/1M) for channels of hexameric helices, and macroscopic
PK/PCl was 5.5 (1M/3M) and 4.4 (3M/1M). Although this is an
interesting problem, here we only point out possible explana-
tions. The permeability coefficient P is defined as P=βD/d,
where β is the partition coefficient between the aqueous phase
and the channel, D the diffusion constant of the ion within the
channel and d the pore length. Since β and D relate to the free-
energy profile in the pore, it is reasonable that the asymmetry of
both of the channel structure and the electrostatic potential
profile in the pore causes the asymmetry of the permeability
coefficient. Further, since peptides are added to one side of the
membrane, it is not ruled out that the surface potential at the
membrane interface is modified by the adsorbed peptides to
result in the asymmetry of the surface potentials.
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Abstract


Self assembled monolayers and bilayers are produced on a flat glass surface, bound by a thiolipid onto bare gold. 1,2-Dipalmitoyl-sn-Glycero-
3-Phosphothioethanol (DPPTE) is used as the molecule binding to the electrode surface. The lipid λ-α-Phosphatidyl-Choline-β-Oleoyl-g-
Palmitoyl (POPC) and the lipid mixture eggphosphatadiylcholine (EPC) are used as spacer lipids with the aim of achieving solid-supported
artificial lipid membranes. With the aim of creating and investigating more natural systems, ion carrier proteins such as valinomycin are introduced
into the DPPTE/EPC system. The direct influence on the membranes as well as the effects of different ionic solutions on the proteins is shown.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Solid supported biomimetic lipid bilayer membranes; Thiolipids; Peptides; Ionophores; Valinomycin; POPC; DPPTE; EPC; Egg-PC; Electrochemical
impedance spectroscopy

1. Introduction


Biological membranes have to serve multiple functions. As a
plasma membrane, they separate different cells and permit free
flow of material between them. The cell nutrition and other
materials are transported trough the membrane by special chan-
nels and carrier molecules. Cell membranes can, due to their
preferred order direction, be categorised as smectic liquid crys-
tals [1–4]. The stability of membrane systems derives from
multiple effects. First, dissociation of protons from the lipid
headgroups results in a negatively charged membrane surface
which adsorbs conversely charged ions out of the aqueous
solution. Thus, an electrically charged double layer is formed on
each side of the membrane. This field can be modelled after the
Gouy–Chapman model of an electrically charged diffusive
bilayer [5]. Some of the positively charged ions like calcium can
adsorb on the membrane and increase its rigidity by forming
chelates with the lipids. Further structural integrity of the
membranes derives from the hydration of the membrane where
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water molecules up to a thickness of 7 Å form a dense hydro-
bond network around the membrane [6].


The interactions of a great variety of membrane molecules
make it difficult to measure complete real cell systems. To get an
overview of how complex systems work, each part of these
systems has to be investigated separately. Proteins, incorporated
into membranes, can act as transporters for polar and ionic mo-
lecules and atoms which would otherwise not be capable of
passing the membrane. Proteins have the advantage of being
amphiphilic and can thus anchor within a membrane and float
within it. They alter the thermodynamic properties of the mem-
brane due to electrostatic force interactions. Conversely, their own
enzymatic capability is dependent on the very lipid system of the
membrane [7]. Proteins can be divided into two groups. The first
group regulates the transport across the membrane via uncatalysed
diffusion control [8]. The second group actively transports ions
through a membrane. The activation is often very ion-specific.
Valinomycin is a peptide actively transporting ions through mem-
branes and has been reported to be highly potassium ion selective
[9,10]. The valinomycin activity and selectivity in a DPPTE/EPC
bilayer membrane system has been investigated in this research.


Stability of these bilayer systems is an issue in research [11,12],
incorporation of valinomycin has been shown to be an option to
observe the membrane integrity [13]. Valinomycin is a rather small
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peptide with the chemical formula of C54H90N6O18. This peptide
is a cyclodepsipeptid antibiotic produced from Streptomyces ful-
vissimus, a structural relative of the enniatines [14].


Binding lipid bilayer to a solid gold substrate via thiol groups,
by simultaneously retaining its biomimetic properties, has seen a
vast increase in interest over recent years [15–33].


Spacer lipids with different headgroups are added to fill the area
on the goldwhere no thiolipids have anchored aswell as to form the
surface distal second layer creating a membrane. It is theoretically
possible to construct biomimetic systems that are highly analyte
specific by utilising the specificity found naturally in cellular bio-
logy [34,35]. Practically, problems still prevail. First of all, a suf-
ficiently flexible and defect free lipid bilayer has to be formed on a
solid surface, such that ion channel activity can actually be mea-
sured. Secondly, to be biomimetic, the lipid membrane has to be in
a chemo-physical state in which incorporated biological molecules
such as peptides function as if in a real natural system. And finally,
watermust be incorporated on the inner surface of themembrane to
facilitate the incorporation of transmembrane proteins. The incor-
poration of isolated peptides into supported bilayer membranes has
been found to be impossible, only peptides integrated in vesicles
could easily be transferred into existing membrane systems. The
utilisation of solid supported bilayers on gold facilitates the benefit
of direct in-situ electrochemical measurements of the properties of
defined amounts of peptides in natural solutions.


2. Experimental section


2.1. Electrodes


Standard microscope glass slides were cleaned following a
procedure already published elsewhere [36]. Gold electrodes for

Fig. 1. The completelymounted electrochemical cell and the steps of producing a solid su
Addition of DPPTE forming a binding monolayer on the gold surface and of EPC vesic
the ionophores, dissolved in EPC vesicles (here represented by the chemical structure

electrochemical measurements were made by the thermal eva-
poration of 5 nm of chromium followed by 5 nm of gold
(purity>99.99%) onto these slides at a pressure of 2⁎10−4 Pa
to produce an electrode of 39 mm2. The electrode-covered slides
were annealed for 2min at 600 °C and finally cleaned in piranha, a
mixture of 1/3 hydrogen peroxide and 2/3 concentrated sulphuric
acid.


2.2. Electrochemical cell


The as-prepared slides were mounted in an electrochemical
cell depicted in Fig. 1. The slide was heated to 37 °C from below
with pumped warm water, temperature controlled by a thermo-
couple. Sealed with a rubber ring, a Teflon cylinder was mounted
atop the slide. The setup was screwed tight in a grounded brass
frame. Counter electrode (CE) and first reference electrode (RE1)
were connected to a 2-mm gold (> 99.99%) wire (Advent
Research Materials Ltd, Oxford, UK) immersed in the respective
cell solution. Working electrode (WE) and second reference
electrode (RE2) were connected to the part of the gold electrode
that showed out of the measurement cell on the bottom.


2.3. SAM preparation


2 mg DPPTE (Avanti Polar Lipids, Alabaster, U.S.) were
dissolved in 1 ml chloroform and 1 ml ethanol in a Petri dish. A
lipid monolayer was allowed to self assemble on the gold elec-
trode as the slide was immersed in that solution over 60 min and
the measurement cell was subsequently assembled atop the
slide. The cell was rinsed five times in 0.1 M KCl without
completely drying the gold electrode and impedance was mea-
sured. The system was then allowed to settle another 60 min

pported lipid bilayermembranewith the ionophore valinomycin. From left to right:
les settling onto this monolayer to form a solid-supported bilayer membrane. Then,
of the valinomycin molecule) are introduced into the electrochemical cell.







Fig. 2. Equivalent circuits for a dielectric layer on gold and with embedded
valinomycin (a) and representation of a real, non-perfect film showing the
coverage Θ.
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before the cell was rinsed once again and another impedance
measurement was made. Using this technique, not only the
chemically bonded molecules build a layer on the surface, but
additionally some unbonded lipid molecules floating around the
surface. To remove these floating lipids and to be sure to have
only bonded DPPTE molecules on the gold surface, the cell was
rinsed five times with ethanol and than again five times with
0.1 M KCl solution. This way, it can be observed how dense the
formed layer really is using a calculation described elsewhere
[37].


2.4. Lipid bilayer membrane


2.4.1. Kinetic experiments
Large unilamellar vesicles (LUVs) were formed from


DPPTE and POPC (Avanti Polar Lipids, U.S.). A 1:1 mixture
of DPPTE and POPC containing an overall of 16.4×10−7 mol
lipids was prepared in 1200 μl 0.1 M KCl and vortexed to
ensure full dispersion of the lipid in the KCl solution. The
resultant dispersion was extruded 15 times through a Avestin
Inc. (Mannheim, Germany) LiposoFast Basic extruder contain-
ing membranes with 50 nm diameter pores to form unilamellar
vesicles of approximate diameter<50 nm [38]. The changes in
layer density were observed in the capacitive element from
impedance experiments. Subsequent measurements (impedance
scan duration of 2 min for the 10 first experiments) were made
to reveal the adsorption kinetics of this system.


2.4.2. Biomimetic systems
In order to get to more natural system, LUVs were produced


from the lipid mixture EPC (Lipid products, U.K.). It is also well
known that temperature has a crucial influence on lipids phase
transitions [39]. and thus the gold surface temperature was
adjusted to natural living conditions (37 °C), well above the EPC
phase transition temperature of around 1 °C. 5mg EPC dissolved
in a chloroform/methanol 1:1 mixture were dried under a stream
of nitrogen and then hydrated in 0.1 M KCl solution and
vortexed. The resultant dispersion was extruded 15 times as
described above to form desired vesicles. These were injected
into the electrochemical cell containing a DPPTE SAM formed
on the gold electrode as described above. The changes in layer
density were observed in the capacitive element from impedance
experiments.


2.5. Peptide preparations


Since a direct introduction of up to 2.5 wt.% peptides
(Valinomycin, Sigma Aldrich, Milwaukee, U.S.) dissolved in
KCl solution into the cell containing a DPPTE/EPC bilayer did
not introduce significant changes in impedance results,
2.25×10−7 mol valinomycin were dissolved in 10−5 mol of
EPC and adequately vortexed. If the ion channel was already
dissolved in lipid, it should more easily settle into the
membrane. The ion channel should ideally introduce a second
time constant since it reacts differently in an electric field and
permits potassium cations to pass the membrane at a certain
voltage.

2.6. Electrochemical measurements


EIS was performed on an Autolab PGSTAT12 Electrochem-
ical Interface. Modelling was made by an equivalent circuit as
follows. A perfect interface, without peptides, was modelled
using a standard RS(R2C1) equivalent circuit, where RS was the
series resistance of the system, mainly resistance of the solution,
cables and attached peripheral instruments, R(2) was the
interfacial resistance and C(1) the capacitance of the interface.
Index numbering of each impedance arc is done by increasing
time constant τ=RC with |Y0| as the capacitance. The
distinctiveness in the obtained values made a more refined
criterion unnecessary. The systemwas verified on an appropriate
test circuit to reproduce data within 1%. The equivalent circuit,
RS(R2(R3C2)C1), for membranes containing ionophores was
more complex. Fig. 2a shows this circuit. The arrows indicate the
flip-flop mechanism of the protein that occurs when a
transportable ion has entered the molecule and is transported
through the membrane. This behaviour can be treated like an
ion-channel where molecules can diffuse freely through proteins
like for example gramicidin [40–43]. The interpretation of the
circuit components and especially the capacitors was more
difficult for these systems. RS again resembled the resistance of
the solution, cables and attached peripheral instruments. R2 was
the resistance of the film giving evidence of the ionic transport







Fig. 3. Development of specific membrane capacitance (squares) and coverage
(circles) over time for the addition of a DPPTE–POPC LUVs in 0.1 M KCl on
bare gold.


390 L. Rose, A.T.A. Jenkins / Bioelectrochemistry 70 (2007) 387–393

properties because it directly showed at which rate the proteins
carried ions through the membrane; this value will decrease for a
good transport. R3 was merely an indication of the roughness of
the gold surface and will increase with decreased roughness. C1


can be regarded as the capacitance of the dielectric on gold,
while C2 represented the interface between the gold electrode
and the ion-channel. In this case, a Bode plot will reveal multiple
time constants as two separate slopes in the magnitude and two
different peaks in the phase shift plot. An unbiased sinusoidal
0.1 V ac potential was swept from 100 kHz–0.01 Hz and the
current response of the system was registered. Impedance fitting
of these results was done using the Autolab fitting software and
Boukamp's program “Equivcrt” [44]. This DPPTE/EPC/vali-
nomycin system and variations, including POPC, 1,2-Dimyr-
istoyl-sn-Glycero-3-Phosphocholine (DMPC) and outer
membrane protein F, were also subjected to intense UVradiation
to obtain information of the stability of these membranes
presented elsewhere [45].


3. Results and discussion


3.1. Electrochemical impedance measurements


Experiments were made to estimate the capacitance of pure
DPPTE. If this layer proved to be stable, the changes due to the
addition of valinomycin to this system could be studied. First of all,
the changes in film capacitance are of interest since they represent
the film integrity [46]. The layers that form in a pure aqueous
solution and on a gold electrode can be described with the Helm-
holtz model as a flat plate capacitor dielectric. If the gold surface is
screened with an insulating dielectric lipid layer, the capacitance
can be modelled as two capacitors in series. The capacitance itself
changes due to the lipid film forming on the surface.


3.2. Adsorption kinetics


In real systems, the coverage of the gold electrode is never
perfect, resulting in only partly covered electrodes. Following
Jenkins et al., the overall coverage, Θ, can be derived from the
two contributions to Cmeas, the total measured area specific
membrane capacitance: CDPPTE from the lipid–liquid interface
and CAU from the interface gold–liquid [37]. Fig. 2b shows this
coverage on an electrode. The actual capacitance measured is
the combined capacitance of the perfect layer parts and the gaps
in between these layers where the pure gold is in contact with
the electrolyte.


3.2.1. DPPTE/POPC vesicles
The adsorption kinetics of DPPTE/POPC vesicles on bare


gold, as investigated electrochemically in-situ by change in
capacitance between sequential impedance scans, was in good
comparison with those previously reported [36,47]. After an
initial fast decrease in capacitance, attributed to the adsorption
and spontaneous rupture of lipid vesicles on the surface, the
decrease progresses more slowly for times longer than 5 min as
seen in Fig. 3. This can be attributed to bilayer spreading and
lipid self-organisation on the surface [48]. Consequently, the

gold surface coverage increases fast in the beginning and levels
out. Such a multi-step adsorption process is in agreement with
reported surface Plasmon resonance investigations [42].


3.2.2. DPPTE–SAM
While a bare gold electrode in 0.1 M KCl solution was


measured to have a specific capacitance of 25.54 μF/cm2, the
specific capacitance of an as-produced DPPTE–SAM was
found to be 1.27 μF/cm2 which decreased to 1.07 μF/cm2 while
rinsing in potassium salt solution. This was attributed to
improved surface kinetics allowing slightly more molecules
bind to the gold surface forming a denser layer after rinsing in
KCl. The surface kinetics of all these experiments showed a
sharp drop in specific capacitance during the first ten minutes
and a gradual decrease over the following 24 h, usually to a
certain limiting value of about 1 μF/cm2. In order to remove
free-floating lipid molecules, the cell was rinsed with ethanol
before switching the solution back to KCl giving an increase in
specific capacitance to 3.08 μF/cm2, a value derived from the
less covered gold–liquid interface as only bonded molecules are
left on the surface.


3.2.3. EPC vesicles on DPPTE monolayer
Since the technique of external SAM formation produced a


reasonably stable and dense layer of pure DPPTE, and in order to
come back to more natural systems, a 0.1 M KCl solution
containing extruded vesicles of EPCwere introduced directly into
the cell. The changes in specific capacitance can be seen in Fig. 4.
After a rapid decrease ofC1 to 0.79 μF/cm


2 during the first 6 min,
the EPC was allowed to settle on the surface for another 174 min
until the specific surface capacitance had stabilised at a value of
0.69 μF/cm2. Monitoring the variations in specific capacitance
during the addition of EPC vesicles to a SAMallowed the kinetics
of lipid film formation to be followed in-situ. The angular fre-
quency reduced admittance (Y′/ω; −jY ʺ/ω) plot in the complex
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Fig. 4. Adsorption of EPC vesicles on a DPPTE monolayer bound to a gold
surface. Time in minutes after the addition of the EPC into the cell.


Fig. 5. a) Bode plot before (circles) and 71 min after (down triangles) the
addition of valinomycin to the membrane system DPPTE/EPC. b) The same
graphs represented in a complex plane plot.


Fig. 6. Changes in impedance introduced by different ionic solutions. Since
valinomycin conduction is very ion specific, two time constants can only clearly
be distinguished when the peptide is active which is the case for solutions
containing potassium ions; here: 0.1 M KCl.
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plane was a good way to reveal the specific capacitance of
systems with a dielectric interface directly in the intercept point of
the graph with the imaginary axis.


3.3. Ion selectivity


2.25×10−7 mol of valinomycin were dissolved in 10−5 mol
EPC and vortexed. This was done to dissolve the ionophores in
lipid in order to make it easier for the peptide to get incorporated
into the membrane. The ion carrier introduced a second time
constant since it reacted differently in an electric field and
permitted potassium cations to pass the membrane at a certain
voltage. Consequently, fitting procedures were changed to the
equivalent circuit drawn in Fig. 2a. It became obvious that an
admittance complex plane plot did no longer easily reflect the
reality of the system. Plotting the results in a Bode plot (|Z| and
negative phase shift angle theta vs. log(frequency)), the second
time constant becomes more obvious.


The interpretation became likewise difficult for these sys-
tems. The main aspect was no longer specific capacitance of
the film to give an indication of electrode coverage, but the
resistance of the film, R2. Due to the capability of ionic charge
conductance through the peptides, R2 shows how well ions are
being transported through the membrane, a low R2 value thus
reflect high ionic conductance through the ionophore The
second time constant is clearly visible in Fig. 5 showing the
impedance before the addition of valinomycin and after
valinomycin-containing EPC vesicles were allowed to settle
in the membrane for 71 min. Thus, it could be shown that
valinomycin transports K+-ions through a constructed biomi-
metic solid supported DPPTE/EPC membrane and is active in
named system.


Besides making the lipid more natural, the introduction of
ionophores into the lipid bilayer facilitates the in-situ detection
of passage of specific ions. The type of ionophore used in this
research, valinomycin, is an active ion carrier. Since valinomy-
cin proved to be difficult to be incorporated into the membrane
by only adding the dried peptide dissolved in salt solution, the
valinomycin was dispersed, vortexed and extruded with the

EPC to form vesicles that were incorporated into the existing
lipid bilayer upon interaction with the surface. The initial
valinomycin concentration was 1.17 mol% of the total lipid
(DPPTE/EPC) present. It should be mentioned that, since no
experiments were made to investigate the incorporation rate of
the ionophores in the membrane, the final concentration of
peptides present in the lipid membrane remained unknown.
Conduction of ions through the resulting biomimetic DPPTE/
EPC membrane containing valinomycin was dominated by two
effects; (i) bilayer defects and (ii) peptide activity. Since only
(ii) showed ion selectivity, the presence of active ion carriers
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could be seen by changes in the resistance of the film. The KCl
solution was carefully rinsed five times with 0.1 M NaCl and
with 0.1 M CaCl2. As expected, valinomycin only permitted
potassium cations through the membrane and the ionophore
resistance R2 dropped from 163 kΩ for a DPPTE/EPC
membrane without ionophores fast to 8.7 kΩ (after 3 min) to
a stable minimum value of 6.5 kΩ (after 71 min). Valinomycin
is an ionophore that transports ions across lipid membranes with
particular affinity for potassium. The arrangement of three
repeating units of <L-valine, D-hydroxy-isovaleric acid, D-
valine and L-lactic acid> forms an octahedral cavity with the
optimum size for coordinating a potassium ion [49–51]. Since
the resistance increased for sodium ions (30 kΩ) and even
further for calcium ions (47.9 kΩ), it was shown that the ion
transport was shut down by different salt solutions. Accord-
ingly, the experiments proved the expectation that the second
time constant should vanish or decrease significantly and the
resistance of the surface should increase again as no charges
were actively transported by the ionophore.


The experiments showed that, for NaCl, the ion transporting
properties varied accordingly (Fig. 6). The second time constant
was significantly reduced but still slightly noticeable. These
effects intensified for CaCl2 solutions due to the ion channels
completely blocking the even larger calcium cations. A control
experiment made on a similar DPPTE/EPC system without
ionophores showed no selectivity towards any of the used salt
solutions.


4. Conclusions


This paper demonstrates different ways of producing
supported lipid bilayer membrane systems. The kinetics of
formation of lipid bilayers on gold is measured by electro-
chemical impedance spectroscopy. Noticeably, it is illustrated
that formed membranes retain their biomimetic nature. By
addition of ionophores, the present system can be used to model
ion transport properties of selected membranes. It is shown that
potassium ion selective transport through the membrane was
activated due to the incorporation of the peptide valinomycin
into the membrane. This system blocked other ions and can
therefore be considered to be a good model to test the ion
transport capabilities of ionophores. A further application can
be seen in biosensors created from arrays of the present system
and with alternating lipid content, when potassium concentra-
tion is of crucial influence, such as in biological fluids. Since
sensor tips should be replaced when the biological system of
interest changes, it can initially be accepted that the present
system is for one-time use only. Further materials engineering
has to be carried out in order to make these sensors long-term
stable and reliable. Mixtures of ionophores including gramicidin
or alamethicin among others might prove to provide a biological
equilibrium in which non-potassium ions will be conducted
through the membrane without blocking valinomycin which
remains potassium specific. Further experiments aim at the
validation of seen effects using different lipid mixtures,
ionophore concentrations as well as revelations of temperature
dependency.
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Abstract


The capability of adsorption of different electroactive cationic Re(V)–amine complexes onto myoglobin-containing electrodes has been
investigated. The goal of this work was the development of an Au/thiol/myo electrode and, after incubation of such ensemble in the presence of
three different Re(V)–amine complexes, the evaluation of the extent of surface coverage by the complexes (as a way to evaluate the interaction
complex-protein) using electrochemical techniques. Our results showed that a protein-containing electrode could therefore be used for the
detection of the interaction of small electroactive cationic complexes and the biomolecule. The extent of the coverage of the myoglobin electrode
by the complex depends on the number of free tails from the ligands and the total charge of the complex.
© 2006 Elsevier B.V. All rights reserved.

Keywords: SAM; Myoglobin; Modified electrodes; Protein–metal interaction

1. Introduction


The interest in the uses and applications of metal-based drugs
and imaging agents continues to expand. The approach to these
fields in a systematic manner includes the study of the drug
interaction with proteins because protein-drug binding plays an
important role in pharmacology and pharmacodynamics [1]. It is
well known that metallic complexes are transported attached to
peptides and proteins to the intracellular media [2]. The bonding
between proteins and complexes is the result of covalent, ionic
and/or van der Waals forces. The nature of such binding has a
great influence on how complexes reach the target organ, and its
extent determines the in vivo activity, the absorption, metabo-
lism and excretion of the metallic therapeutic agent [2–7].


On the other hand, the interaction between proteins and metal
complexes can be used to immobilise metallic compounds, that
is, once the protein is attached to a surface, the macromolecule
can be a moiety able to trap the complexes. In this way, it is
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possible to obtain a protein-complex ensemble fixed onto a
particular surface.


From our previous work, the electrochemical behaviour of
Re(V) complexes have been thoroughly studied, and it was
found that all of them display an anodic wave at ca. 0.8 V vs. Ag/
AgCl [8–10]. The interaction of these compounds with albumin
was proved to take place in solution, being possible to detect the
signal at 0.8 V under diffusion controlled reaction conditions
[11]. As previously discussed, the studied cationic Re(V) com-
plexes are able to interact with the protein either through
electrostatic forces, or through short-range interactions (hydro-
gen bonding and/or van derWaals interactions via their free tails)
[11]. These studies indicated that proteins could be used to anchor
cationic Re(V) compounds, and based on the above-mentioned
oxidation signal, the anchorage process can be demonstrated.


The aim of this work is to obtain a protein-modified electrode
to anchor cationic complexes. The methodology followed in this
work is based on protein immobilisation onto self-assembled
monolayers of thiols. Once the protein is attached to the Au/thiol
electrode, the macromolecule is able to interact with the Re(V)
complex and, in this way, the complex remains adsorbed to the
modified electrode.
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Many physical and chemical methods for immobilising
proteins and enzymes on solid surfaces, such as physisorption
on the bare metal electrode and entrapment within membranes
or gels, have been widely used [12–19]. Nevertheless, they
have some problems such as adsorption with random
orientation, detachment of the protein and low durability of
the matrix resulting in a worse performance. Thus, there is an
increasing demand for assembly techniques to immobilise
macromolecular biological species onto a previously modified
electrode substrate [17]. The self-assembled monolayer on
metal electrodes approach has been widely used as a new
strategy for the immobilisation, orientation and molecular
organisation of biomolecules at interfaces [12,18] and such
chemically modified electrodes have proved to have good
stability. The films are densely packed, pseudo crystalline, and
strongly adhered to the metal surface; the physicochemical
properties can be adapted and the thickness can be controlled
at the angstrom level. In addition, electron transport occurs via
the heterocyclic bases and aromatic side chains of these
biopolymers [20].


Myoglobin was selected due to several advantages, namely a
small size to allow a suitable electron transfer to allow the
detection of the electroactive Re-complexes, and a well adsorp-
tion behaviour on thiolated surfaces, as reported [21,22]. This
protein was also selected because many of its functional groups
are negatively charged at physiological pH. For this reason the
biomolecule will be able to capture and adsorb cationic specie
such as the Re-complexes [12]. For protein immobilisation,
compact layers of short-chain alkanothiol were used [16,23,24].


As a consequence of the interaction between the protein and
the complex, the metallic compound would remain attached to
the protein immobilised onto the electrode, and the redox signal
of the complex could therefore be detected even when electro-
chemical measurements are performed in the absence of a
complex containing solution.


We have selected three different cationic Re(V) complexes to
test this hypothesis: [ReO2(amine)2]I (amine = dien and tren;
dien = N-(2-aminoethyl)-1,2-ethanodiamine and tren = N, N-bis
((2-aminoethyl)-1,2-ethanodiamine) and [ReO(dien-H)val]I
(val = valine). The used complexes contain iodide coming
from their synthetic procedures [25,26]. The choice is based in
two facts. First, their electrochemical behaviour is well known
[8,9]. Second, the complexes contain free tails with amine or
carboxylic groups that are able to interact with other species such
as amino acids, peptides or macromolecules [25,26]. Moreover,
the complexes under study are cationic at neutral pH values,
being [ReO2(dien)2]


+, [ReO2(Htren)(tren)]
2+, and [ReO(dien-


H)val]+the predominant species. These cationic complexes are
also expected to approach and interact with myoglobin at neutral
pH, because many functional groups in the protein are nega-
tively charged (Isoelectric point=7.0) [12]. Besides the Re(V)
complexes, their iodide counter ion is electroactive [8,9] and, as
a consequence, it is possible to detect both of them by electro-
chemical procedures. The advantage of employing a protein-
modified electrode is to detect the interaction between protein
and cationic complexes without the interference of electroactive
anions.

2. Experimental part


2.1. Solutions


Two different ethanol thiol-containing solutions were
employed, namely 1 mM 6-mercapto-1-hexanol (6 C thiol), or
1 mM 6 C thiol+1 mM 3-mercapto-1-propanol (3 C thiol). As
supporting electrolyte, aqueous 0.02 M NaClO4+0.01 M NaCl
(pH=7.5) was employed and as the probe solution, aqueous
1 mM 1,1′-ferrocene dicarboxylic acid (FDCA) was used.


A 0.03 mM myoglobin (FLUKA, horse heart, min. 90%,
17.6 KDa mol−1) aqueous solution was used to prepare the
protein-containing electrode. Finally, for the interaction assess-
ment experiments, Re(V) complexes aqueous solutions namely
[ReO2(amine)2]I (amine = dien and tren) and [ReO(dien-H)val]I
(val = valine) in the concentration range 0.1–100 mM, were
employed.


2.2. Electrochemical set up


A polycrystalline Au-pc disc (99.999%, 4 mm diameter,
shrouded in Teflon for mounting it to a RDE, M636, PAR), either
bare ormodified, and a Pt wire, 0.5 cm2 geometric area, were used
as working and counter electrodes, respectively. All potentials in
the text are referred to a Ag/AgCl/3 M KCl (0.207 V vs. SHE)
reference electrode. Electrochemical measurements were carried
out under Ar atmosphere in non-stirred solutions (by means of a
computer controlled electrochemical interface, IM6, Zahner
Elektrik).


In order to work with a reproducible surface, the Au electrode
was mechanically polished with 0.3 μm and 0.05 μm alumina
suspension at a pressure of 8 N, at 80 rpm. Then, it was hand
polished with 0.05 μm alumina mixed with solid KCN. Finally,
the electrode was mounted to the RDE and electrochemically
polished in 0.1 M HClO4 at 4000 rpm applying a triple potential
pulse cycle for 10 min: first at E1=1.2 V, t=0.1 s to oxidise
organic impurities; then at E2=0 V, t=0.1 s to reduce the formed
Au oxide, and finally at E3=−0.8 V, t=0.1 s.


2.3. Preparation and characterization of modified electrodes


For the assembly process, the Au electrode was immersed in
the thiol-containing solution for 48 h, and thereafter thoroughly
washed with ethanol; the obtained electrode is named Au/thiol.
Afterwards, the Au/thiol electrode was immersed in the protein
containing solution for 3 days to give the Au/thiol/myo
electrode; when removed from the protein containing solution
it was thoroughly washed with the supporting electrolyte. After
each step of the procedure, the electrochemical properties of
the modified electrodes were determined as described below,
and in both cases, immersion times correspond to the time
needed to achieve a stable voltammetric profile in the probe
solution.


The electrochemical characteristics of the bare and modified
Au electrodes were evaluated in the probe solution by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
measurements (EIS). Some EIS experiments were also performed
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in supporting electrolyte without FDCA. In the CVexperiments,
the peak potential differences between anodic and cathodic
current peaks, ΔEp, which are related to the heterogeneous elec-
tron transfer rate through the interface [27], were measured. The
EIS experiments were carried out under potentiostatic control in
the −0.15 V to 0.20 V potential ranges stepping each 0.05 V, and
in the frequency range from 100 mHz to 1 MHz.


In order to determine the adsorbed amount of myoglobin
onto the SAM modified electrode, some experiments were
performed using a CHI 440 Potentiostat/Galvanostat time-re-
solved Quartz Crystal Microbalance— QCM (reference crystal
oscillation frequency=8.000 MHz, gold electrodes with geo-
metric area=0.196 10−4 m2).


2.4. Interaction studies


Immediately after immersion (t=0) in the Re(V)-containing
solution, the voltammetric profile of the Au/thiol/myo modified
electrode was recorded. After incubating the electrode in the
complex solution for 1 day (t=24 h), the obtainedAu/thiol/myo/Re
electrode was thoroughly rinsed with the supporting electrolyte.
Afterwards, the I-E profile, and the impedance behaviour at
applied potentials varying between 0.0 V and 0.15 V in 0.05 V
steps were recorded in the supporting electrolyte.


The time-stability of the Au/thiol/myo/Re electrode towards
detachment of the Re(V) complex from the Au/thiol/myo was
studied by storing the Re-containing electrode in supporting
electrolyte for 1 or 2 days and the voltammetric profile and the
impedance spectra of such electrode were subsequently re-
corded in the supporting electrolyte.


3. Results and discussion


3.1. Cyclic voltammetric measurements


In Fig. 1 the voltammetric profiles of the interfaces Au,
Au/thiol and Au/thiol/myo in FDCA aqueous solution are shown.

Fig. 1. Voltammetric profiles for different electrodes in 0.02 M NaClO4+
0.01 M NaCl containing 1 mM 1,1′-ferrocene dicarboxylic acid; Au-pc (line 1) ,
Au/thiol (line 2) and Au/thiol/myo (line 3) (T=25 °C, pH=7.5, v=0.1 V s−1).

For Au (line 1) the peak potential difference, ΔE, was 0.060 V,
while for Au/thiol electrode the value of ΔE increases to 0.085 V.
Bearing inmind the chain length of the employed thiols, it is highly
probable that an electron tunnelling through the thiol layer will still
allow the detection of the redox couples for the probe molecule
[16,23,24]. However, for Au/thiol/myo electrode the FDCA redox
peaks were hardly detected. These facts indicates that the electron
transfer process is becoming more difficult as far as the Au surface
is subsequently modified, specially after adsorption of myoglobin
which acts as a more effective barrier (in comparison with the
thiolated film) for the electron transfer process.


The FDCA undergoes electron transfer at an electrode by an
outer-sphere mechanism, then, this electroactive soluble species
needs to reach the interface electrolyte/electrode to exchange the
electrons. For these reasons, the electron transfer ability for this
species present in the solution is reducedwhen the thickness of the
modified electrode is increased. Moreover, the voltammetric
profiles were carried out a pH=7.5; at this pH functional groups
in the myoglobin are mostly negative charged, as well as the
ferrocene species. Thus, the arrival of the electroactive species to
the interface is obstructed due to electrostatic repulsion.


The amount of adsorbed myoglobin onto the Au/thiol elec-
trode was determined through QCM measurements using the
Sauerbrey equation.


The Sauerbrey equation relates the measured change in the
frequency,Δf, produced by the adsorption of a foreign substance
with mass Δm (g):


Df ¼ −ð2f 20 =Al1=2q1=2ÞDm ð1Þ


where f0 is the resonant frequency of the fundamental mode of
the quartz crystal (8.0 MHz), A is the piezoelectrically active
area of the gold disk coated over a thin chromium adhesion
mediator film (0.196 10−4 m2), μ are the shear modules of
quartz (2.947 1010 kg m−1 s−2) and ρ is the quartz density
(2.648 103 kg m−3) [30]. Hence:


Df ¼ −0:145108ðDm=AÞm2kg−1s−1


where the frequency change is expressed in Hz, the area in m2


and the foreign mass in kg. Taking into account the electrode
surface area (0.196 10−4 m2), the absolute mass sensitivity was
0.74 1012 Hz kg−1, or 1.35 10−12 kg Hz−1.


Although the Sauerbrey equation is valid for ad-layers which
are sufficiently thin and rigid, it was demonstrated that it is
possible to apply this equation to QCM studies involving myo-
globin adsorption [31].


For the 6C thiol containing modified electrode, a value of
1.64 10−7 mol m−2 was obtained (Fig. 2). Using the geome-
trically random value of 1.5 10−7 mol m−2 as the monolayer
surface coverage [32] (assuming that no spreading of the protein
occurs due to adsorption induced conformational changes), it
can be concluded that the myoglobin adsorption amount is
equivalent to one monolayer.


Finally, to evaluate the interaction of the composite electrode
with cationic Re-complexes, the voltammetric profiles for the
electrode were recorded at t=0 and a t=24 h. In both cases the
anodic peak at 0.8 V, related to the oxidation of the Re(V) core







Fig. 2. QCM profile for myoglobin adsorption from a 0.03 mM aqueous solution
onto the Au/6C-thiol electrode.
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[8–11] was detected, and slightly shifted to more negative
potentials after 24 h (Fig. 3). This fact is in line with our previous
results [11], i.e., the potential of the Re(V) /Re(VI) couple shifts
towards more negative potentials when the complex interacts
with a protein. At t=0 it was also possible to observe a redox
couple at ca. 0.5 V due to the electrochemical response of the
counter ion I− [8–10]. The anodic current peak related to the Re
(V) oxidation followed a linear relationship with the potential
scan rate (v), indicating that the Re complex is adsorbed onto the
electrode [28,29].


Contrary to that observed for the FDCA, the approach of Re
cationic complexes to the interface is favoured by the negative
net charge of the myoglobin, allowing the clear detection of the
redox couple Re(VI) /Re(V) even on the voltammetric profile
for the myoglobin containing electrode. This could be explained
because the metallic core involved in the redox process could
find a path for the electron transfer, due to the adsorption of the
complex onto the composite Au/thiol/myo electrode.


No desorption of the Re complex took place in the time course
duration of CV or EIS experiments. Moreover, no changes in

Fig. 3. Modified electrode of Au/thiol/myo in 1 mM [ReO2(tren)2]I in 0.02 M
NaClO4+0.01 M NaCl at t=0 (solid line). After 24 h of soaking in the Re(V)
complex solution (dashed line) (T=25 °C, pH=7.5, v=0.050 V s−1).

the voltammetric profile were observed after maintaining the
electrode immersed for 1 and 2 days in the supporting electrolyte
solution.


The extent of the coverage of the Au/thiol/myo electrode after
interaction with the complex was evaluated in two different
ways:


I) by comparison of the integrated area under the peak
located at ca. 0.8 V in the voltammetric profile of the
electrode obtained with and without the Re compound in
solution, i.e. for t=0 and t=24 h.


II) by comparing the slopes of the anodic current peak (Ip)
vs. v graphs, for t=0 and t=24 h.


According to the relationship between Ip and v [27]:


Ip ¼ kvAC⁎ ð2Þ


in the presence of the Re-complex solution, where k is a constant, v
is the scan rate, and A is the geometric area of the electrode. The
value of Γ∗ represents the surface amount of the adsorbed elec-
troactive complex obtained when the Au/thiol/myo electrode is
immersed into concentrated solutions (0.1– 100 mM) of the
complex to give a total constant surface concentration (t=0).
The Γ ∗ value resulted independent of the Re-solution concen-
tration, indicating that the current peak is only due to the
adsorbed species without any diffusion contribution. After 24 h
in the Re-containing solution, only a fraction of the electroactive
complex remains attached to Au/thiol/myo electrode; this
amount is labelled Γw. At t=0, the Au/thiol/myo electrode is
exposed to a Re containing solution and, in this situation, the
process is very fast and the highest amount of the complex (Γ ∗)
is adsorbed onto the electrode surface; that is, the process is
under kinetic control. After 24 h of immersion time in the
complex containing solution, the amount of Re-compound up
taken by the immobilised protein corresponds to the equilibrium
value (Γw) resulting from the thermodynamic control. For this
reason, Γw reflects the efficiency of the anchoring process.


The ratio (Γw/Γ ∗) represents the fraction of electroactive Re(V)-
complex effectively attached onto the surface. These values, ex-
pressed as percentages, are resumed in Table 1.


It can be concluded that:


— the Re–tren complex is the only one with four tails per
mol containing a-NH2 terminal group each [11]. It is then
a compound with the ability to use these tails to establish
interactions with the immobilised protein. As a

Table 1
Calculated percent of surface coverage with adsorbed myoglobin for the studied
complexes


Complex Surface coverage % Absolute error


[ReO2(tren)2]
+ 15 (±) 1


[ReO2(dien)2]
+ 6 (±) 1


[ReO(dien-H)(val)]+ 3 (±) 0.5


Results are based on a minimum of five independent experiments.







Table 2
Results obtained by EIS measurements in the presence or the absence of 1 mM
1,1'-ferrocenedicarboxylic acid. Applied potential=0.10 V vs. Ag/AgCl


Electrode RCT (MΩ) CCPE (nF)


Au+FDCA 0.93 2100
Au/T+FDCA 1.05 1030
Au/T/M+FDCA 1.5 900


Electrode R (MΩ) CCPE (nF)


Au 1.7 2900
Au/T 2.7 930
Au/T/M 1.8 850
Au/T/M/Re 1.3 580
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consequence, it showed the highest percentage of surface
coverage.


— the Re–dien complex has only two tails per mol also with
a-NH2 terminal group each [11]. Therefore, its ability to
interact with myoglobin is lower than in the case of the
Re–tren, and the amount of remaining complex attached
to the protein is lower.


— finally, the Re–dienval complex contains a carboxylic
group that would behave as a free tail [26]. However, this
group is weakly bounded to the [ReO]3+ core, diminish-
ing its capability to interact with proteins. It showed the
lowest surface coverage.


As summary, the studied complexes can use their tails to
interact with the protein through hydrogen bonding and van der
Waals interactions. Because they are positive charged, it is also
possible for them to interact through coulombic forces. The
importance of the coulombic attraction was evaluated by changes
in the ionic strength, that is, using a more concentrated supporting
electrolyte. In particular, some experiments were carried out for
1 mM solutions of Re–tren and Re–dien compounds with 0.1 M
NaClO4 as supporting electrolyte. In both cases, the calculated
surface coverage was lower than 2%, showing that the elec-
trostatic attraction between the cationic compound and the immo-
bilized protein is affected for a higher concentration of ions in
solution. In order to prove that Re(V) cations (and not I− counter
ions) are able to interact only with the protein-modified electrode,
the following blank experiments were performed:


— a Au/thiol electrode was immersed for 24 h in a 1 mM
[ReO2(dien)2]I solution


— a Au/thiol electrode was immersed for 24 h in a 1 mM KI
solution


— an Au/thiol/myo electrode was immersed for 24 h in a
1 mM KI solution


In all cases, no signals coming from the electroactive species
were detected.


3.2. Electrochemical impedance spectroscopy


For EIS measurements performed in the presence of FDCA, a
three elements equivalent circuit was used to fit the experimental
data. It consists of a capacitance (constant phase element, CCPE)
for the interfacial double layer, a charge transfer resistance
element (Rct) and a resistive element associated to the ohmic
resistance of the solution (Rsol) (Scheme 1).

Scheme 1. Equivalent elements circuit for fitting of EIS measurements data
obtained in the presence of FDCA; CCPE is the constant phase element for the
interfacial capacitance, Rct is the charge transfer resistance and Rsol is the
resistive element associated to the ohmic resistance of the solution.

For the whole assembly process to get the Au/thiol/myo/Re
electrode, no great differences were found when using the six-
chain carbon or the mixture three/six chain carbon alkyl thiols by
EIS or CV measurements. Nevertheless, some solubility of the
3C-thiol in water was detected by EIS. In addition, QCM

Fig. 4. Impedance and phase angle Bode plots for: (a) the Au/thiol electrode in
0.02 MNaClO4+0.01 MNaCl containing 1 mM 1,1′-ferrocene dicarboxylic acid,
and (b) the Au/thiol/myo modified electrode in 0.02 M NaClO4+0.01 M NaCl,
after 24 h soaking in a 1 mM solution of the [ReO2(tren)2]


+(E= 0.10 V vs. Ag/
AgCl. T=25 °C, pH=7.5).
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measurements showed a stable 6C-thiol film when working with
aqueous solutions; on the contrary, 3C-thiol films were unstable
due to its solubility in water. Therefore, when using the mixture,
the adsorbed amount of 6C-thiol on the film would be higher
than the amount of 3C-thiol.


Changes in the resistance of the element associated to the
interfacial charge transfer (Rct) and also changes in the capa-
citance of the constant phase element were detected after
incubation of the Au electrode in the thiol-containing solution
(Table 2)(Fig. 4). These changes are related to the chemisorption
of thiol to the gold surface; the wider the thickness of the
modified electrode, the harder the electronic transference
through the thiolated film; consequently the charge transfer
resistance increases. When the results for the Au/thiol electrode
measured in the supporting electrolyte are compared with the
results obtained using FDCA, there is a significant decrease for
Rct in the EIS measurements obtained using the redox probe
molecule. This could be attributed to the presence of a redox
active molecule adsorbed to the gold surface.


After incubation of the Au/thiol electrode in the myoglobin
solution, once again the Rct and theCCPE change, indicating that
the adsorption process takes place. In particular, the CCPE is
lower in the presence of the protein; the protein repels water from
the interface electrolyte/SAM and therefore the dielectric
constant of a myoglobin film is lower than that of an aqueous
electrolyte film of the same thickness.


Finally, after incubation of the Au/thiol/myo electrode in the
presence of the Re–tren complex the Rct and the CCPE changes
markedly (Fig. 4). It is also important to remark that after
keeping the Au/thiol/myo/Re electrode in supporting electrolyte
for 1 day, the Rct and CCPE values remain unchanged, and after
2 days only a slightly change was observed. These results
showed that the complex is strongly attached to the protein and
the situation remains almost unchanged when the electrode is
immersed in an electrolyte-containing solution.


4. Conclusions


• A composite Au/thiol/myo electrode is capable to adsorb
Re(V) complexes. The Re(V) compound is able to interact
with the immobilised protein in a degree related to the
presence of polar groups belonging to the ligands of the
complex. Moreover, the amount of immobilised electro-
active complex is affected by the ionic strength.


• The thiol/myo/Re-assembly sequence on Au can be estab-
lished by both voltammetry and impedance spectra measure-
ments, and it is also possible to demonstrate that a stable
Au/thiol/myo/Re electrode can be obtained.


• By cyclic voltammetry, the detection of the presence of Re(V)
complexes bounded to a protein-modified electrode is based
on the electroactive behaviour of the metallic core, i.e. an
anodic wave at ca. 0.8 V associated with the oxidation to
Re(VI) maintaining the coordination sphere of the compound
unchanged.


• Summarising, the electrode modifications proposed in this
work have been successfully used to anchor and detect
Re(V) cationic complexes without the interference of iodide

electroactive counter anions. Such a protein-containing
electrode can find application in selective separations of
species from a solution. Taking into account the isoelectric
point of the protein, the charge of the macromolecule can be
regulated and, in this way, the capability to capture in a
selective form negative or positive charged compounds.
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Abstract


The electrochemical impedance spectroscopy (EIS) technique has been shown to be an effective tool for monitoring endothelial cell behaviour
on a multilayer functionalised gold electrode. Polystyrene, a reproducible model substrate, is deposited as a thin layer on a thiol functionalised
gold electrode. Fibronectin, a protein promoting endothelial cell adhesion, is then adsorbed on the polystyrene surface. The different steps of this
multilayer assembly are characterized by Faradaic impedance. The charge transfer resistance and the capacitance for the total layer are modified at
each step according to the electrical properties of each layer. This gives the endothelial cells' electrical state in terms of its resistive and capacitive
properties. In this study, the endothelial cell layer presents a specific charge transfer resistance equal to 1.55 kΩ cm2 with no large defects in the
cell layer, and a specific capacitance equal to few μF cm−2 explained by the existence of pseudopods. These electrical properties are correlated to
the endothelial cell viability, adhesion and cytoskeleton organization.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrochemical Impedance Spectroscopy (EIS); Endothelial cell; Fibronectin; Polystyrene

1. Introduction


By virtue of its unique location in the vessel wall, the
endothelium constitutes an essential interface. It is important to
characterize endothelial cell adhesion to be able to predict and
control the outcome of the interaction between artificial surfaces
and living cells, so that biomedical devices of antithrombogenic
vascular grafts can be developed. Polystyrene was chosen because
it constitutes a reproduciblemodel substratewere often used for the
study of cell–material interactions [1]. In order to promote cell
adhesion, fibronectin is firstly adsorbed [2].Methodswhich enable
the rapid analysis of endothelial barrier properties are becoming
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CEGELY, 36 Avenue Guy de Collongue, 69134 Ecully, Lyon, France. Tel.: +33
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widespread and attracting growing interest. The technique adopted
in this paper is Faradaic electrochemical impedance spectroscopy
(EIS) which is a sensitive indicator of chemical and physical
interactions at the solid/liquid interfaces. It combines the analysis
of both the resistive and capacitive properties of solid/liquid
interfaces, based on the perturbation of a system at equilibriumby a
sinusoidal excitation signal of small amplitude. The potential of
EIS is that the system can be scanned over a wide range of
alternative potential frequencies. The corresponding circuit models
are useful for the interpretation of impedance spectra. There is an
increasing trend towards the development of impedimetric
biosensors [3]. When cells are grown on an electrode, electrical
impedance measurements allow the characterization of the
biological system. This method could provide information on the
cell membranes, junction resistance, the extracellular matrix
structure (ECM), and the interface structure [4]. Many studies
have been performed on cultures of endothelial cells to investigate
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their electrical properties as a function of temperature, toxic agents
or even contact with cancer cells. Giaever et al. introduced
impedance spectroscopy in order to investigate cell motion and to
study the electrical properties of epithelial cell monolayers in real
time on a solid support. Furthermore, they presented a theoretical
model for the impedance characteristics of a cell-covered gold
electrode. However, these authors predominantly analysed the
impedance of a cell-covered gold electrode at one defined
frequency in order to observe impedance fluctuations due to
vertical movements of the cells. This impedance technique is
referred to as electrical cell-substrate impedance sensor (ECIS)
[5–8]. Ehret et al. used impedance measurements on interdigi-
tated electrodes to monitor the concentration, growth and
physiological state of cells in culture [9]. Wegner et al. studied
the effect of β-adrenergic hormones on bovine aortic endothelial
cell monolayers grown on a gold-film-covered glass substrate.
They interpreted the impedance in terms of two different con-
tributions to the electrical resistance of cell monolayers: (i) the ion
permeability of the intercellular space between adjacent cells; (ii)
the conductivity of the narrow space between the cell monolayer
and the substrate.Moreover, it was postulated that the capacitance
of the confluent endothelial cell monolayer is determined by the
apical and basal membranes. The application of agonists was
shown to lead to an increase of the cell monolayer resistance,
while the capacitance remains unaffected [10].


In this work, the samples characterised by Faradaic electro-
chemical impedance spectroscopy were previously controlled by
a cytotoxicity test, adherence assay and cytoskeleton staining to
investigate the endothelial cell viability, adhesion and morphol-
ogy. The purpose of this study is to determine if the EIS technique
senses the different layers deposited on a gold electrode, and to
correlate the interface's electrical properties to the cell viability
and adherence to the substrate.


2. Experimental


2.1. Material


Octadecylmercaptan CH3 (CH2)17 SH was purchased from
Sigma–Aldrich. The M199 medium, foetal serum (SVF), L-glu-
tamine, penicillin-streptomycin, fibronectin, polystyrene (PS) and
trypsin-EDTAwere obtained fromSigma. The electrolyte used for
all the experiments was a complete cell culture medium, pH=7.8
containing the redox couple Fe(CN)6


3−/Fe(CN)6
4− at a 5 mM


concentration. All reagents were of analytical grade and ultrapure
water (resistance 18.2 MΩ cm−1) produced by a Millipore Milli-
Q system was used throughout.


2.2. Fabrication and pretreatment of gold substrate


Gold substrates were provided by the Laboratoire d'Analyse et
d'Architecture des Systèmes (LAAS), CNRS Toulouse. They
were fabricated using standard silicon technologies. (100)-
oriented, P-type (3–5 Ωcm) silicon wafers were thermally
oxidized to grow a 800 nm-thick field oxide. Then, a 30 nm-
thick titanium layer and a 300 nm-thick gold top layer were
deposited by evaporation under vacuum.

Before use, the gold substrates were cleaned with acetone in
an ultrasonic bath for 10 min and dried under nitrogen flow,
followed by immersion in a Pirhana solution (7:3 v/v, H2SO4:
H2O2) for 1 min in order to get rid of inorganic and organic
contaminants on the substrate surface. They were subsequently
rinsed thoroughly in absolute ethanol and finally dried under
nitrogen flow.


2.3. Preparation of self-assembled monolayers


After cleaning, the gold electrodes were immediately
immersed in an ethanol solution of 2 mM of Octadecylmercaptan
CH3 (CH2)17 SH for 21 h at room temperature. After the
formation of the monolayer, the substrate was rinsed 4 to 5 times
with ethanol and dried under a N2 flow. Then, the substrates were
immediately immersed in a polystyrene (molecular weight: 200)
solution for 2 h. Once lyophilised human fibronectin had been
reconstituted in a sterile buffer solution saline at 1 mg/l, the
samples were coated with fibronectin solution for 2 h at room
temperature.


2.4. Cell experiments


2.4.1. Cell culture
Endothelial cells were obtained from a line (Eahy 926) and


were grown in Medium 199 supplemented with 10% SVF,
2 mmol/l glutamine, 100 U/ml penicillin and 100 μg/ml
streptomycin [11]. Cultures were incubated at 37 °C in a
humidified atmosphere containing 5% CO2. Replicated cultures
were obtained by trypsinization and were used for passages <5
[12]. The endothelial cell identification was confirmed by their
polygonal morphology. The endothelial cells were cultured onto
substrates prepared for the impedance experiments. Cell
cultures were also performed on other substrates composed of
glass functionalized by octadecyltrichlorosilane (CH3 terminal
groups) and activated by polystyrene prepared for viability
studies, actin staining and adhesion tests. In both series of
experiments the model PS/fibronectin interface is the same, the
glass system, being transparent, is therefore adapted to the
microscopic assays.


2.4.2. Cell colorimetric assay: MTT test
A converting MTT Kit (Roche, 145007) was used to assess


the viability of the cultured cells. The assay is based on the
cleavage of the yellow tetrazolium salt MTT to purple formazan
crystals by active metabolic cells. The formazan crystals were
rendered soluble. This cellular reduction involves the pyridine
nucleotide cofactors NADH and NADPH. Endothelial cells
were resuspended in the medium at a concentration of 2×105


cells/ml and incubated overnight at 37° under humidified
atmosphere containing 5% CO2. The cells were treated with the
MTT Kit for 4 h. The formazan salt crystals were formed, and
were then rendered soluble by adding the solution (10% SDS in
0.01 M HCl). The resulting colored solution was quantified by a
scanning multiwell spectrophotometer (Powerwave X, Bioteck
instruments INC) using a test wavelength of 570 nm and a
reference wavelength of 690 nm [13].







Fig. 1. Cyclic voltammetric measurement with the presence of the 5 mM redox-
probe K3[Fe(CN)6]/K4[Fe(CN)6] : bare gold electrode, thiol Au-electrode,
polystyrene coated Au-electrode and fibronectin functionalized Au-electrode.
All experiments were performed in culture medium pH 7.8, scan rate 50 mV/s.
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2.4.3. Actin filament immunofluorescent staining
After 24 h of culture in BSA medium, the cells were fixed


with 3.7% formaldehyde for 10 min, rendered permeable with
0.25% Triton X-100 for 15 min, and a specific labelling was
blocked in 1% BSA for 20 min. After extensive washing,
rhodamin phalloidin (Molecular Probes R415) was added 1:200
diluted in PBS. The stained cells were viewed using a Zeiss
fluorescence microscope (Axiovert 200 M) [14,15].


2.4.4. Cell attachment assay
The number of endothelial cells attached to different


substrates was assessed by staining and counting nuclei. In
order to label the endothelial cell nuclei, we proceeded as
described above for the fixation and the permeabilization steps.
The endothelial cells seeded on different substrates were
incubated with 4', 6-diamidino-2-phenylindole, dihydrochlor-
ide (DAPI) (Molecular Probes D1306) and then washed with
PBS. The stained nuclei were viewed on a Zeiss fluorescence
microscope and their images were analyzed with the AxioVi-
sion LE program.


2.4.5. Impedance spectroscopy
The measurement set-up for impedance consisted of a


classical three-electrode system, where the modified gold
electrode (0.21 cm2) was used as a working electrode, a
platinum plate (0.54 cm2) as a counter electrode and a saturated
calomel electrode (SCE) as the reference electrode. The
impedance analysis was performed with a Voltalab 80
impedance analyser in the frequency range 1 Hz–100 kHz,
using a modulation voltage of 10 mV. During measurements the
potential was kept at −400 mV. The Faradaic impedance
measurements and cyclic voltammetry measurements were
performed in the presence of a 5 mMK3[Fe(CN)6]/K4[Fe(CN)6]
(1:1) mixture as redox probe in culture medium. All
electrochemical measurements were carried out at room
temperature and in a Faraday cage. The Zview modelling
programme (Scribrer and associates, Charlottesville, VA) was
used to analyse impedance data.


3. Results and discussion


3.1. Surface modification of gold


Self-assemblies of organic molecules have been most
extensively studied because of their stability, well-packed
structure and versatility. One of the most widely-used systems
in the molecular self-assembled method is the chemisorption of
sulfur derivatives (thiols) on a gold surface, due to the
thermodynamically favorable formation of the gold–thiol
bonding. The stability of the bonding over a wide range of
applied potentials makes this system suitable for electrochemical
purposes [16]. The thiol is chemisorbed on the gold electrode and
it is used as the base interface for the deposition of different layers.
It has a CH3 terminal groupwhich is hydrophobic, which allows it
to interact with the polystyrene layer. By analyzing the impedance
of the cell/fibronectin/PS/thiol/gold structure, in the frequency
range from 1 Hz to 100 KHz, the electrical properties of the

attached cell layer can be determined in terms of its resistive and
capacitive properties. The electrolyte solution is a mixture of
redox solutionwith the cell culture mediumwhich containsM199
and is supplemented with serum, L-glutamine and anthibiotics
such as penicillin-streptomycin.


3.2. Characterization of multilayers on gold with cyclic
voltammetry technique


Cyclic voltammetry of an electroactive species such as Fe
(CN)4−6/


3− is a valuable tool for testing the kinetic barrier of an
interface. The extent of kinetic limitation of the electron transfer
process increases with the increasing thickness and decreasing
defect density of the barrier. Therefore, it was decided to
investigate changes in electrode behaviour after each assembly
step, using these electroactive species. When an electrode surface
has beenmodified by somematerials, the electron transfer kinetics
are perturbed. Fig. 1 shows cyclic voltammograms obtained after
the deposition of the different layers on the gold electrode.


It is well known that long thiols can form dense, well-
ordered and stable monolayers on gold, as in our case [16]. The
chain length is important for the characteristics of the packing
density, the intermolecular environment and the geometry of the
monomolecular assemblies. Cyclic voltammetry experiments
can confirm that the mixed SAM layer was successfully formed
on the gold surface. When the electrode surface was modified
by the addition of material, the electron transfer kinetics of Fe
(CN)6


4−/3− were perturbed.
Fig. 1 shows the cyclic voltammograms of Fe(CN)6


4−/3− at the
bare gold electrode, thiol Au-electrode, polystyrene/thiol/Au-
electrode, fibronectin/ polystyrene/thiol/Au-electrode and endothe-
lial cell/fibronectin/polystyrene/thiol/Au-electrode. As shown in
Fig. 1, the stepwise assembly of bare gold and SAMs is
accompanied by a decrease in the peak height and an increase in
the peak to peak separation between the cathodic and anodic waves
of the redox probe. This shows the formation of the thiol
monolayer. The addition of the further layers does not strongly







Fig. 3. Equivalent circuit used to model impedance data in culture medium.
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modify the CV curve, showing that the electron current flowing
through the biofilm is not modified by the addition of the different
layers.


3.3. Impedance analysis of the gold electrode coated with thiol
SAM, polystyrene and fibronectin


EIS of thiol/gold, polystyrene/thiol/gold and fibronectin/
polystyrene/thiol/gold were investigated at a constant concentra-
tion of redox species Fe(CN)4−6/


3−. Typical Nyquist diagrams of
the gold electrode functionalized by different layers immersed in
the complete culture medium, are shown in Fig. 2. The
impedance-plane plots of Fig. 2 are characterized by two distinct
regions: (i) a semicircle in the higher frequency range related to
the charge transfer process, (ii) an inclined line in the complex-
plane impedance plot defining a Warburg region of semi-infinite
diffusion of species to the modified electrode. The semicircle's
diameter is equal to the charge transfer resistance, Rct.


The impedance spectrum is interpreted in terms of the
equivalent circuit sketched in Fig. 3. Therefore it can be
analyzed using an equivalent system that consists of a charge
transfer resistance (Rct) and a constant phase element (CPE) in
parallel, W represents the impedance associated with diffusive
ion transportion (Warburg impedance) and Rs the electrolyte
solution resistance. For reason of quantifying the data, CPE is
considered as a “power-law-dependent specific layer capaci-
tance” according to:


CPE ¼ AðnÞ−1ð jωÞ−n ð1Þ


Where j=(−1)1 / 2, ω=2 πf, f being the frequency of the
applied potential and A(n) is a constant in units cm2 sn μF−1; for
n=1, A(1) is in units cm2 s μF−1. The constant phase element
reflects a non-homogeneity and a defect area of the layer [17–21].

Fig. 2. Nyquist diagram (Zr vs. Zi) for the impedance measurements
corresponding to thiol Au-electrode, polystyrene coated Au-electrode, fibro-
nectin functionalized Au-electrode and endothelial cell functionalized Au-
electrode. All measurements were performed in a culture medium pH 7.8.
Amplitude of alternating voltage is 10 mv. Symbols show the experimental data
in culture medium solution. Solid curves show the computer fitting of the data
using the equivalent circuits shown in Fig. 3.

The extent of the deviation from the Randles and Ershler model is
controlled by the parameter n in Eq. (1). The CPE is a pure
specific layer capacitance when n=1 Ω cm2 is the unit of the
specific charge transfer layer resistance (Rct).


The experimental Faradaic impedance spectra were fitted with
computer simulated spectra using the equivalent electrical circuit
shown in Fig. 3. Excellent fitting between the simulated and
experimental spectra was obtained for the thiol/Au electrode, the
polystyrene/thiol/Au-electrode and fibronectin/polystyrene/thiol/
Au-electrode (Fig. 2). It can be seen that the diameter of the
semicircle at high frequency increases at each step of the
formation of thiol and polystyrene layers on the electrode surface.
The value of Rct, were extracted from the computer simulated
spectra. They are 2152 Ω cm2 and 2800 Ω cm2 for the thiol/Au
electrode and the polystyrene/thiol/Au electrode respectively.
Parameter n is equal to 0.92 and 0.95 for the thiol/Au-electrode
and the polystyrene/thiol/Au-electrode respectively. All these
values are close to 1which shows that CPE is essentially a specific
layer capacitance. The CPE values extracted from the computer
fitting for the thiol/Au electrode and the polystyrene/thiol/Au
electrode were 1.4 μF cm−2 and 1.27 μF cm−2 respectively. The
CPE decreases with the addition of the polystyrene layer, which
proves that the layer thickness increases and that the polystyrene
layer is directly adsorbed onto the thiol without any interpene-
tration of chains. If we assume a pure capacitance behaviour, the
total specific capacitance of the layer can be modelled as a series
of specific thiol layer capacitance and specific PS layer
capacitance. If the dielectric constant of bothmaterials is assumed
to be the same (ε=2) [22] and the thickness of thiol is around
3 nm, the specific PS layer capacitance should be equal to 13.7 μF
cm−2 and its thickness should be 0.3 nm, corresponding to long
chains laid on the thiol surface.


On the contrary, the Rct decreases and CPE increases in the
case of fibronectin/polystyrene/thiol/Au-electrode. Rct is equal to
554.6 Ω cm2, even less than the Rct found for thiol SAM, and
CPE is equal to 1.817 μF cm−2, even higher than that found for
thiol SAM. This type of electrical behaviour has already been
observed when IgG is adsorbed on a mixed thiol SAM [23]. The
protein itself has loops, tails, helixes and sheets that can make
their way through the polystyrene layer. The fibronectin has an
acidic isoelectric point (pI) of (5.5–6.0). Thus the entire molecule
possesses a net negative charge within the pH range of the study
(7.8) so that the local ion concentration increases near the surface.
Higher local ion concentrations will decrease the value of the Rct


and will increase the value of the dielectric constant of the
biolayer leading to an increase of CPE.







Fig. 5. Endothelial cell adhesion rate versus different substrates.
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3.4. Characterisation of endothelial cell monolayer grown on
fibronectin


The histograms in Fig. 4 indicate the cell density on a
substrate with and without fibronectin. The cell density
increases in the presence of fibronectin treatment. Fibronectin
is therefore a cell adhesion promoter. The histograms in Fig. 5
indicate the cell adhesion rates onto fibronectin, polystyrene and
tissue culture polystyrene (TCPS). The corresponding percent-
age represents the number of adherent cells by the number of
seeded cells. The results show a high endothelial cell adhesion
rate on the fibronectin compared with tissue culture polystyrene
(TCPS) and polystyrene. The cell density and the adhesion rate
are indicators of the non-toxicity and the relatively good
biocompatibility of materials activated by fibronectin. In Fig. 6,
the actin filament staining shows the cobblestone form which
characterizes the endothelial cell morphology. The absence of
stress fibres shows the cell cytoskeleton state and reveals the
cell metabolism in static conditions. Cell adhesion is qualita-
tively analyzed by the immune labelling of the cytoskeleton and
quantitatively by the adhesion rate and the cell density. The high
values of these parameters confirm the formation of an
endothelial cell confluent monolayer.


3.5. Impedance spectra of endothelial cell monolayer grown on
fibronectin


Biological cells are very poor conductors at low frequencies
(at least below 10 KHz), and therefore, force electrical currents
to bypass them. As cells adhere to the gold electrode, this
reduces the free electrode area and increases the interface
impedance [24]. The influence of cells on the impedance is
plotted in Fig. 2, which presents the Nyquist diagram obtained
on a confluent endothelial cell monolayer on a fibronectin/
polystyrene/thiol/Au electrode.


The impedance spectrum is interpreted in terms of the
equivalent circuit sketched in Fig. 3, where the Rct of the
modified electrode covered with endothelial cells is equal to
2.106±0.04 k Ω cm2. If we assume that this value is the sum of
two specific layer resistances in series—the specific resistance of

Fig. 4. Cytotoxicity test of endothelial cell grown on fibronectin.

the under layer and the specific resistance of the cell layer—the
specific resistance of the cell layer should be equal to 1552Ω cm2.


The values for the specific cell layer resistance are consistent
with literature data, considering the fact that this electrical
parameter may vary over a wide range depending on the cell type
and the culture medium. Rutten et al., for instance, analyzed
endothelial cells initially isolated as individual clones from
bovine brain microvessels. Cells of this type grown on permeable
glutaraldhyde-treated collagen gels yielded specific cell layer
resistances between 160 and 800Ω cm2 [25]. On the other hand,
much smaller values for specific endothelial cell layer resistances
were reported byWegner et al. They obtained a value of 30–80Ω
cm2 for the porcine brain capillary endothelial cells [26] and only
4 Ω cm2 for the bovine aortic endothelial cells [10]. Finally, for
endothelial cells from brain capillary very high specific
resistances of up to 2000 Ω cm2 have been reported by Crone
and Oeson [27] which is in agreement with our results. Generally,
the specific resistance of cell layers is dominated by ion
permeability along the intercellular clefts, because the pathway

Fig. 6. Actin filament staining of endothelial cell cultured onto fibronectin with
rhodamine phalloidin (Molecular Probes R415) (diluted 1:200 in PBS). The
stained cells were viewed on a Zeiss fluorescence microscope (Axiovert 200 M).
Bars=100 μm.
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is expected to have much higher resistance. In addition, even the
composition of the cell medium can affect the specific resistance
of the layer. Turner reported a linear relationship between the
reciprocal endothelial resistance and the reciprocal medium
resistance, proving the existence of a mainly intercellular current
[28]. Therefore, the reason for a low specific cell layer resistance
may in some cases be due to defects in the confluent layer and not
to real cell properties; the high specific resistance value proves
that no large defects are present in the cell layer.


The specific capacitance of cell membranes is generally
regarded to be approximately 1 μ Fcm−2 [29]. Steinem et al.
showed that the specific capacitance of the endothelial cell layer
(porcine brain microvessel and bovine aorta) showed a value of
0.5–0.8 μF cm−2 and a value of 1–3 μF cm−2 for epithelial cells
[30]. In this work, the n value obtained for the modified electrode
covered with endothelial cells is 0.92. This value being close to 1,
it shows that CPE is essentially a specific biolayer capacitance
whose value is 1.32 μF cm−2. In order to deduce the value of the
specific capacitance corresponding to the cell layer, it is assumed
that the specific cell layer capacitance is in series with the specific
underlayer capacitance (1.817 μF cm−2). The specific endothelial
layer capacitance is then found to be equal to 5 μF cm− 2. A larger
specific cell layer capacitance can be explained in terms of a
folding of the cell membranes and/or existence of microvilli and
pseudopods [31] due to the presence of fibronectin.


4. Conclusion


The interface between endothelial cell and biomaterials is
interesting for the development of cardiovascular grafts. Electro-
chemical impedance spectroscopy (EIS) has been shown to be an
effective tool for monitoring endothelial cell behaviour on a
fibronectin/ polystyrene/thiol/gold electrode. This method is also
suitable for monitoring the interfacial properties. The specific
charge transfer resistance and the specific capacitance for the total
layer are modified at each step in agreement with the electrical
properties of each layer. The endothelial cell layer has a specific
charge transfer resistance of 1.55 kΩ cm2, this high value of Rct
reflecting no defects in the cell layer. A specific capacitance of
5 μF cm−2 is found for the cell layer which in agreement with the
existence of pseudopods.


These values will be the basis of further studies oriented
towards comparing the effect of other protein layers on the cell
electrical properties and designing cell sensor arrays for toxic
and drug detection.
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Abstract


A carbon paste electrode (CPE) modified by a monolayer film of sodium dodecyl sulfate (SDS) was used for detection of dopamine (DA).
Cyclic voltammetry demonstrated improved response of the DA sensor. This suggests the effectivity of surface modification of CPE by SDS.
Impedance spectroscopy was used for the characterization of CPE surface properties. The effect of SDS concentration on the electrode quality also
reveals that SDS formed a monolayer on CPE surface with a high density of negative-charged end directed outside the electrode. As a result, the
carbon paste electrode modified with SDS (SDS/CPE) exerted discrimination against ascorbic acid in physiological circumstance. Thus, it can
selectively determine dopamine even in the presence of 220-fold AA combined with differential pulse stripping voltammetry. In pH 7.40
phosphate buffer solution, the oxidation peak current on differential pulse voltammograms increases linearly with the concentration of DA in the
range of 5.0×10−7 to 8.0×10−4 mol · L−1 with a detection limit of 5.0×10−8 mol · L−1. Satisfying results are achieved when detecting the DA in
injection and simulated biology sample.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Dopamine; Modified carbon paste electrode; Sodium dodecyl sulfate; Cyclic voltammetry; Differential pulse voltammetry; Impedance spectroscopy

1. Introduction


Dopamine (DA) is one of important monoamine neuro-
transmitters in mammalian central nervous systems. The
determination of dopamine is a subject of great significance
for investigating its physiological functions and diagnosing
nervous diseases resulting from dopamine abnormal metabo-
lism, such as epilepsy, Parkinsonism and senile dementia [1].
The fact that DA and other catecholamines are easily oxidizable
compounds makes their detection possible by electrochemical
methods based on anodic oxidation [2]. Dopamine has been
determined using various electrochemical methods [3–5]. A
major problem of these analyses is the coexistence of ascorbic
acid (AA) in high relative concentrations. Usually, the
concentration of DA is 10−8 to 10−6 mol·L−1 while AA is as
high as 10−4 mol·L−1 in biological systems [6]. Moreover, at
almost all electrodes materials, DA and AA are oxidized at
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E-mail address: zhengjb@nwu.edu.cn (J. Zheng).
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nearly the same potential, which results in overlapped
voltammetric response [7].


The successful route to overcome the problems of selectivity
is to modify the electrode surface, because the modified
electrode could decrease the overpotential, improve the mass
transfer velocity and effectively enrich the substance [8,9].
Various modified materials have been modified on various base
electrodes to investigate and detect dopamine [10–14]. Zhang
et al. [15] have modified the acid-treated multi-walled carbon
nanotubes (MWNTs) on the surface of gold electrode for
selective detection dopamine. Because of the high concentra-
tion of carboxylic acid group and subtle structure of acid-
treated MWNTs, the modified electrode can detect DA in the
presence of excess ascorbic acid. The limit of detection is
2×10−7mol·L−1. Yuan and Hu [16] have fabricated a Nafion/
nano-TiO2 bilayer-modified electrode which can give sensitive
voltammetric response of DA regardless of the 200-fold excess
AA. Many sensors were fabricated with negatively charged
polymer films, self-assembled monolayer or cation exchange.
The major consideration is based on the different ion forms of
DA and AA at the physiological pH of 7.40. AA exists in the
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anionic form (pKa=4.10) while DA is in the cationic form
(pKb=8.87) [6]. Surfactants, a kind of amphiphilic molecules
with a hydrophilic head on one side and a long hydrophobic tail
on the other, have been widely applied in electrochemistry to
improve the property of the electrode/solution interface
[17,18]. The surfactant-modified electrodes have been reported
previously. Krishnananda et al. [19] have carried out the direct
electrochemical studies on horse heart myoglobin and horse-
radish peroxidase at neutral surfactant-modified glassy carbon
electrode. Improved electron transfer rate was found between
these proteins and the modified electrode. Lenys and Hermes
[20] have gained a chemically modified glassy carbon
electrodes by using surfactant/clay films, containing ferroce-
necarboxylic or ferrocenedicarboxylic acid. The results show
that the surfactant molecules incorporated into the clay could
increase the permeability and the positive surface of the film.
Svancara et al. [21] also reported a carbon paste electrode
modified with cationic surfactants, which was used to
determine chromate based on synergistic pre-concentration of
the chromate anion at modified electrode. However, surfac-
tants-modified electrodes have not been used to study the
electrochemical behavior of dopamine. Wen et al. [22] have
investigated the micellar effect on the electrochemistry of
dopamine and found that the anodic peak current of dopamine
is enhanced in sodium dodecyl sulfate micelle, but the
interference coming from ascorbic acid cannot be eliminated.


To improve the selectivity, a sodium dodecyl sulfate (SDS)
modified carbon paste electrode (SDS/CPE) was fabricated by
the hydrophobic adsorption of SDS on the surface of CPE.
Comparing with other chemically modified carbon electrodes,
the SDS/CPE has some unique properties, such as a single-
component surface, high density of negative charges covered on
electrode surface, the ability to be further modified by common
blending methods, and so on. The voltammetric response of DA
on SDS/CPE was increased greatly compared with on CPE.
After an open circuit accumulation, a further enhancement of
the oxidation peak current was observed, and a high
discrimination against AA was represented on SDS/CPE.
Furthermore, the electrochemical characterization of SDS/
CPE was investigated by electrochemical alternating current
impedance technique. To sum up, this method for determination
of DA has the following advantages: easy to prepare, easy
renewal, low cost, high selectivity, and low detection limit.


2. Experimental


2.1. Apparatus and reagents


All electrochemical experiments were performed with a
CHI660A electrochemical workstation (Shanghai Chenhua Co.,
China) controlled by a microcomputer with CHI660 software. A
three electrode electrochemical cell was employed. A naked
carbon paste electrode (NCPE), SDS/CPE or SDS/GCE was
used as working electrodes, with a saturated calomel electrode
(SCE) as reference electrode and a platinum wire as auxiliary
electrode. All potentials reported were versus the saturated
calomel electrode.

Dopamine (Sigma) was used as received. Other chemicals
were analytical grade and used without further purification.
0.1 mol·L−1 NaCl+Na2HPO4+KH2PO4 buffer solution (PBS)
with various pH was employed as supporting electrolyte.
Ultrapure water (R=18 MΩ) obtained from a Milli-Q system
(Millipore Co. USA) was used for preparing all the solutions.
High-purity nitrogen was used for deaeration.


2.2. Preparation of electrode


The naked carbon paste electrode was prepared as follows:
1.0 g graphite powder and 0.5 mL paraffin oil were mixed by
hand to produce a homogenous carbon paste. The carbon paste
was packed into the cave of a homemade carbon paste electrode
(3 mm in diameter) and then smoothed on a weighing paper.


The glassy carbon electrode was previously polished, with
alumina suspensions of difference grain size (1.0 and 0.05 μm)
on a billiard cloth. After that, the electrodes were placed in 1:1
nitric acid, ethanol and water, and properly cleaned in a
sonicator for 5 min, respectively.


The modified electrode was prepared by dipping a drop of
8.0×10−3 mol·L−1 SDS solution (10 μL) onto the surface of the
bare carbon paste electrode or well-polished glassy carbon
electrode by a microinjector. Two minutes later, the electrode
was completely rinsed with water to remove unadsorbed
modifier and dried in air at room temperature.


The carbon paste electrode surface was renewed by extrusion
of approximately 0.5 mm carbon paste from the holder and
smoothing with a weighing paper and repeated the above
modification processes. Typically, such mechanical renewal of
the carbon paste surface was made when starting a new series of
measurements (e.g., prior to analysis of each sample).


2.3. Methodology


In cycling voltammetric measurements, the potential swept
from −0.2 to 0.5 Vor 0.6 V with a scan rate of 50 mV s−1. The
parameters in electrochemical impedance experiment were as
follows: initial potential of 0.17 V, frequency range of 0.01–
1000 Hz with amplitude of 5 mV. The differential pulse
voltammograms (DPVs) were achieved at an initial potential of
−0.2 V and a final potential of 0.5 V, with a pulse width of 5 s
and amplitude of 5 mV. Except for the special mention, all
experiments were carried out at the ambient temperature
(approx. 25 °C) and nitrogen atmosphere, after modified
electrode was accumulated in sample solution at open circuit
for 10 min.


3. Results and discussion


3.1. The property of SDS-modified electrode


3.1.1. Optimization the electrode material and modifying
method


Dopamine (DA) showed a quasi-reversible redox wave on
NCPE in PBS (pH 7.40). Addition of the anionic surfactant SDS
to the supporting electrolyte increased the reversibility of







Fig. 2. Cyclic voltammograms of dopamine (0.15 mmol·L−1) recorded at
SDS/GCE (a) and SDS/CPE (b) in pH 7.40 PBS. Experiment conditions as
Fig. 1.
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voltammetric response of DA and enhanced peaks currents, ipa
and ipc, significantly (Fig. 1). The results were consistent with
those obtained at the glassy carbon electrode [22]. But an
interesting phenomenon was found that the peak current were
increasing with the immersion time of the NCPE in SDS
solution. The same effect also occurred at GCE, but not
significantly. After 20 min enrichment, comparing with the
original currents at micelles, anodic peaks currents of DA at
NCPE enhanced 83%; at GCE, it enhanced 22%. As shown in
Fig. 1, ipa at NCPE reached the maximum after 4 h and
increased almost 4-fold.


It is well established that surfactants can be adsorbed on solid
surfaces to form surfactant films [23]. In the present case,
significant influence upon addition of SDS can be rationalized
by the adsorption of the surfactant at the electrode surface which
may alter the overvoltage of the electrode and influence the rate
of electron transfer. The increasing sensitivity with immersion
time can also be rationalized by the increasing adsorbance of
SDS on electrode surface.


In order to gain more sensitive sensor for DA and save
preparing time, a novel SDS-modified electrode was fabricated
by applying the surface modifying method. It can be seen from
Fig. 2 that carbon paste electrode modified with SDS (SDS/
CPE) showed higher sensitivity for DA than SDS/GCE. The
experiments indicated that CPE was more suitable for our study,
because the paraffin oil in CPE gave a more hydrophobic
surface which was in favor of the adsorption of SDS on the
electrode surface. Accordingly, carbon paste electrode was used
as base electrode in this work.


The stability and reproducibility of the modified electrode
were examined in eight parallel determinations. When we
detect 1×10−5 mol·L−1 DA solution, the signal at the same

Fig. 1. Cyclic voltammograms of dopamine (0.15 mmol·L−1) recorded at a
naked carbon paste electrode in pH 7.4 PBS. The potential was scanned from
−0.2 to 0.6 V with a scan rate of 50 mV s−1: (a) in blank PBS, (b–d) in
8.0 mmol·L−1 SDS micelles, after 5 min, 20 min, and 80 min. The inset is the
plot of dependence of DA oxidation peak current (ipa) on enrichment time (t).

electrode surface could be repeated with a relative standard
deviation from ±3% to ±9%. For the different electrode
made from the same carbon paste, the relative standard
deviation varied from ±3% to ±12%. Such diversity might
appear to be relatively significant; nevertheless, these values
were being typical for complicated mechanisms involving
accumulation of the analyte via ion-pairing and its
subsequent re-release during the electrochemical detection
[21]. When the modified electrode was stored dry and
airtight at room temperature for 10 days, the same shape of
the voltammetric curves of DA could be maintained and only
a 10.1% decay of initial current could be observed. It
indicated the high electrochemical stability of the SDS/CPE
and the application potential. Because of the strong
adsorption of DA on the SDS layer, for a different
concentration of DA sample, a new modified electrode
should be used. In order to eliminate system error, all
experiments should be accomplished with the same batch of
carbon paste electrode.


3.1.2. Electrochemical impedance spectroscopy (EIS) of
SDS/CPE


It is well known that electrochemical alternating current
impedance technique is a useful tool for studying the interface
properties of surface-modified electrodes. So it was used to
investigate the character of SDS/CPE surface. Fig. 3 shows the
Nÿquist diagram of electrochemical impedance spectroscopy
(Z″ versus Z′) obtained at NCPE (Fig. 3A) and SDS/CPE (Fig.
3B). It is well established that for a diffusive species, the EIS
includes a semicircle part and a linear part, of which the
semicircle part at high frequencies corresponds to the electron
transfer-limited process and the linear part at low frequencies
corresponds to the diffusion process [24]. Fig. 3A indicates that
the [Fe(CN)6]


4−/3− is a diffusive species at NPE. Awell-shaped
but incomplete semicircle is observed at bare CPE in the
frequency range of 966.8–1.7 Hz. The charge transfer resistance
(Rct=3.60 kΩ) can be calculated by Eq. (1), which implies low
electron transfer resistance of NPE to the redox probe.
Furthermore, the electron-transfer resistance can be translated
into the exchange current under equilibrium (I0=7.14×10


−6 A)







Fig. 4. Effects of SDS concentration on the redox peak current of 0.04 mmol·L−1


DA. The solid curve with squares (a) represent anodic peak (ipa) and dot curve
with dots (b) represent cathodic peak current (ipc). Accumulation time: 10 min,
experiment conditions as Fig. 1.


Fig. 3. Nyquist diagrams (−Z″ vs. Z′) for the EIS measurements at NCPE (A)
and SDS/CPE/CME (B). In the presence of 1.0 mmol·L−1 [Fe(CN)6]


4−/3− in
0.1 mol·L−1 KCl, amplitude: 5 mV, initial potential: 0.17 V, frequency range:
0.01–1000 Hz.
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through Eq. (2) [25], which implies the high electron transfer
velocity at NPE.


ðZ V� Rct=2Þ2 þ ð�ZWÞ2 ¼ ðRct=2Þ2 ð1Þ


Rct ¼ RTðnFI0Þ�1 ð2Þ
It can be seen from Fig. 3B that in the low-frequency region,


the appearance of a nearly vertical line showed SDS/CPE like as
a pure capacitor [24], and in the high-frequency region, the
radius of the semicircle is so large that it is nearly parallel to the
real part of impedance (Z′). All these show SDS/CPE has some
characteristics of the high charge transfer resistance and low
exchange current, which indicates that the SDS-modified layer
obstructs the electron transfer of the electrochemical probe. The
reason of these differences between NCPE and SDS/CPE may
be the following: the SDS anions adsorbed on the electrode
surface formed a negative electric field around electrode
surface. Thus, the redox probe with negative charge ([Fe
(CN)6]


4−/3−) may more difficultly arrive at the electrode.
Moreover, SDS can form a less electric conductive layer on
the electrode to cause a much higher electron-transfer
resistance.


After the fitting procedure, the specific capacitance (i.e.,
normalized to electrode area) of the modified layer, Cm

(64.32 μF cm−2) was determined. The thickness (d) of the
membrane can be estimated according to the Eq. (3) [26]


Cm ¼ e0j=d ð3Þ
where ε0 is the permittivity of the free space (ε0=8.85×
10−14 F cm−1) and κ, the membrane dielectric constant
(estimated as 78.49) [27]. Under these assumptions, the
thickness of the SDS membrane was estimated as 10.8 nm.
This value is in good agreement with the distance of 9.4 nm
from the polar head to the tail end of alkyl chains for SDS
monolayer [28].


These results not only prove the validity of the surface-
modifying method used in this study but also certify the
adsorption characters of SDS on the CPE surface. SDS
molecule forms a monolayer on the CPE surface with “stand”
mode. A negative electric field exists around the modified
electrode surface. The monolayer adsorption of SDS on the CPE
surface is similar to the adsorption character of SDS on the
graphite surface [29].

3.1.3. The influence of concentration of SDS on voltammetric
response of dopamine on SDS/CPE


Falaras et al. [30] have reported that the preparation of the
organoclay-modified glass carbon electrode was based on the
formation of a second CTAB layer on the first one through the
van der Waals interaction. In this work, the paraffin oil layer
covered on the carbon particles had similar hydrophobic
property to that of the first SDS layer of the organoclay-
modified electrode. Thus, when CPE was immersed in
8.0 mmol·L−1 SDS solution, SDS might form a stable layer
on the surface of CPE. To achieve further understanding of the
adsorptive behaviors of SDS on CPE, the effects of SDS
concentration on the responses of DA at SDS/CPE were
investigated. Different concentrations of SDS were used to
fabricate the different modified electrodes according to the
method described in Section 2.2.


Fig. 4 shows the effects of SDS concentration on the
reduction (dot curve) and the oxidation (solid curve) peak







Fig. 5. Cyclic voltammograms (at 50 mV s−1) of the naked (curve a and b) and
the SDS-modified CPE (curves c) in pH 7.40 PBS in the presence (solid curves)
and the absence (dot curves) of 0.15 mmol·L−1 DA. The curve b expresses the
condition of directly adding SDS in DA solution to form 8.0 mmol·L−1 SDS
solution. Accumulation time: 10 min.


Fig. 6. Dependence of DA oxidation peak current (ipa) (solid curve and squares)
and peak potential difference (ΔEp) (dashed curve and dots) on solution pH. The
plot is the average of the data obtained from five recordings performed with
different electrode. Accumulation time: 10 min, experiment conditions as Fig. 1.
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currents of 4.0×10−5 mol·L−1 DA. When the SDS concentra-
tion is lower than the 8.0 mmol·L−1 the critical micelle
concentration (CMC) of SDS at room temperature [31], both ipa
and ipc increase rapidly with the increase of SDS concentration.
However, the signals of DA apparently decrease in the range of
8.0–11.0 mmol·L−1. This plot is very similar to the SDS
adsorption isotherm on the graphite surface [29], which also has
the maximum adsorption capacity about CMC. Surfactant
molecules will form micelles at high concentration (CSDS>
CMC), which causes the decrease of available dissociative SDS
molecules and the SDS adsorbed on surface. It indicates the
accumulation ability of SDS/CPE to DA has a direct proportion
with SDS adsorbance on electrode surface. Based on the above
discussions and the inference in Section 3.1.2, in the presence of
SDS solution, multilayer or monolayer adsorption may occur at
first. However, when these electrodes are thoroughly rinsed
with water, the outer layer in the multilayer may be removed
and an SDS monolayer-coated CPE may be obtained. Thus, it is
rational to infer that the CPE modified by 8.0 mmol·L−1 SDS is
covered by a compact SDS monolayer. The hydrophobic alkyl
terminal group in the SDS molecule adsorbed at the
hydrophobic electrode surface through Van der Waals interac-
tion, and the hydrophilic sulfate terminal group oriented
outside. The relevant report [27] has proved that the adsorbed
SDS organized in a dense monolayer on a hydrophobic C18


surface near the CMC which also supported our inference.


3.2. Electrochemical behavior of dopamine at SDS/CPE


3.2.1. Cyclic voltammetric response of dopamine
Fig. 5 shows the cyclic voltammograms (CVs) of DA on


SDS/CPE (c) and NCPE with (b) and without (a) adding SDS in
the supporting electrolyte. In the potential range of −0.2–0.5 V,
at SDS/CPE a pair of well-defined redox peaks of DA (c)
appears at an E0′ [(Epa+Epc)/2] value of 127 mV, withΔEp only
64 mV, which is much smaller than on NPE (a) (ΔEp=217 mV).
The smaller peak potential difference (ΔEp) and the higher

redox peaks (ip) indicate the accumulation ability of the SDS/
CPE to DA. The curve b shows CVs of 8.0 mmol·L−1 SDS and
3.0×10−5 mol·L−1 DA mixture on NPE. There is also a certain
accumulating effect, because of the spontaneous adsorption of
SDS on the electrode surface, but not obviously as the SDS/
CPE (curve c), indicating that the accumulating effect is due to
the modified SDS layer on the electrode surface not the SDS in
solution.


With the increase of the immersion time, the reduction peak
current (ipc) and the oxidation peak current (ipa) both increase
correspondingly. In order to quantify the relationship between
the peak current and the concentration of dopamine, every
experiment was carried out after SDS/CPE was immersed in the
analyte solution for 10 min.


3.2.2. The effect of scan rate on the peak current and peak
potential of dopamine


The scan rate has a great influence on the peak current of DA
on SDS/CPE. The anodic and cathodic peak currents are
directly proportional to the scan rate (v) in the range of 20–
170 mV s−1 with correlation coefficient of 0.996 and 0.994,
respectively. The linear regression equations are expressed as
ipa(μA)=2.052–0.0590v (mV s−1); ipc(μA)=1.446+0.0664 v
(mV s−1). Moreover, ipa is not equal to ipc (ipa/ipc=1.33). The
difference between the anodic peak potential and the cathodic
peak potential, ΔEp, is increasing with the scan rate in the same
scan range. The results indicate that the electron transfer
reaction is controlled by the adsorption of DA on the electrode
surface and the electrode process is irreversible.


3.2.3. The effect of pH on the peak current and peak potential
of dopamine


Fig. 6 shows that peak potential difference increases with the
acidity in pH 6.00–7.40. Every point in the figure was present in
the average value of five measurement. There is an abrupt stop
at pH 6.00 due to the totally disappearance of cathodic peak
current. While supporting electrolyte at pH 7.40–8.40, ΔEp


reaches a minimum and remains constant. The effect of pH on







Fig. 7. Differential pulse voltammograms of 4.0 mmol·L− 1AA (a),
0.040 mmol·L−1DA (b) and 4.0 mmol·L−1 AA+0.040 mmol·L−1 DA (c) at
SDS/CPE. The potential was scanned from −0.2 to 0.5 V with a pulse width of
5 s and amplitude of 5 mV. Supporting electrolyte: 0.1 mol·L−1 PBS (pH=7.40).


Table 1
Determination of DA in injection of dopamine hydrochloride (n=10,
t0.05,9=2.26)
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ΔEp reveals that the proton participate in the oxidation process
of DA, which is in accord with the well-known oxidation
mechanism of DA shown at Scheme 1.


Fig. 6 also reveals the anodic peak current of DA in PBS has
a relative stability region from pH 4.50 to 7.40 and decreased
rapidly in alkaline solution. More sensitive response achieves at
acidic solution also can be well explained by the proton
participating in the oxidation process of DA, and acidic solution
making SDS molecule ionize easily. In order to simulate the
biological environment and to get the higher selectivity (the
optimum condition to avoid the inference of AAwas discussed
in Section 3.3.), pH 7.40 PBS was used as optimum in this
study.


3.3. The response of DA in the presence of ascorbic acid (AA)


It is well known that AA widely coexists with DA in real
biological matrices. So, avoiding AA interference is an
important target for any DA analytical methods. The
interference of AA to DA detection arises from two aspects:
one is the very similar oxidation potential of AA and DA at
ordinary electrode; the other is the electrocatalytic oxidation
of dopamine by ascorbic acid [32]. Namely, oxidized
dopamine, i.e., dopamine-o-quinone, is chemically reduced
by ascorbic acid. Thus, one would anticipate that the
oxidation wave of DA will be affected by the concentration
of AA. The steady-state current of DA at SDS/CPE in the
presence of increasing concentration of AA was carefully
examined at various pHs by differential pulse voltammetry,
which has a higher selectivity and sensitivity compared with
cyclic voltammetry.


At neutral solution, the SDS/CPE shows more discrimination
against AA. The endurable concentration of AA is 4.0×
10−3 mol·L−1 at pH 7.40 compared with 1.0×10−3 mol·L−1 at
pH 6.00. Considering pKa (8.87) of DA and first pKa (4.10) of
AA [6], these can be easily comprehended. At neutral pH, DA
exists in the cationic form while AA is completely in the anionic
form. Therefore, physiological pH (7.40) is the optimum
selection in this work.


Curve a in Fig. 7 is the differential pulse voltammogram of
AA at SDS/CPE. It is clear that AA has no electrochemical
response on SDS/CPE surfaces. So the interference induced
from the overlapping of AA oxidation wave can be well
avoided. Moreover, Fig. 7c shows the differential pulse
voltammogram of mixed solution of 4.0×10−5 mol·L−1 DA
and 4.0×10−3 mol·L−1 AAwhich AA is 100-fold higher than
DA. In this situation, the peak potential of DA has a little
shift from 0.108 to 0.112 V, and the peak current has a little
rise from 9.99 to 10.25 μA. The corresponding DA
concentration only changes 2.6%, which indicates that the

Scheme 1. The oxidation reaction of dopamine on electrode.

determination error of DA concentration was in the permis-
sion region (±5.0%). The experiment shows the electrocata-
lytic oxidation effect of AA also can be eliminated at SDS/
CPE, which was not realized in SDS micelles added to DA
solution [22].


At experimental pH, the amine group in DA molecule is
electropositive, whereas the hydroxyl next to the carbonyl group
in AA molecule is electronegative [6], and the SDS monolayer
on the electrode surface is electronegative due to its ionization.
Therefore, on the one hand, electropositive DA is attracted
electrostatically to the monolayer and can be oxidized at
relatively low potentials. On the other hand, electronegative
AA is repelled from the electrode due to the electronegative
monolayer and has no electrochemical response. Moreover, the
SDS/CPE has the selective response to DA in the mixture of DA
and 100-fold AA also can be explained by the small thickness of
the diffusion layer of oxidation reaction of DA [33]. After 10min
enrichment, DA electrode reaction is completely controlled by
the adsorption. The oxidized DA has still been attracted around
the electrode and cannot have change to be reduced by ascorbic
acid in solution. Further experiments which has shown higher
sensitivity can be achieved if other electrochemical methods,
such as differential pulse stripping voltammetry, is used. In such
experiments, after open circuit enrichment in sample solution,
SDS/CPE is transferred to blank supporting electrolyte for
differential pulse voltammetry. The interference coming from
AA can be eliminated thoroughly for no AA is adsorbed on SDS/

Number Nominal content
(×10−5 mol·L−1)


Found by
standard method a


(×10−5 mol·L−1)


Found by the
method in article
(×10−5 mol·L−1)


RSD
(%)


1 2.11 2.11 2.09±0.05 3.3
2 4.22 4.25 4.23±0.09 3.0
3 10.5 10.5 10.7±0.21 2.8


a The standard methods for detect dopamine on Pharmacopoeia of China
(Part II).







Table 2
Recovery data for synthesized biology solution a spiked with various amounts of
DA


Number Added
(×10−5 mol·L−1)


Found
(×10−5 mol·L−1)


Recovery
(%)


1 4.00 4.10 102.8
2 8.00 8.06 100.7
3 20.0 21.4 107.0
a 1.0×10−3 mol·L−1 AA in diluted 50-fold fresh urine sample from the


healthy volunteers.
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CPE and noAA exists in electrolyte. 1.0×10−5 mol·L−1 DA can
be detected in the presence of 2.2×10−3 mol·L−1AA (220-fold
of DA concentrations).


3.4. Analytical applications


In 0.1 mol·L−1 pH 7.40 PBS, the anodic pulse peak currents
are measured and plotted against the bulk concentrations of DA.
The oxidative peak currents increased linearly with the concen-
trations of DA in the range of 5.0×10−7–8.0×10−4 mol·L−1


with a correlation coefficient of 0.996. The linear regression
equation is expressed as ip(μA)=5.003+6.63×10


4c (mol·L−1).
When the signal–noise ratio (SNR) is 3, the detection limit (3σ),
taken as the concentration that gave a signal equal three times of
standard deviation of blank signal calculated from the analytical
graph [34], is 5.0×10−8 mol·L−1.


The sample of an injection of DA was determined after
suitable dilution. Table 1 showed the results of the sample
determination. Every sample was parallel detected by SDS/CPE
for 10 times, the relative standard deviation was given to
indicate the precision of this method. The average value of 10
determinations by applying a calibration plot correspond with
the value obtained by standard methods on Pharmacopoeia of
China (Part II) [35]. Recovery was studied in the synthesized
sample. The acceptable recovery was obtained as shown in
Table 2.


Synthesized sample was prepared as follows: The supporting
electrolyte was fresh urine sample from healthy volunteer 50-
fold diluted by pH 7.40 PBS. AA was dissolved in supporting
electrolyte to gain 1.0×10−3 mol·L− 1 synthesized biology
solution. Various amounts of DA reserve solution were spiked
into it to get different synthesized biology sample.


4. Conclusion


A carbon paste electrode modified with sodium dodecyl
sulfate was developed in this work based on the surface-
modifying method. The modified electrode had a regular surface
covered by a compact monolayer of SDS with high density of
positive charges directed outside, which was characterized by
electrochemical impedance spectroscopy and the effect of SDS
concentration on electrode capability. This electrode exhibited
strong enrichment ability towards dopamine and discrimination
against ascorbic acid. This is attributed to the cation preconcen-
tration ability and anionic repellency of SDS film. SDS/CPEwas
used to determine the dopamine in injection and simulated

sample with high concentration of AA, and a satisfying result
was achieved. The application of this electrode creates a new
approach to determine the importance neurotransmitter dopa-
mine sensitively and selectively.
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Abstract


Cytochrome c (Cyt c) was successfully immobilized on L-cysteine modified gold electrode by multicyclic voltammetry method. The
electrochemical behavior of Cyt c on the L-cysteine modified electrode was explored. In 0.10 M, pH 7.0 phosphate buffer solution (PBS), Cyt c
showed a quasi-reversible electrochemical redox behavior with Epc=0.180 V, Epa=0.208 V (versus Ag/AgCl). The Cyt c/L-cysteine modified
electrode gave an excellent electrocatalytic activity towards the oxidation of nitric oxide, and the catalysis currents were proportional to the nitric
oxide concentration in the range of 7.0×10−7 to 1.0×10−5 M, the linear regression equation is I (μA)=−0.124–0.003CNO (μM), with a
correlation coefficient 0.996, The detection limit was 3.0×10−7 M (times the ratio of signal to noise, S/N=3).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Cytochrome c is a kind of stable hemoprotein containing
covalently bound heme as a prosthetic group. Its Fe(III)/Fe(II)
redox center located in a heme unit which is approximately
spherical in shape with 34 Å. In 1977, Hill [1] used gold and tin-
doped indium oxide electrode, respectively, and made cyto-
chrome c show virtually reversible electrochemistry property.
After that time, the direct electrochemical behavior of Cyt c has
been studied extensively. Many electrode materials [2–4] have
been used to improve the electrochemical properties of cyto-
chrome c on the electrode. Some researchers adopted gluta-
thione [5], cardiolipin [6], TiO2 phytate [7], and fullerene [8] as
surface modifier to prepare the modified electrode. These
modified electrodes were applied to explore the direct electro-
chemical behavior of cytochrome c and some satisfactory
results were obtained. McNeil et al. [9] have developed a
superoxide sensor based on Cyt c immobilized on short-chain
thiol modified gold electrode. The sensor signal is proportional
to the real O2


U− concentration that fits well with the mathematical
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model for in vitro studies. B. Ge et al. [10] developed a long-
chain mixed thiol (MUA:MU) modified electrode. They showed
how the rate constant of the immobilized cytochrome c on the
electrode and O2


U− in solution was increased, then they got a
sensitivity sensor of O2


U−. Chen et al. [11] deposited cytochrome c
on DNA modified glassy carbon electrode and studied the
electrocatalytic oxidation properties of Cyt c to ascorbic acid,
NH2OH, N2H4, and SO3


2−. They concluded that cytochrome c
shows a well-electrocatalytical property active in the above-
mentioned compounds.


Nitric oxide (NO), a potentially toxic molecule, has been
implicated in a wide range of physiological function and is
considered as a new messenger in the brain. It has been found
that measuring NO in the biological model is very difficult
because of its assumed low stability and high fugacity. Some
methods for determining NO were proposed with chemilumi-
nescence [12], diazotization [13], electron paramagnetic reso-
nance (EPR) [14], and electrochemical methods [15]. Among
them, electrochemical methods show great significance to
determination, not only in that they are directive, simple and
rapid, but also in that they are applicable in vivo.


In this paper, cytochrome c was immobilized successfully on
L-cysteine modified electrode by multicyclic voltammetry
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Fig. 1. Multicyclic voltammograms of a L-cysteine modified gold electrode in
0.10 M phosphate buffer (pH 7.0) containing 1.0×10−5 M Cyt c. Scan rate,
v=50 mV/s.
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methods to fabricate Cyt c/L-cysteine modified gold electrode.
The electrochemical behavior of cytochrome c on L-cysteine
modified electrode was explored by using cyclic voltammetry
and amperometry. The related electrochemical parameters were
obtained. The Cyt c on L-cysteine modified electrode gave an
excellent electrocatalytic activity towards the oxidation of nitric
oxide, which can be applied in the detection of NO.


2. Experimental


2.1. Apparatus and chemicals


Cytochrome c from horse heart (Cyt c) and L-cysteine were
purchased from Rche. NO solution was prepared as reference

Fig. 2. Cyclic voltammograms of (a) bare gold electrode (b) L-cysteine modified
gold electrode and (c) Cyt c/L-cysteine modified gold electrode in a phosphate
buffer solution (pH 7.0). The scan rate v=50 mV/s.

[16], typically containing NO≈1.4 mM. Other chemicals were
of analytical reagent grade. Phosphate buffer solutions (PBS)
were prepared with 0.10 M KH2PO4–K2HPO4. All aqueous
solutions were prepared with double distilled, de-ionized water.


Electrochemical experiments were performed with
CHI660A electrochemical analyzer (Shanghai Chenhua appa-
ratus, China) with conventional three-electrode cell. The
working electrode was L-cysteine modified gold electrode and
Cyt c/L-cysteine modified gold electrode (2.0 mm in diameter),
the reference electrode was an Ag/AgCl electrode (saturated
KCl) and a platinum electrode was used as the auxiliary elec-
trode. Prior to experiment, solutions were purged with purified
nitrogen for 15 min to remove oxygen. All measurements were
performed at room temperature.


2.2. Electrode modification


The gold electrode was polished by 1500 diamond paper,
followed by 0.2 μm alumina on chamois leather to mirror, then

Fig. 3. (a) Cyclic voltammograms of Cyt c/L-cysteine modified electrode in
pH 7.0, 0.10M phosphate buffer solution at different scan rates: (a) 20, (b) 50, (c)
100, (d) 200, (e) 300, (f) 400, (g) 500, (h) 600, (i) 700, (j) 800, (k) 900, (l)
1000 mV/s. (b) Background-subtracted cathodic peak current vs. scan rate.







Fig. 4. Cyclic voltammograms of Cyt c/L-cysteine modified gold electrode in
0.10 M PBS (pH 7.0) containing NO (a) 0, (b) 2, (c) 4, (d) 6, (e) 8, (f) 10 μM).
The scan rate v=50 mV/s.
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cycled in 0.5 M H2SO4 from −0.35 V to +1.70 V for 20–50
cycles at 200 mV s−1 until the typical cyclic voltammogram of a
clean polycrystalline gold surface was obtained. Following that,
20 μL L-cysteine solution (50 mM) was dropped onto the clean
gold electrode and solvent was evaporated at 4 °C circumstance
for 12 h.


Cyt c/L-cysteine modified electrode was prepared by the
following steps: Cyt c was dissolved in 0.1 M (pH 7.0)
phosphate buffer solution (PBS) and the above-modified
electrode was transferred into Cyt c solution. A successive
cyclic scan was performed in the potential range from +0.4 to
0 V (versus Ag/AgCl) to obtain a stable voltammogram. Then,
the electrode was removed from the solution, was washed with
double-distilled water and stored in pH 7.0 PBS at 4 °C.

Fig. 5. Amperometric response of Cyt c/L-cysteine modified gold electrode to
NO. Conditions: +0.824 V constant potential modulated with 50 mV pulse in
the time intervals of 0.5 s, successive additions of 50 μL, 2 μM NO to 5 mL
pH 7.0 PBS and the stirring rate is 200 rpm.

3. Results and discussion


3.1. The adsorption of cytochrome c on L-cysteine modified Au
electrode


Fig. 1 shows the cyclic voltammograms of Cyt c at L-cysteine
modified Au electrode under the condition of consecutive scans.
It shows clearly the adsorption process of Cyt c on the surface of
L-cysteine. A couple of redox peaks can be observed on cyclic
voltammograms. The cathodic and anodic peak potentials
appear near 0.186 V and 0.235 V, respectively. The more the
cycles that the modified electrode swept in the Cyt c solution
was, the higher was the redox peak, demonstrating that Cyt c
could be adsorbed onto the surface of L-cysteine modified elec-
trode.When the cycles was above 40 circles, no obvious changes
of peak current could be observed from the cyclic voltammo-
grams, indicating the adsorption of Cyt c reached a saturated
state [17]. During this procedure, L-cysteine plays a promoter
role for the electron transfer reaction of Cyt c, it can provide
negatively charged sites and interact with the hydrophilic surface
of Cyt c, which has the positive charge to +8 at a neutral pH. In
addition, the carboxyl and amino of L-cysteine interact with the
lysine residues surrounding the heme edge of Cyt c [18]; there-
fore, Cyt c can be adsorbed on the L-cysteine modified electrode.


3.2. Direct electrochemical behavior of Cyt c on L-cysteine
modified electrode


In pH 7.0 PBS, the electrochemical properties of Cyt c on L-
cysteine modified electrode were studied. Fig. 2a shows the CV
curves of bare Au electrode, the L-cysteine modified Au
electrode (Fig. 2b) and the Cyt c on L-cysteine modified Au
electrode (Fig. 2c) at a scan rate of v=50 mV/s. As shown in
Fig. 2c, Cyt c on the L-cysteine modified electrode showed a
pair of reversible redox peaks; its cathodic and anodic peak
potential were 0.180 Vand 0.208 V (vs. Ag/AgCl), respectively.
The formal potential is +0.194 Vand the shapes of the cathodic
and anodic peaks were nearly symmetric. The contrast

Fig. 6. Linear calibration curve for the determination of Km.
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experiment was performed in the same procedure with bare gold
electrode instead of L-cysteine modified electrode. No obvious
redox peak of Cyt c on bare gold electrode was observed (figure
not shown). These experimental results indicated that Fe(III) in
Cyt c can be reduced to Fe(II) on L-cysteine modified electrode,
L-cysteine plays a promoter role for the electron transfer
reaction of Cyt c. On L-cysteine modified electrode, Cyt c
shows well electrochemical activation.


The dependence of peak currents (Ip) on the scan rate (v) was
shown in Fig. 3. The slope of the plot of Ip vs. v could be
observed, according to the slope of Ip−v curve and the
Laviron's equation [19]


Ip ¼ n2F2mCA=4RT ð1Þ


The surface concentration (Γ) of Cyt c on L-cysteine
modified electrode was estimated. Under the condition of
saturated adsorption, the average surface concentration is about
9.986×10−7 mol/cm2. The dynamic constants of Cyt c on L-
cysteine modified electrode can be obtained by the following
equation about the relation of peak potential (Ep) and scan rate
(v) [20],


Ep ¼ E0 þ RT
anF


ln
RTKs


anF


� �
=Vs−1


� �
−
RT
anF


ln m= mVs−1
� �� 	 ð2Þ


The heterogeneous electron transfer rate constant (Ks, s
−1)


and electron rate coefficient α were calculated to be Ks=1.25±
0.10 s−1 and α=0.18±0.05, respectively. This Ks value indi-
cated that L-cysteine was an excellent promoter for the electron
transfer between Cyt c and the Au electrode. The plot of the
logarithm of (Ipc, μA) versus the logarithm of [ν, mV·s−1] (scan
rate) gives a linear relationship with correlation coefficient of
0.999 [21].


3.3. Electroatalytic oxidation of NO on Cyt c/L-cysteine
modified gold electrode


In order to explore the electrochemical activity of Cyt c on the
L-cysteine modified gold electrode, its response to the oxidation
of NO was explored. Fig. 4 shows the cyclic voltammogram of
the Cyt c/L-cysteine modified electrode in pH 7.0 phosphate
buffer solution. When different concentrations of NO were
added, an obvious increase of the peak current was observed at
near 0.824 V (Fig. 4, curves a–f); however, no corresponding
anodic peak can be observed at L-cysteine modified Au electrode
under the same condition (figure not shown), which indicated
that immobilized Cyt c on L-cysteine modified electrode
exhibited excellent electrochemical activity to the oxidation of
NO.


Fig. 5 shows the steady-state current response of NO. The
response was linear in the NO concentration range from
7.0×10−7 to 1.0×10−5 M. The linear regression equation was I
(μA)=−0.124–0.003CNO (μM), with a correlation coefficient
of 0.996. The response time was about 3 s and the relative
standard deviation is 2.0% for seven successive determinations
at NO concentration 1.0×10−6 and the detection limit is

3.0×10−7 M (three times the ratio of signal to noise).When the
concentration of NO was higher than 1.0×10−5 M, a response
plateau was observed, showing the characteristic of Michaelis–
Menten kinetic mechanism, The apparent Michaelis–Menten
constant (Km), which gives an indication of the enzyme-
substrate kinetics, can be obtained from the Lineweaver–Burk
equation [22],


1
Iss


¼ 1
Imax


þ Km


Imaxc
: ð3Þ


Here, Iss is the steady-state current after addition of substrate,
c is the bulk concentration of the substrate, and Imax is the
maximum current measured under saturated substrate condi-
tions. The Km value of the modified electrode was found to be
1.4×10−4 M (Fig. 6). The low value of Km indicated that the
immobilized Cyt c possessed a high biological affinity to NO.


In most cases, the solution pH is important to the electro-
catalytic behavior of proteins [4]. In this work, the effect of pH
on the electrocatalytic oxidation of NO on Cyt c/L-cysteine
electrode was tested in the pH ranges of 4.0–10.0 (figure not
shown). The oxidation current peak exhibited a maximum value
at pH 7.0. It is close to the pH value of the biological media.
This is due to the effect of protonation states of trans-ligands to
the heme iron and amino acids around the heme or to the
protonation of water molecules coordinated to the center [23].
The stability of the electrode was also examined. When it was
stored in 0.1 M PBS (pH 7.0) for at least 1 week at 4 °C, the
electrode retained more than 95% of its initial response to the
oxidation of NO. If the modified electrode was stored in the
concentration of PBS (pH 7.0) higher than 0.2 M, the response
to oxidation of NO will be reduced; probably the immobilized
Cyt c was denatured.


4. Conclusion


The direct electron transfer of cytochrome c on L-cysteine
modified gold electrode was achieved. L-cysteine plays a key
role in promoting the electron transfer between Cyt c and
gold electrode. Cyt c can strongly adsorbed on the surface of
L-cysteine immobilized gold electrode. The Cyt c/L-cysteine
modified electrode gave an excellent electrocatalytic activity
towards the oxidation of nitric oxide. It could be applied for
determination of micro-NO.
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Abstract


We have investigated the local organization intrinsic to a variety of interfacial structures, by both electrochemical and spectroscopic means. Our
focus has been on the design and construction of biomimetic interfaces, where a lipid bilayer or a hybrid bilayer membrane can be bound to an
interface. The goal of this work is ultimately to create an interface on a transducer surface that can support an enzyme in its active form. To this
point, we have examined the extent of organization that is achievable in monolayers that will be used to bind bilayer structures to a transducer
surface. Our electrochemical data point to the important role of the substrate surface in determining adlayer organization. We have also
investigated the fluidity and structural heterogeneity of lipid bilayers using time-resolved and steady state fluorescence spectroscopy. Our data
point to the highly interactive nature of lipid bilayer constituents, where perturbations introduced to one region have significant consequences on
other regions of the bilayer. Such information is directly relevant to the existence and properties of lipid raft structures in both model and
biological bilayers.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Surface-modification; Interfacial electron transfer; Unilamellar vesicles; Fluorescence anisotropy

1. Introduction


Developing sensors that can take advantage of the inherent
selectivity of biomolecules holds great appeal. With any sensing
device, there are two essential components; the chemically or
biologically selective interface between the device and the outside
world, and the non-selective transducer that takes the signal of
interest generated chemically or physically, and converts that
signal into a readable quantity, typically either electrons or
photons. For this reason most transducers, which function as the
substrate onwhich the selective adlayer resides, are polar, and it is
not possible to deposit biomolecules directly onto the sensing
transducer and expect them to retain their activity. We have been
investigating ways to provide an interfacial medium for bio-
molecules that will allow these molecules to remain in their active
state after deposition and thus function as the chemically or
biologically selective element in our sensors.

⁎ Corresponding author. Tel.: +1 517 355 9715x224.
E-mail address: blanchard@chemistry.msu.edu (G.J. Blanchard).
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To this point, we have not created a working sensor based on
biomolecular selectivity. We have focused on the fundamental
structural and chemical properties of the interfaces on which the
biomolecules will be supported, and we discuss our progress to
date in this paper. There are two distinct parts to this work. The
first is the electrochemical and spectroscopic probing of the
interfaces we form on metal and oxide surfaces using covalent
bonding chemistry. The second is the spectroscopic interroga-
tion of lipid bilayer structures to determine how the composition
of these bilayers affects their dynamical properties. These
bodies of information, taken collectively, provide insight into
the parameters that are important in designing a functioning,
surface-mounted biomimetic system.


We use a variety of well established chemical bonding schemes,
ranging from thiol chemistry for bonding to Au [1–3] to covalent
bonding to oxide surfaces such as indium-doped tin oxide (ITO) or
silica (SiOx) [4,5]. We have designed a series of SAMs that contain
pyrene derivatives. Pyrene is a well known chromophore used to
characterize local “polarity”, and both its time- and frequency-
domain spectral properties are sensitive to short range organization
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[6–15]. The electrochemistry of pyrene is also well understood,
particularly with respect to its oxidative instability [16]. Interro-
gating both the spectroscopic and electrochemical behavior of
covalently bound pyrene on metallic and oxide substrates provides
information on the local organization of the interface.We use silica
as the substrate for our spectroscopic experiments. The surface of
silica is different from that of ITO, but earlier work has indicated
that the density and distribution of surface –OH groups on these
two substrates is similar [16]. The data we report here indicate that
monolayers formed on silica and ITO are significantly disordered.


We have also examined the properties of the bilayers we intend
to deposit onto the modified surfaces. These biomimetic adlayers
are in the form of unilamellar vesicles. We have used NBD
hexanoic acid (NBDHA), an NBD-tagged cholesterol (NBD-
cholesterol) and a rhodamine-tagged phospholipid (DMPE-
rhodamine) (Fig. 1) as chromophores in this work. Our choice
of chromophores is based on the location on/in the bilayer struc-
tures where the chromophores will localize.We expect that NBD-
cholesterol will associate with the cholesterol-rich regions of the
bilayer, DMPE-rhodamine will locate in the lipid regions. For
NBDHA, we find that the chromophore experiences the same

Fig. 1. Structures of chromophores used t

environment regardless of vesicle composition or the specific
phospholipid used, pointing to it residing in close proximity to the
head group region of the vesicles.


Using NBD-cholesterol and DMPE-rhodamine, we have
studied how chromophore dynamics are influenced by bilayer
composition. We have systematically varied the amount of
sphingomyelin and chromophore(s) present in these vesicles, and
have monitored variations in the fluorescence lifetime and an-
isotropy behavior of the chromophores as a function of vesicle
composition. The addition of cholesterol and sphingomyelin
(SPM) to phospholipid vesicles is known to induce phase seg-
regated regions within the bilayer structures [17]. SPM is thought
to interact preferentially with cholesterol, leading to the formation
of phase separated regions within the bilayer. Our data show that
SPM does not play an easily measurable role in mediating bilayer
organization, but the presence of chromophores in these bilayers
can alter the fluidity of the bilayers themselves. While any bilayer
constituent can cause structural perturbations, the identity and
location of the constituent both play important roles in deter-
mining the precise perturbation. Our data underscore the highly
cooperative nature of bilayers, where perturbations in one region

o probe unilamellar vesicle structure.
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of the bilayer can have measurable consequences in different
regions.


2. Experimental section


2.1. Chemicals


1-Pyrenebutyric acid (97%), 1-pyrenemethylamine hydro-
chloride (95%), octadecylamine (97%), 2-mercaptoethylamine
(95%), 11-mercaptoundecanoic acid (95%), 10-hydroxydeca-
noic acid, octadecylmercaptan (98%), 1-hexadecylamine
(98%), N,N′-dicyclohexylcarbodiimide (DCC) (99%), adipoyl
chloride (≥99%), 4-methylmorpholine (≥99.5%), triethyla-
mine (≥99%), perchloric acid (70%), ruthenium (III) hexamine
chloride (98%), potassium ferrocyanide (99%), lithium per-
chlorate (99.99%), cyclohexane (99%), 1-pentanol (≥99%),
acetonitrile (anhydrous) were obtained from Aldrich. Dichlor-
omethane and chloroform were obtained from POCH or from
Mallinckrodt Chemicals. Aqueous solutions were prepared
from Milli-Q water.


For the vesicle bilayer studies, the fluorescent probe 6-(N-
(7nitrobenz-2-oxa-1,3-diazol-4-yl)amino hexanoic acid
(NBDHA) was obtained from Molecular Probes Inc. and used
without further purification. The solvents methanol, 1-propanol,
1-butanol, 1-pentanol, dimethyl sulfoxide (DMSO), N,N-
dimethylformamide (DMF) and acetonitrile were purchased
from Sigma-Aldrich in their highest purity available. Water and
ethanol (95%) were distilled in-house. The concentration of
NBDHA in solvents and the concentration of NBDHA in the
vesicles for one-photon experiments was 10−5 M, while the
concentration of NBDHA in vesicles for two-photon excitation
experiments was 10−4 M. Powdered cholesterol, 1,2-dimyr-
istoyl-sn-phosphatidylcholine (DMPC), egg sphingomyelin
(SPM), 25-(N-(7-notrobenz-2-oxa-1,3-diazol-4-yl-methyl)
amino)-27-norcholesterol and 1,2-Dimyristoyl-sn-Glycero-3-
Phosphoethanolamine-N-(Lissamine Rhodamine B Sulfonyl
Ammonium Salt), (DMPE-Rhodamine) were purchased from
Avanti Polar Lipids Inc., and used without further purification.


2.2. Substrate preparation


For the electrochemistry experiments, gold ball electrodes
were cleaned in piranha solution (3:1 concentrated H2SO4/30%
H2O2), rinsed with water and polarized cyclically (scan rate
100 mV/s) from −250 mV to +1650 mV in 1 M HClO4 until
reproducible voltammograms were obtained. The area of the gold
ball electrode was 0.135 cm2, determined from the cyclic vol-
tammetry of a K4[Fe(CN)6] solution [18]. Silica slides were
cleaned by immersion in piranha solution for ca. 20 min, then
rinsed with water and dried in a stream of nitrogen. Indium-doped
tin oxide (ITO) films deposited on silica substrates were cleaned
by rinsing with water, ethanol and acetone, consecutively.


2.3. Monolayer preparation


Pyrene bound to gold using a “short tether” (the cysteamide of
pyrenebutyric acid, P7, the number 7 indicates the number of

atoms between the substrate-attaching head group and the pyrene
chromophore) was synthesized according to a procedure for so-
lution-phase peptide synthesis [19]. To create a monolayer of P7
on gold, the substrate was exposed to solution of P7 in
dichloromethane for 12 h. The monolayer of the nominally
buried P7 was obtained by immersing a gold electrode into a
solution of P7 and octadecyl mercaptan (ODM) (1:1) in
dichloromethane for 12 h. For deposition of a monolayer of
pyrene tethered a greater distance from the gold substrate, the
substrate was first exposed to solution of 11-mercaptoundecanoic
acid (MUA) in dichloromethane for 12 h. The resulting SAM-
covered gold substrate was rinsed with dichloromethane, dried in
a stream of nitrogen and immersed in a solution of pyrenemethy-
lamine and DCC (1:1) in dichloromethane for 12 h, to form a
monolayer of mercaptoundecanoic acid pyrenemethylamide
(P13). To synthesize a monolayer of “buried” P13, a substrate
covered with a monolayer of 11-mercaptoundecanoic acid
(MUA) was immersed in a dichloromethane solution containing
pyrenemethylamine, hexadecylamine and DCC (1:1:1) for 12 h.


Monolayers on ITO and SiOx substrates were synthesized by
reaction of the substrate with adipoyl chloride (0.3 mL) in dry
acetonitrile (10 mL), using 4-methylmorpholine (0.3 mL) as a
Lewis base, under reduced pressure for 1 h, followed by rinsing
with dry acetonitrile and ethyl acetate, and drying under a
stream of dry nitrogen. We synthesized monolayers of tethered
pyrene either as the only constituent or as a co-constituent with
a long-chain aliphatic moiety. These monolayers were obtained
by exposing the adipoyl chloride covered substrate either to a
2 mM solution of pyrenemethylamine in dichloromethane,
producing a single-component monolayer of the pyrenemethy-
lamide of adipic acid, P8. For the corresponding monolayer
where P8 is “buried”, a dichloromethane solution of pyrene-
methylamine and hexadecylamine (1:1) is reacted under re-
duced pressure for 0.5 h. For pyrene tethered further from the
substrate, the adipoyl chloride covered substrate was first re-
acted with a 2 mM solution of 10-hydroxydecanoic acid in
dichloromethane. Following the addition of this C10 chain, the
substrate was removed from the reaction vessel, rinsed with
dichloromethane and ethyl acetate, and dried under a stream of
dry nitrogen. The substrate thus covered with adipic acid mono-
(10-carboxy)-decyl ester was then exposed either to pyrene-
methylamine and DCC (1:1) to form pyrenemethylamide-10-
decyl ester, (P19) in dichloromethane or to pyrenemethylamine,
hexadecylamine and DCC (1:1:1) in dichloromethane under
reduced pressure for 0.5 h.


2.4. Unilamellar vesicle formation


For the construction of unilamellar vesicles, the lipids 1,2-
Dilauroyl-sn-Glycero-3-Phosphocholine (DLPC, mp=−1 °C),
1,2-Dimyristoyl-sn-Glycero-3-Phosphocholine (DMPC,
mp=23 °C), 1,2-Distearoyl-sn-Glycero-3-Phosphocholine
(DSPC, mp=55 °C), egg sphingomyelin (SPM) and powdered
cholesterol were obtained from Avanti Polar Lipids, Inc. For the
NBDHAexperiments, vesicle constituentswere prepared in a 1:1:1
mole ratio of phospholipid/cholesterol/sphingomyelin or a 2:1
mole ratio of phospholipid/cholesterol for the multicomponent
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systems. For the mixed lipid systems, the ratio of phospholipids
used was 1:1. A total of nine vesicle systems were produced with
varying composition. The vesicle compositions were as follows:
DLPC,DLPC/cholesterol, DLPC/cholesterol/SPM,DSPC,DSPC/
cholesterol, DSPC/cholesterol/SPM, DLPC/DSPC, DLPC/DSPC/
cholesterol, and DLPC/DSPC/cholesterol/SPM. Chloroform was
evaporated from the lipid solutions, then the vesicle constituents
were dissolved in a 4:1 benzene:methanol solvent system, followed
by another evaporation. The resulting lipid mixture was then
dissolved in a 10 mM solution of Tris® buffer (Aldrich) in Milli-Q
water. The Tris® buffer was adjusted for a pH ∼8. An equal
volume of the NBDHA-containing solution (2×10−4 M) was
added next for a final total concentration of the vesicle constituents
of 1 mg/mL, and 10−4 M in NBDHA. Mixing of the solution was
accomplished by freeze–thaw–vortex cycles, described below.


For BBD-cholesterol and DMPE-rhodamine experiments, the
lipids (DMPC, SPM), cholesterol, and optical probes were mixed
in selected ratios and the chloroform solvent was evaporated. The
samples all contained a total concentration of 33mol%cholesterol
(the sumof 32.5mol%powdered cholesterol and 0.5mol%NBD-
cholesterol) with a varied concentration of SPM (0, 11, 22 and
33 mol%) and DMPE-Rhodamine (0–1.00 mol%). The balance
of the vesicle was comprised of the phospholipid. The mixtures
were processed five times through a freeze–thaw–vortex cycle to
ensure complete mixing. After the freeze–thaw–vortex process,
the solutions were extruded once through polycarbonate
membrane filters with a 400 nm pore diameter using a mini-
extruder (Avanti Polar Lipids Inc.). The initial vesicle suspension
was then extruded 11 times through polycarbonate membranes
(Avanti Polar Lipids Inc.) with a nominal pore diameter of
100 nm. The resulting solution contained vesicles with a size
distribution centered around 100 nm (Fig. 2) [20–25].


2.5. Electrochemistry


Electrochemical measurements were made with a computer-
controlled Electrochemical Workstation (CH instruments Model
604B and Model 650), using a three-electrode cell with a Pt wire

Fig. 2. TEM image of unilamellar vesicles produced by extrusion.

counter electrode.All potentials are quoted versus aAg/AgCl/1M
KClaq reference electrode. Experiments were carried out in aque-
ous 0.01 M, 0.05 M, 0.1 M, 0.5 M and 1 M HClO4 (keeping the
1 M ionic strength constant by adding LiClO4), in aqueous 1 mM
K4[Fe(CN)6] in 0.5 M LiClO4, and in aqueous 1 mM [Ru(NH3)6]
Cl3 in 0.1 M LiClO4.


2.6. Time-resolved emission measurements


Time-correlated single-photon counting (TCSPC) was used to
study the lifetime and motional relaxation properties of the
chromophores used here. The TCSPC system used to acquire
time-domain data has been described elsewhere [26] and is
reviewed briefly here. The second harmonic or third of the output
of a mode-locked CW Nd:YAG laser (Coherent Antares 76-S) is
used to excite a cavity-dumped dye laser (Coherent 702-2)
operated at 640 nm using Kiton Red laser dye (532 nm excitation,
Exciton), at 580 nm with Pyromethene 567 dye (532 nm
excitation, Exciton), or at 430 nm using Stilbene 420 dye (355 nm
excitation, Exciton). The output of the dye laser was ≤100 mW
average power at 4 MHz repetition rate with ∼5 ps pulses. The
light incident on the sample is either the fundamental or its second
harmonic generated by frequency doubling the dye laser output
using a Type I LiIO3 SHG crystal. The average optical power at
the sample is less than 1 mW. The detection electronics are
characterized by an instrument response function of 35 ps fwhm.
The emission collection wavelength and polarization are
computer controlled using National Instruments LabVIEW® v.
7.0 software.


2.7. Steady state spectroscopy


The absorption spectra were obtained using a Cary 300 UV–
visible spectrophotometer. Quartz cuvetteswith a 1 cmpathlength
were used for all measurements. Background samples without
the fluorophore were used for baseline correction because of
scattering from the vesicle-containing solutions. Steady state
fluorescence measurements were performed using a SPEX
Fluorolog-3 spectrophotometer using 1 cm pathlength quartz
cuvettes. Excitation and emission slits with a nominal bandpass of
3 nm were used for all experiments.


2.8. Transmission electron microscopy


Samples were fixed with a 2% osmium tetroxide solution in
0.1 M cacodylate buffer (pH∼7.4). TEM images of the vesicles
(Fig. 2) were acquired using a JEOL 100CX TEM operated at
an accelerating voltage of 100 kV.


3. Results and discussion


3.1. Organization in surface-bound monolayers


We have investigated pyrene derivatives bound covalently to
gold and ITO substrates by cyclic voltammetry, and these same
compounds bound to SiOx by optical spectroscopy. The cyclic
voltammograms (CVs) of the tethered pyrene derivatives bound to
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gold and ITO are shown in Fig. 3. In the first scan for each
voltammogram there is an irreversible peak with a maximum
above 900 mV. A pair of new, broad redox peaks appears in
subsequent scans in the range of 200 to 350 mV. These peaks are
assigned to 1,6-pyrenedione/1,6-dihydroxypyrene (a pair of CV
peaks centered around 0.32 V), and 1,8-pyrenedione/1,8-dihy-
droxypyrene, which is shifted to more negative values by ca.
100 mV [16,27]. The electrode coverage with various pyrene
derivatives was also evaluated using CV. We calculate a surface
coverage (for a 2e−/2H+ reaction) of 4.4×10−11 mol/cm2 for P7
and 1.7×10−11 mol/cm2 for P13. On ITO we recover surface
coverages of 1.2×10−11 mol/cm2 for P8 and 8.4×10−12 mol/cm2


for P19. We estimate the “footprint” of a single pyrenebutyric acid
molecule to be 31.2 Å2 [28] intermediate between that of an
alkanethiol (25 Å2/mlc.) [37] and cholesterol in a monolayer (37
Å2/mlc.) [29]. The maximum theoretical surface coverage of
pyrene on a flat electrode surface is 5.3×10−10 mol/cm2, in-
dicating that our experimental surface coverages are a fraction of a
monolayer.


Considering the sub-monolayer coverage of our SAMs and
consequent accessibility of the electrode surface, and the role of
protons in these redox reactions (scheme 1), we expect a pH
dependence in the midpoint potential, Em. Between Epa and Epc, a
gradual decrease in pH should lead to a shift of the midpoint
potential by ca. 60 mV per pH unit if the ratio of protons to
electrons is one (2H+, 2e−). The experimental data show that the

Fig. 3. Cyclic voltammograms of (a) P7 on gold in 0.1 M HClO4, sweep rate 2 mV/s. (
sweep rate 20 mV/s. (d) P19 on ITO in 1 M HClO4, sweep rate 20 mV/s.

pH dependence of the midpoint potential, Em, is ca. −45 mV/pH
unit (Fig. 4a,b) for P7 and P13 on gold, and ca. −50 mV/pH unit
for P8 and P19 on ITO (Fig. 4c,d). It appears that the pyrene
derivatives on either Au or ITO do not undergo a full 2H+/2e−


redox reaction. The experimental H+/e− ratio is ca. 0.8, similar to
that for the ubiquinone/ubiquinol (UQ/UQH2) redox couple on a
mercury surface by a phospholipid monolayer [30–32].


We use AC voltammetry to quantitate the redox kinetics of the
surface-bound pyrene derivatives. This technique is particularly
useful for investigating redox reactions in layered assemblies on
electrodes [33–36], owing to the range of information available
from such data. For a reversible reaction, the peak potential values
are smaller by ca. 58mV than the formal potential values obtained
during the CV experiments. For AC voltammetry, the difference
in peak position between P13 and P7 is slightly higher than that
obtained from dc CV, yielding a Δ(ΔG0) value of ca. 7 kJ/mol.


We observe a decrease in the peak-to-background current ratio
with increasing frequency (Fig. 5a), reflecting the rate constant of
the reaction. We have used Creager's method [33–35] to analyze
these data and show the frequency-dependence of the AC data in
the form of the peak current to background current ratio, Ip/Ib vs.
log(AC frequency) (Fig. 5b). The recovered rate constants from
fits of themodel to the data are kct=1200 s


−1 for P7 and 25 s−1 for
P13. It is useful to consider the differences in rate constant values
for P7 and P13 in terms of through-bond tunneling that should
depend exponentially on the distance and/or the number of C\C

b) P13 on gold in 0.1 M HClO4, sweep rate 5 mV/s. (c) P8 on ITO in 1MHClO4,







Fig. 4. Dependence of the midpoint potential, Em, on the pH of perchloric acid aqueous solutions for (a) P7 on gold, slope=−45.1±9.0 mV/pH, (b) P13 on gold,
slope=−43.9±8.5 mV/pH, (c) P8 on ITO, slope=−57.6±5.2 mV/pH, and (d) P19 on ITO, slope=−47.4±5.9 mV/pH. For all scans the sweep rate was 20 mV/s.
Uncertainties indicated in all panes are ±1σ.
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bonds in the anchoring chain. Assuming typical bond lengths
(1.79 Å for the C\S bond, 1.27 Å for each C\C bond and 2.6 Å
for the amide group) [37], we obtain the tunneling constant, β
from the experimental kct values:


1n ¼ kVct
kWct


� �
¼ b dW−dVð Þ ð1Þ


where k′ct and d′ are rate constant and chain length of P7 and kc̋t
and dʺ are the rate constant and chain length of P13. The use of a
single tunneling constant, β, for different length anchoring chains
requires justification. The tethermolecules, aside from their length,
vary in the position of the amide group and the pyrene ring system
relative to the substrate. The contribution of an amide group to the
electronic coupling is thought to be approximately that of two
methylene groups [38,39]. Due to the structural similarities of P7
and P13, we assumed the same tunneling constant for both mol-
ecules bound to the electrode surface. For P7 and P13 bound to
gold, Eq. (1) yields a value of β=0.44/Å, approximately half the
literature value of 0.85/Å for a polymethylene chain [40]. For a
P13 monolayer on gold, the chemical system is much more
complex than the Randles equivalent circuit implies and fitting the
data using a single rate constant is an over-simplification. Our
results suggest some disorder in the structure of these monolayers,
leading to a distribution of rate constants and β values.


We have acquired the analogous AC voltammetry data and
performed the same analysis for P8 and P19 on ITO. Analysis of
these data in the same manner yields much smaller kct values that
depend weakly, if at all, on the anchoring chain length (kct=0.2

s−1 for P8 and 0.1 s−1 for P19). We assume that the ester groups
present on the tether chains reduce the rate of electron transfer
analogous to that seen for ether groups [41], making through-
chain electron transfer inefficient. If this is in fact the case, the
contribution of intermolecular interactions to the electron transfer
process may become significant. Such a contribution could result
from a highly disorganized adlayer, where the tethers of the
pyrene derivatives as well as the pyrene rings form disorganized
aggregates, therebymaintaining the pyrene ring system at roughly
the same average distance from the electrode surface for both P8
and P19. For the pyrene derivatives attached to ITO, we extract a
value of +328 mV for the formal potential, in agreement with the
value of +324 mV obtained for a similar aminomethylpyrene
derivative tethered to gold.


3.2. Pyrene derivatives surrounded by aliphatic chains


We consider next interfaces where the pyrene ring system is
present in an adlayer comprised of mostly aliphatic species.
These mixed monolayers contain the same pyrene derivatives as
discussed above, but they are co-adsorbed with “diluent” mol-
ecules of longer hydrocarbon chains. Octadecanethiol was the
diluent for monolayers containing P7 and the hexadecylamide
of mercaptoundecanoic acid was the diluent for monolayers
containing P13 on gold substrates. Adipoylhexadecylamide was
used as the diluent for monolayers containing P8 and the mono-
(9-carboxy)-nonyl ester of adipic acid hexadecylamide was the
diluent for monolayers containing P19 on ITO. The co-adsorbed
diluentmolecules do not improve the organization and passivation







Fig. 5. (a) AC voltammograms for P7 (top row) and P13 on gold in 0.1 M HClO4. AC frequencies are indicated in each pane. (b) Ipeak/Ibackground vs. log(frequency)
plots of monolayers of P7 (left) and P13 (right) on gold; The solid lines represent fits to the data (black squares) using a Randles equivalent circuit [33–35].
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properties of the mixed monolayers compared to the one-com-
ponent interfaces. For gold electrodes we recover a surface
coverage of 3×10−11 mol/cm2 for P7 dilutedwith octadecanethiol
and 4×10−12 mol/cm2 for P13 diluted with mercaptoundecanoic
acid hexadecylamide. For ITO, we obtain a coverage of
8.4×10−12 mol/cm2 for P8 diluted with adipoylhexadecylamide
and 5.5×10−12 mol/cm2 for P19 diluted with the mono-(9-car-
boxy)-nonyl ester of adipic acid hexadecylamide.


The AC voltammetry experiments for these systems illustrate
that when the pyrene ring system is confined within a mixed
monolayer interior, the AC current peak disappears at much
lower frequencies than for the corresponding one-component
monolayer. The kinetics of charge transfer are slower for the
two-component system, and we extract kct =1100 s−1 for P7+
diluent and 21 s−1 for P13+diluent on gold. These data show
that the presence of diluent chains slightly improves the spatial
organization of pyrene rings within the monolayer.


Analogous experiments for ITO-supported adlayers show that
the charge transfer kinetics of pyrene derivatives follow the same

pattern. The charge transfer rate constants for P19 (0.1 s−1 without
diluent, 0.008 s−1 with diluent) and for P8 (0.2 s−1 without diluent,
0.08 s−1 with diluent), also indicate structural confinement and
improved organization due to the presence of the aliphatic diluents.


3.3. Spectroscopic characterization of tethered pyrene on SiOx


We have used pyrene as an optical probe because we under-
stand its photodegradation behavior and because its emission
spectrum is known to be sensitive to the “polarity” of its local
environment [6–15]. We use the same reaction chemistry to
modify silica and ITO surfaces. While these surfaces are certainly
not identical, their reactivities toward acid chlorides and other
compounds such as POCl3 are very similar. It is difficult to make
direct comparisons between the interfaces because they are not
amenable to probing by the same means. We can estimate from
absorbance data that the surface PAH concentrations on these two
materials are similar, and neither material exhibits mesoscopic
crystallinity. These pieces of information suggest that whatever the







Table 2
Summary of time-resolved data for P8 and P19 on silica


Medium Monolayer composition


P8 P8+diluent P19 P19+diluent


Air τrot (ps) 224±49 174±30 – –
R(0) 0.12±0.02 0.30±0.04 0.03±0.01 0
R(∞) 0.02±0.01 0.21±0.01 0.03±0.01 0


Water τrot (ps) 81±25 ∞ (314±326) – –
R(0) 0.11±0.02 0.03±0.02 0 0
R(∞) 0.08±0.01 0.02±0.01 0 0


Pentanol τrot (ps) 453±13 537±30 397±24 –
R(0) 0.20±0.01 0.22±0.01 0.24±0.01 0.05±0.01
R(∞) 0.03±0.01 0.04±0.01 0.04±0.01 0.05±0.01


Cyclohexane τrot (ps) 71±42 319±67 – –
R(0) 0.10±0.04 0.21±0.03 0.09±0.01 0.10±0.01
R(∞) 0.03±0.01 0.11±0.01 0.09±0.01 0.10±0.01
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organization of the chromophores on these interfaces, it is likely
similar, and it is on this basis that we detail the spectroscopic
characterization of a series of pyrene derivatives tethered to silica.


The steady state absorption and emission spectroscopy of
pyrene is well understood. The emission data for tethered pyrene
derivatives provide information about the organization and
polarity of these interfaces, and we utilize both time domain
and frequency domain data.


We show in Table 1 the pyrene I/III emission band ratios, a
quantity related to environmental polarity, for pyrene in the
solvents used here.We also show the I/III emission band ratios for
the surface-bound derivatives in a nitrogen atmosphere and
immersed in the solvents cyclohexane, 1-pentanol and water. For
solution phase pyrene, we obtain the expected polarity depen-
dence, with the I/III band ratio being largest for water (most polar)
and smallest for cyclohexane (least polar). For the tethered
derivatives we observe the maximum I/III band ratios for im-
mersion in 1-pentanol, and a decrease in I/III ratio for immersion
in water. P19 does not quite follow this trend, although it is
apparently in a comparatively nonpolar environment. For the
substrate-bound species, the water overlayer causes the interfacial
adlayer to “fold over” and become disorganized, with the pyrene
chromophore seeking an environment that is relatively non-polar.
For 1-pentanol, the modified interfaces can be solvated effectively
and the pyrene is thus exposed to the solvent to a greater extent
than it is for the water overlayer. The cyclohexane data show
similar I/III band ratios for the solution phase and surface-bound
species, suggesting relatively effective solvation of the interface
by this nonpolar solvent. Taken collectively, these data suggest
that the presence of water above the interface gives rise to sig-
nificant disorganization of the adlayer, and this finding is con-
sistent with the electrochemical information presented above as
well as the time-domain emission data we consider next.


The time-resolved emission response of pyrene and its de-
rivatives has been studied extensively [15]. For the native
chromophore, the dominant excitation is for the S2←S0 transition
and emission is from the S1 state. These states are polarized
orthogonal to one another, leading to negative anisotropy values.
For substituted pyrene derivatives, the addition of some chemical
functionality to the pyrene ring structure perturbs the electronic
states to an extent that depends on the identity of the substitution.
In some cases this perturbation leads to the two electronic states
being polarized at an angle less than 54.7° with respect to one
another, and it other cases, the polarization difference between the
two states remains at a value greater than 54.7° [42–45]. For the

Table 1
Steady state band intensity ratios for surface-bound pyrene derivatives as a
function of the solvent in which these interfaces are immersed


Medium Dipole
moment
(D)


Dielectric
constant
(ε0)


I/III band intensity ratios


Pyrenea P8 P8+
diluent


P19 P19+
diluent


Nitrogen – 0.68 0.78 0.74 0.79
Cyclohexane 0.00 2.02 0.58 0.71 0.76 0.81 0.75
1-Pentanol 1.65 13.9 1.02 1.01 1.27 1.06 1.25
Water 1.85 78.5 1.87 0.95 1.03 1.09 0.94
a Experimental values for pyrene from Dong and Winnik treatment [6,7].

substituted pyrene derivatives we use, we observe a positive
anisotropy signal.


We show in Table 2 the quantities τ, R(0) and R(∞). These
quantities are related to the experimental time-resolved intensity
data I||(t) and I⊥(t) through the following series of equations [46].


R tð Þ ¼ ItðtÞ−I8ðtÞ
ItðtÞ þ 2I8ðtÞ ð2Þ


RðtÞ ¼ RðlÞ þ ðRð0Þ−RðlÞÞexpð−t=sÞ ð3Þ


s ¼ 7h20
24Dw


ð4Þ


R(0) and R(∞) are the zero-time and infinite-time aniso-
tropies, Dw is the “wobbling” diffusion coefficient, representing
motion of the chromophore about its tether within a cone of semi-
angle 2θ0 [47]. The infinite time anisotropy is related to the
average organization or extent of motional restriction experienced
by the chromophore within its environment, and R(0) is de-
termined by the angle between the excited and emitting chro-
mophore transition dipole moments. The quantities related to the
organization of the interfacial structures are R(∞) and τ.


The R(∞) results for the interfaces containing P8 show that, in
all cases, the interface is disorganized, with R(∞) values ranging
from0.02 to 0.08. For P8 co-adsorbedwith longer organic adlayer
species, we find a significantly smaller orientational distribution
in air and cyclohexane, with R(∞) values for pentanol and water
being consistent with a relatively disorganized interface (Table 2).
For all of these measurements, save for P8 buried in an aliphatic
environment, we see a decay of the anisotropy, and thus report a
value of τ. Combining these data with the R(∞) results, we see
that the local chromophore environment can place somemotional
restrictions on Dw. From the hindered rotor model,


RðlÞ ¼ Rð0ÞhP2ðcoshÞi2 ð5Þ
andwe extract the quantitiesR(∞) andR(0) from the experimental
data (Fig. 6). If we assume that θ∼θ0 at long times, we can use







Table 3
Results calculated for hindered rotor model


Medium Monolayer composition


P8 P8+diluent P19 P19+
diluent


Air θ (deg.) 39±9 19±4 – –
Dw (10


8Hz) 6.0 (+11.6, −3.1) 1.80 (+1.5,−1.0) – –
Water θ (deg.) 18±7 20±17 – –


Dw (10
8Hz) 3.6 (+6.3, −2.6) – – –


Pentanol θ (deg.) 40±3 38±3 39±3 –
Dw (10


8Hz) 3.1 (+0.6, −0.5) 2.4±0.5 3.4 (+0.8,−0.7) –
Cyclohexane θ (deg.) 33±21 25±4 – –


Dw (10
8Hz) 13.6 (+75,−12.5) 1.7 (+1.2, −0.7) – –


429M. Dominska et al. / Bioelectrochemistry 70 (2007) 421–434

these data to provide information on both Dw and the intrinsic
disorder in the films (Table 3). The entries marked“–” in Table 3
reflect the absence of detectable decay dynamics. The θ values in
Table 3 are related to the free volume which the chromophore can
access, and Dw is a measure of how rapidly the pyrene moiety is
moving (rotating, wobbling) within that free volume.


P8 possess more motional freedom than P19. For P8, the cone
angle θ is qualitatively similar for all interfaces immersed in
solvent, and the Dw terms are significantly slower in the mono-
layer containing aliphatic diluent molecules, implying a more
viscous environment [48]. P8 also exhibits a significant solvent-
dependence to its relaxation dynamics. For P8 in air, Dw is
intermediate between that for water and cyclohexane. For P8
without diluent, the monolayer structure appears to be solvated
efficiently by cyclohexane. In air, the pyrene chromophore layer
either interacts with its neighbors or the substrate, and such
interactionswould likely provide an environment that will impede
the pyrene ring system motion more than the presence of a low
viscosity nonpolar solvent.Water and pentanol solvent overlayers
yield the lowest Dw values for the P8 monolayer. The relatively
polar solvents cause the nonpolar pyrene to interact most strongly
with its neighbors or the surface, in effect creating a reasonably
viscous environment. For the monolayers containing P8+diluent,

Fig. 6. (a) Time resolved emission intensities for emission polarizations parallel
and perpendicular to the (vertical) excitation polarization for P8+ diluent bound
to silica and immersed in 1-pentanol. (b) Induced orientational anisotropy
function constructed from data shown in (a). The fit to the data and residuals are
also shown.

we observe some variation in θ but the values of Dw are solvent-
independent to within the experimental uncertainty. The diluent
thus provides a nonpolar environment for pyrene, isolating it from
the polar solvent.


3.4. Bilayer dynamics and organization


We use unilamellar vesicles as model bilayer structures. The
issues of primary concern are understanding the dynamics of
bilayer constituents and what structural factors exert the most
influence. We have used time-resolved and steady state spectro-
scopies to characterize three chromophores that localize to dif-
ferent portions of the intrinsically heterogeneous bilayer structures.
We consider first the dynamics of NBDHA. For this chromophore,
one-photon excited fluorescence anisotropy decays are single
exponential. Based on Chuang and Eisenthal's treatment, the
single exponential decay ofR(t) indicates that NBDHA is a prolate
rotor with τ=1/(6Dz) [49]. The one-photon reorientation times we
recover are related directly to the viscosity of the local medium, as
described by the modified Debye–Stokes–Einstein (DSE)
equation [48,50,51]


sOR ¼ gVf
kBTS


ð6Þ


where η is the solvent bulk viscosity,V is the solute hydrodynamic
volume VNBDHA=245 Å3 [52], f is the frictional solvent–solute
boundary condition, and S is the solute shape factor. There is a
potential ambiguity in determining the Cartesian components ofD
based on the axis along which the excited transition moment is
oriented [53]. To resolve this ambiguity, we have measured the
transient fluorescence anisotropy of NBDHA using two-photon
excitation. Reorientation data acquired using two-photon excita-
tion produce anisotropy decay times are not related to the viscosity
of the local medium in the same way as data for one-photon
excitation, but are a permutation of theCartesian components ofD,
the rotational diffusion constant, and the two-photon tensor ele-
ments. If we assume an oblate rotor shape, analysis of the data
yields physically unrealistic, negative values forDx andDz that are
not consistent between the one-photon and two-photon data. Based
on these findings, we assert that NBDHA reorients as a prolate
rotor in neat solvents, with Dz/Dx∼2.


With this information in hand, we now have a framework
within which to evaluate NBDHA dynamics in solutions







Fig. 7. Normalized absorption and emission spectra of NBDHA in neat water
(dashed line) and in a solution containing DLPC vesicles (solid line). Spectra for
all vesicle-containing solutions were identical.
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containing unilamellar vesicles. A variety of unilamellar vesicle
compositions were used to determine whether or not NBDHA
interacts preferentially with a particular region of the bilayer.
The addition of cholesterol and sphingomyelin to phospholipid
vesicles is known to induce phase segregated regions within the
bilayer structures [17]. Our recent work shows that varying the
composition of bilayers does, in fact, influence the dynamics of
the constituents (vide infra). The underlying question that the
chromophore NBDHA addresses is the structural homology
required of a probe molecule for it to locate within specific
regions of the bilayer.


The steady state spectra of NBDHA in vesicles and in water are
shown in Fig. 7. The absorption band maximum and shape is
substantially different inwater than in vesicle-containing solutions.
NBDHA is not in the aqueous phase in vesicle-containing solu-
tions. Inwater, NBDhas a lowquantumyield [54,55], andwewere
unable to detect a significant time-resolved fluorescence signal for
NBDHA in water. NBDHA does not reside in the bulk water
region of this system, and that for all vesicle-containing solutions
the chromophore senses essentially the same environment.


When considering anisotropy decays for NBDHA in the
presence of vesicles, we use the DSE (free rotor, Eq. (6)) model
[48,50,51] instead of the hindered rotor model [46,47] based on
the ansatz that the chromophore is bound to the surface of the
unilamellar vesicles. We make this structural argument based on
the steady-state data for NBDHA in vesicle-containing solutions
and the fact that, for the lipidswe use, there is a cationic quaternary
ammonium species in closest proximity to the water at the lipid–
solution interface. Because we make our measurements at pH 8,
the NBDHA is fully deprotonated and, if the chromophore in-
teracts with the vesicle, as suggested by the steady state absorption
data, an ionic interaction would be likely. In this picture, the
nominally tethered chromophore would experience a cone angle
of 2θ0∼180°, which is a limiting case that renders the chromo-
phore equivalent to a free rotor. For this reason, our reorientation
data for NBDHA in the presence of vesicles are best modeled as
free rotors rather than the hindered rotors.


We find that NBDHA reorients as a prolate rotor in the
presence of vesicles. We have synthesized vesicles in a range of
compositions, including the use of two different lipids with
melting points substantially below (DLPC, mp=−1 °C) and
substantially above (DSPC, mp=55 °C) room temperature, and
with the addition of cholesterol and sphingomyelin. Despite the
wide range of environments within the vesicles that are
available to NBDHA, we recover essentially the same one-
photon excited reorientation times, regardless of vesicle
composition (Table 4).


Treatment of the one-photon excited anisotropy decay times of
NBDHA in vesicle-containing solutions in the context of a free
rotor allows τOR to be related to the viscosity of the environment
through the DSE equation (Eq. (6)), and the observation of single
exponential anisotropy decays allows assignment of a prolate rotor
shape to NBDHA in the presence of vesicles, based on our
measurements of NBDHA in neat solvents (vide supra). Com-
paring the reorientation times of NBDHA in vesicle-containing
solutions to the same data for NBDHA in neat solvents indicates
that the local environment of NBDHA is characterized by a

viscosity of ∼1 cP, a value fully consistent with an aqueous
environment. These data, in conjunction with the steady state data
(Fig. 7), suggest that the probe resides in the polar headgroup
region, in the immediate vicinity of the hydrophobic interior of the
bilayer.


With an understanding that NBDHA interacts with the polar
headgroup region of bilayer structures, we study the behavior of
other bilayer regions by using different probe molecules. We
have used NBD-tagged cholesterol and a rhodamine-tagged
phospholipid, and find that their transient responses individually
as well as the excitation transport dynamics between them
provides information on the extent of organization within
different regions of the bilayer structure. Because sphingomye-
lin (SPM) is thought to play a role in forming cholesterol-rich
bilayer regions, termed “lipid rafts,” [17] we have explored the
dynamics of these chromophores as a function of the amount of
SPM in the bilayers.


The chemical information contained in fluorescence anisotro-
py measurements is in the form of the decay functionality of R(t)
(Eq. (2)). For these experiments the chromophores are tethered to
membrane bilayer constituents, and we interpret the anisotropy
data using the hindered rotor model [46,47]. For this model, the
recovered anisotropy decay contains both an infinite-time
anisotropy, R(∞), related to the steady-state restriction imposed
on the chromophore by the presence of the bilayer, and a decay
time constant, τ, related to the wobbling diffusion coefficient of
the chromophore about its tethering bond. The bilayers we
investigate are in the form of unilamellar vesicles (Fig. 2). For
chromophores confined within a membrane, a steady state an-
isotropy is expected because of the restriction imposed by the
membrane structure. Because the vesicles are spherical, the steady
state anisotropy is orientationally averaged andwe cannot observe
the quantity R(∞). Also, the quantity τ in Eq. (4) contains
contributions from both θ0 andDw.We place bounds on the value
of Dw because it is the system-dependent changes in the quantity
θ0 that provide the structural information NBD-cholesterol. We
estimate the diffusion coefficient for chromophore motion within







Fig. 8. Changes in (a) lifetime and (b) reorientation time of NBD-cholesterol
with increasing DMPE-rhodamine concentration, from 0 to 1 mol%, with a
constant concentration of 0 mol% SPM.


Table 4
Dependence of NBDHA anisotropy decay time constants and fluorescence
lifetimes on vesicle composition


Vesicle system τOR (ps) τfl (ps)


DLPC 163±10 1173±88
DLPC/chol 166±4 1168±66
DLPC/chol/SPM 194±5 1177±62
DSPC 186±6 1144±45
DSPC/chol 176±6 1132±23
DSPC/chol/SPM 165±4 1145±44
DLPC/DSPC 159±6 1157±48
DLPC/DSPC/chol 161±8 1147±40
DLPC/DSPC/chol/SPM 186±5 1067±41


Abbreviations: DLPC = 1,2-Dilauroyl- sn-Glycero-3-Phosphocholine;
DSPC=1,2-Distearoyl-sn-Glycero-3-Phosphocholine; chol = cholesterol;
SPM=sphingomyelin.
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the cone to be similar to that of NBD-cholesterol in free solution,
and calculate values of D from Eq. (6). This model provides
reasonable predictions of experimental data.


We have studied the fluorescence lifetime and motional
relaxation properties of NBD-cholesterol in unilamellar vesicles
that contain DMPC, cholesterol, and controlled amounts of SPM
and DMPE-rhodamine. For the simplest case, where there is no
DMPE-rhodamine, and the SPM concentration is varied between
0 and 33 mol% of the total vesicle composition, we find that the
NBD fluorescence lifetime decays as a single exponential and that
there is no measurable dependence of the NBD motional relaxa-
tion time on SPM concentration.


We have also investigated the dependence of NBD-cholesterol
(donor) lifetime andmotional dynamics on the amount of DMPE-
rhodamine (acceptor) within the bilayer structure. There is a
marked acceptor concentration dependence in the NBD-choles-
terol optical response, indicating not only communication bet-
ween the chromophores, but also the structural influence of the
DMPE-rhodamine molecule on the organization of the lipid
regions of the bilayer. We show in Fig. 8 the fluorescence lifetime
(s) and motional relaxation time of NBD-cholesterol as a function
of DMPE-rhodamine, in the absence of SPM. The trends shown
in Fig. 8 do not change with the addition of SPM, and we present
these data as representative. The fluorescence lifetime data point
to the interaction of the NBD and rhodamine chromophores, as
expected. For low rhodamine concentrations, we observe a single
fluorescence lifetime for NBD-cholesterol. As the acceptor con-
centration increases, we observe the onset of a two-component
NBD fluorescence lifetime, with each lifetime exhibiting a
concentration-dependence. This behavior is not consistent with a
homogeneous system. We understand the two component NBD
fluorescence population decay in the context of the DMPE-rho-
damine either being in close proximity to a cholesterol-rich region
of the bilayer (short lifetime) or relatively distant from any cho-
lesterol-rich regions (long lifetime).


In an attempt to determine whether or not the cholesterol-rich
regions exists as many small islands or as relatively large regions,
we examined the NBD-cholesterol lifetime data in more detail
(Fig. 8a). As the DMPE-rhodamine content of the bilayer is
increased, we could expect one of three situations: a statistical
distribution of DMPE-rhodamine chromophores in the lipid re-

gions of the bilayer, preferential association of the DMPE-rho-
daminewith the cholesterol-rich bilayer regions, or aggregation of
the DMPE-rhodamine species. In the first case, we expect that the
NBD-cholesterol fluorescence lifetime would decrease monoton-
ically with increasing DMPE-rhodamine composition, owing to
the statistically determined variation in the critical transfer radius
for the donor–acceptor pair. For the second case, we expect that
the two NBD lifetime components would retain nominally the
same time constants, but the fractional amount of the fast lifetime
would increase with increasing DMPE-rhodamine concentration.
For the third case, we would expect a decrease in the fractional
contribution of the fast lifetime with increasing DMPE-rho-
damine concentration because, as DMPE-rhodamine is added,
aggregation would occur, effectively reducing the amount of
acceptor available for excitation transport. We show in Fig. 9 that
this is the case, where the fractional contribution of the short
fluorescence lifetime decreases with increasing acceptor concen-
tration. Both the fast and slowNBD-cholesterol lifetimes decrease







Fig. 10. Dependence of DMPE-rhodamine anisotropy decay time on DMPE-
rhodamine concentration (11 mol% SPM fixed for all measurements).
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monotonically with increasing DMPE-rhodamine content due to
the expected Förster donor–acceptor coupling between NBD-
cholesterol and non-aggregated DMPE-rhodamine within the
bilayer.


Themotional relaxation behavior of NBD-cholesterol does not
depend significantly on the bilayer SPM content, but does depend
on the amount of optical acceptor present (Fig. 8b). We un-
derstand the change in NBD-cholesterol dynamics as an increase
in the organization of the cholesterol-rich region with the addition
of DMPE-rhodamine. The measured anisotropy decay time
constant, τ, increases with the volume accessible to the chro-
mophore. In estimating Dw, the limiting factor is knowing the
viscosity experienced by the chromophore. Early estimates of the
viscosity of lipid bilayer systemswere on the order of 100 cP [56].
Among the issues contributing to uncertainty in estimates of
bilayer viscosity has been the composition of the bilayer. Work in
our lab on the rotational diffusion of perylene in bilayers points to
the viscosity of the systemswe report on here being in the range of
10–20 cP [57]. Given this viscosity range, we can bound the value
of D∼Dw for NBD-cholesterol (Table 2). Using the range of
calculated Dw values for these chromophores, we infer system-
dependent variations in the confining cone-angle (Table 3).


Our experimental data point to a decrease in motional freedom
for NBD-cholesterol with increasing DMPE-rhodamine concen-
tration. As the concentration of DMPE-rhodamine increases, the
NBD-cholesterol experiences a step-wise change in its motional
freedom, losing on the order of 20% of its available cone angle
(2θ0) in the motionally-restricted regime. These data are not
consistent with a direct complexation of NBD-cholesterol with
aggregates of DMPE-rhodamine because the dynamics of the two
chromophores exhibit two distinctly different bilayer composition
dependencies (vide infra).


The hypothesis of DMPE-rhodamine homo-aggregation can
be tested by examining the dynamics of this chromophore as a
function of its concentration (Fig. 10). For lowDMPE-rhodamine
concentrations we observe τ∼ 150 ps, and as the concentration of
DMPE-rhodamine is increased, τ increases to ∼650 ps and

Fig. 9. The fractional contribution of the fast fluorescent lifetime component of
NBD-cholesterol as a function of DMPE-rhodamine concentration.

remains at this value. Because of the location of the rhodamine
chromophores, the system-dependent variations in τ are domi-
nated by changes in Dw rather than θ0. We interpret our data in
this manner because the attractive interactions holding the lipid
head groups in place are less amenable to large amplitude sep-
aration than are the nonpolar organic region(s) within the bilayer
region. The increase in DMPE-rhodamine motional relaxation
time reflects aggregation rather than an increase in motional
freedom. The DMPE-rhodamine chromophore exists at the inter-
face between the lipid polar head groups and the water solvent. In
thismodel, aggregationwould occur once the concentration of the
chromophore was sufficiently high, and the resulting aggregated
regions within the bilayer structure would be more rigid than the
“free” lipid regions. The experimental lifetime and motional
relaxation data for DMPE-rhodamine are fully consistent with the
aggregation of this species.


The NDB-cholesterol motional relaxation data are also
consistent with the aggregation of DMPE-rhodamine in the lipid
regions of the bilayer. The experimental data for NBD-cholesterol
indicate that as the concentration of DMPE-rhodamine increases,
the cholesterol-rich regions become better ordered. These data
point to the presence of the DMPE-rhodamine in the lipid regions
of the bilayer effectively making the entire bilayer structure more
rigid, thereby reducing the mobility of the cholesterol-rich bilayer
regions.


4. Conclusions


As noted in the Introduction, there are several key elements to
the creation of a sensing device based on biomolecular recog-
nition or processes. We have discussed our progress toward
creating a well understood interface between the biomolecule
sensing agent of interest and the signal transducing substrate/
support. There is a range of monolayer interfacial modification
chemistry that can be applied to the transducer surface and we
have characterized organization and electron transfer within this
layer for a range of systems.We have also studied the bilayers that
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will be required to support biomolecules on the monolayer-
modified transducer. Our work highlights the highly interactive
nature of different regions of heterogeneous bilayer structures and
demonstrates that with the addition of the appropriate components
to the bilayers we can control the fluidity of these systems.
Gaining control over interface fluidity is a critical step in making
these systems useful for supporting essentially any biomolecule,
and future work will center on tuning bilayer properties for
specific applications.
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Abstract


The electrochemical behaviors of native and thermally denatured fish DNAwas investigated using boron-doped diamond (BDD) film electrode
by cyclic voltammetry. The BDD electrode afforded us to measure weak current less than μA for the DNA solution in 100 μl. The mixture of
acetic acid and sodium acetate solution (0.2 M) was used as a supporting electrolyte. Two oxidation peaks were observed at about +1.1 V and
+1.3 V at pH 4.6 for thermally denatured fish DNA. This is due to the oxidation of guanine and adenine in the denatured fish DNA, respectively.
In contrast, the native fish DNA showed ill-defined peaks at +1.1 V. Furthermore, the electrochemical behaviors of thermally denatured fish DNA
were studied in the presence of cytosine, cytidine, cytidine-5-monophosphate, tetrakis(1-methypyridinium-4-yl)porphyrin (H2(TMPyP)4+) and
RuII(TMPyP)4+. The oxidation peak intensity at +1.1 V gradually decreased with the increase of the concentrations of the above compounds.
Based on the above studies, electrochemical behaviors of the thermally denatured fish DNA at BDD electrode is discussed.
© 2006 Published by Elsevier B.V.

Keywords: Cyclic voltammetry; Boron doped diamond electrode; Denatured DNA

1. Introduction


During the last decades, much interest has been paid on the
studies of carcinogenic or mutagenic effects of chemicals or
metal ions which are usually used in laboratory of chemistry or
biology and also some aspects in industries [1–7]. DNA is
easily oxidatively cleaved or damaged in the presence of
oxidants like H2O2 and metal ions through the generation of
endogenous reactive radicals [8–11]. In our previous papers
[12], we have found selective DNA cleavage in the presence of
Good's buffers and gold(III) through the formation of nitrogen
centered radicals. The cleavage has been ascribed to the
oxidation of guanine moiety of DNA. In order to confirm the
oxidation process of DNA, we investigated the electrochemical
behaviors of DNA.

⁎ Corresponding author. Tel./fax: +81 952 28 8560.
E-mail address: tabatam@cc.saga-u.ac.jp (M. Tabata).
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DNA is an electroactive species producing reduction and
oxidation signals in various polarography and voltammetry
modes. The reduction of DNA has been observed at mercury
electrodes, whereas the oxidation at solid electrodes, such as
glassy carbon (GC), graphite, gold and etc. [13–16]. Since these
methods are very easy to operate, fast and inexpensive,
therefore DNA has been intensively studied using electrochem-
ical methods for many years.


Recently, the boron-doped diamond (BDD) film electrode
has been used as a unique electrode material for electroanalysis
because of its attractive properties, such as large electrochem-
ical window in aqueous solution, low background current and
high anodic stability of measurement [17].


In this work, we studied the electrochemical behaviors of
thermally denatured fish DNA using the BDD electrode in the
presence of cytosine derivatives and tetrakis(1-methypyridi-
nium-4-yl)porphyrin H2(TMPyP)4+ and RuII(TMPyP)4+, and
the electrochemical behavior of thermally denatured fish DNA
is discussed.
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Fig. 2. CD spectra of the thermally denatured fish DNA (a) and the native fish
DNA (b) in 0.2 M acetate buffer pH 7.6.
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2. Experimental


2.1. Instrumentation


Cyclic voltammetry (CV) measurements were performed by
using an 802A Electrochemical Analyzer (CH Instruments) at
the following settings: initial potential=−0.5 V and final
potential=1.5 V. The scan rate was 10 mV/s. The three
electrodes system consisted of a boron doped diamond (BDD)
thin film electrode as a working electrode, Ag|AgCl|3M NaCl as
a reference electrode and a stainless steel tube as an auxiliary
electrode and a micro flow cell (BAS INC.). UV–Vis spectra
were obtained from a Shimadzu UV 2100 spectrophotometer.
The base pairs concentration of DNA was determined by
absorbance measurement at the absorption maximum of
260 nm. Circular dichroism (CD) spectra of DNA were
recorded on a Jasco J-700 spectropolarimeter (Japan).


2.2. Chemicals and reagents


All chemicals were analytical grade. All solutions were
prepared by using double distilled water. Cytosine, cytidine and
cytidine-5-monophosphate disodiumsalt were purchased from
TCI (Japan). Tetrakis(1-methypyridinium-4-yl)porphyrin, H2


(TMPyP)4+, was purchased from Dojindo Laboratories (Japan)
as tosylate and RuII(TMPyP)4+ was synthesized in our
laboratory. Acetate buffer solutions were prepared from sodium
acetate (Wako) and acetic acid (Wako), and pH was adjusted
with sodium hydroxide and acetic acid. The pH value of each
solution was measured before use.


2.3. Preparation of DNA solution


DNA stock solutions were prepared by dissolving sodium
salt of deoxyribonucleic acid extracted from salmon spermary,
Wako (Japan) in double distilled water. DNA concentration was
determined by the measurement of absorbance at 260 nm. Then
the stock solution was diluted to the appropriate concentration
by the addition of acetate buffer solution (pH 4.6) before use.

Fig. 1. UV spectra of the thermally denatured fish DNA (a) and the native fish
DNA (b) in 0.2 M acetate buffer pH 4.6.

Thermally denatured DNAwas prepared by heating it at 95 °C
for 15 min and then cooled rapidly in an ice-bath.


3. Results and discussion


3.1. UV and CD spectra of fish DNA


Fig. 1 shows the UV spectra of the native and thermally
denatured fish DNA. It shows that the absorbance at 260 nm is
higher for the denatured fish DNA than the native fish DNA. CD
spectrumwasmeasured at pHvalue from 3 to 12.As can be seen in
Fig. 2, the spectrum of the native fish DNA and the thermally
denatured fish DNA showed a positive and a negative peak at
270 nm and 243 nm, respectively. The intensity of the positive
peak at 270 nm increased and that of negative peak at 243 nm
decreasedwhen native fishDNAwas denatured as observedbefore
[15]. The results of UVand CD spectra indicate that the structure
of the fish DNAwas changed by temperature denaturalization.

Fig. 3. Cyclic voltammograms of 1 mM in bp of the thermally denatured fish
DNA in 0.2 M acetate buffer pH 4.6 at BDD electrode at scan rate 0.01 Vs−1.
Inset: 1 mM in bp the native fish DNA in 0.2 M acetate buffer pH 4.6 at BDD
electrode at scan rate 0.01 Vs−1. The background cyclic voltammograms are
also shown (dash line).







Fig. 4. Cyclic voltammograms (vs. Ag/AgCl) of 1 mM in bp of thermally
denatured fish DNA in 0.2 M acetate buffer pH 4.6 at BDD electrode at scan rate
0.01 Vs−1 for three successive scans.


Fig. 6. Baseline subtracted cyclic voltammograms (vs. Ag/AgCl) of 5.0×10−4M
in bp of the denatured fish DNA in the presence of cytosine: (a) 0 M; (b)
1.0×10−4 M; (c) 5.0×10−4 M; (d) 1.0×10−3 M, respectively in 0.2 M acetate
buffer pH 4.6 at BDD electrode at scan rate 0.01 Vs−1. Inset: plot of peak currents
vs. cytosine concentrations at ∼1.1 V.
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3.2. Cyclic voltammetry of fish DNA


The cyclic voltammograms for the native and thermally
denatured fish DNA in 0.2 M CH3COOH–CH3COONa buffer
(pH 4.6) at the BDD electrode are shown in Fig. 3. As shown in
the inset of Fig. 3, the BDD electrode provided a stable back-
ground and ill-defined oxidation peak of the native fish DNA at
the potential ∼1.1 V vs. Ag/AgCl. Whereas, the cyclic voltam-
mogram of the thermally denatured fish DNA showed two clear
peaks at the potential∼1.1Vand∼1.3 V vs. Ag/AgCl. The peaks
are due to the oxidation of guanine and adenine residues, respec-
tively [15]. Upon the denaturation of DNA, double strandedDNA
macromolecules separate partly into two single stranded DNA by
the rupture of hydrogen bonds, so free guanine and adenine are
produced. It means that, guanine and adenine base residues are
exposed to electrode surface when the fish DNA is denatured, so
the oxidative reaction easily occurs. The primary oxidation sites
of guanine and adenine structures are carbon atoms at 8 and 2
positions of guanine and adenine of DNA bases, respectively. In
contrast, an ill-defined peak for the native fish DNA as shown in
inset of Fig. 3 indicates the difficulty of oxidation.


Fig. 4 shows a successive cyclic voltammogram of the ther-
mally denatured fish DNA. The two signals decreased in the
second and the third cycle due to the adsorption of the denatured
fish DNAwhich forms a DNA multilayer on the BDD electrode
surface.

Fig. 5. The effect of pH on oxidation peak current of guanine at scan rate 0.01Vs−1.

The effect of pH on CV was investigated from pH 3 to 12.
For the temperature denatured fish DNA, it was found that the
guanine peak at +1.1 V shifted to low potential and its intensity
decreased when the pH increased (Fig. 5). A peak of the
oxidized adenine was also observed at +1.3 V at pH 4.5–5.0.
The nitrogen atoms of cytosine and thymine are protonated at
pH lower than 5 that prevents the hydrogen bonding formation
with guanine and adenine to reform DNA after the denaturation
of DNA. The hydrogen-bond breaking enhances the denature of
DNA. In contrast, the native fish DNA showed only ill-defined
peak at low pHs.

Fig. 7. Baseline subtracted cyclic voltammograms (vs. Ag/AgCl) of
7.5×10−4 M in bp of the denatured fish DNA in the presence of cytidine: (a)
0 M; (b) 1.0×10−4 M; (c) 2.0×10−4 M; (d) 5.0×10−4 M and (e) 1.0×10−3 M,
respectively in 0.2 M acetate buffer pH 4.6 at BDD electrode at scan rate
0.01 Vs−1. Inset: plot of peak current vs. cytidine concentration at ∼1.1 V.







Fig. 8. Cyclic voltammograms (vs. Ag/AgCl) of 7.5×10−4 M in bp of the
denatured fish DNA in the presence of the cytidine-5-monophosphate: (a) 0 M;
(b) 5.0×10−4 M; (c) 1.0×10−3 M; (d) 2.0×10−3 M and (e) 5.0×10−3 M,
respectively in 0.2 M acetate buffer pH 4.6 at BDD electrode at scan rate
0.01 Vs−1. Inset: plot of the peak current vs. cytidine-5-monophosphate
concentration at ∼1.1 V.


Fig. 10. Cyclic voltammogram (Ag/AgCl) of 2.4×10−4 M RuII(TMPyP)4+ in
0.2 M acetate buffer at pH 4.6 at BDD electrode at scan rate 0.01 Vs−1.
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3.3. Cyclic voltammetry for the interaction of cytosine, cytidine
and cytidine-5-monophosphatewith thermally denatured fishDNA


The cyclic voltammetry of cytosine, cytidine and cytidine-5-
monophosphate in acetate buffer pH 4.6 did not show any
oxidation peaks at BDD electrode.


The cyclic voltammograms of the thermally denatured fish
DNA in the presence of cytosine, cytidine and cytidine-5-
monophosphate in acetate buffer pH 4.6 were shown at Figs. 6,
7 and 8, respectively. The guanine peak at potential 1.05 V
decreased with the addition of cytosine. This indicates that
cytosine interacts with the denatured fish DNA through a
hydrogen-bonding with guanine. Hence, it is difficult to denature

Fig. 9. Cyclic voltammograms (vs. Ag/AgCl) of: 7.5×10−4 M in bp of denatured
fish DNA in 0.2 M acetate buffer at pH 4.6 at the concentrations of H2(TMPyP)4+;
(a) 0 M, (b) 3.4×10−6 M and (c) 6.4×10−6 M, (d) 1.0×10−5 M H2(TMPyP)4+ in
the absence of the denatured fish DNA, at BDD electrode at scan rate 0.01 Vs−1.
Inset: plot of peak current vs. H2(TMPyP)4+ concentration at ∼1.1 V.

fish DNA. As the result, the electrochemical behavior of the
denatured fish DNA decreased on BDD electrode. Similar results
were observed for the addition of cytidine and cytidine-5-
monophosphate. Furthermore, the cytidine-5-monophosphate
showed the largest decrease in CV peak at the potential ∼1.1
and ∼1.3 V vs. Ag/AgCl.


3.4. Cyclic voltammetry for the interaction of porphyrin with
thermally denatured fish DNA


The interaction of H2(TMPyP)4+ and RuII(TMPyP)4+ with the
thermally denatured fish DNAwas studied. When H2(TMPyP)4+


wasmixed in the denatured fishDNA, we found that the oxidation
peak of the denatured fishDNAat potential about 1.1V decreased,
as shown in Fig. 9. Because positively charged H2(TMPyP)4+


combines with phosphate groups of DNA and/or intercalate into
DNA bases [7]. As the result, electrochemical behavior of the
denatured fish DNA decreased at BDD electrode. Fig. 9.d shows a
broad peak of H2(TMPyP)4+ at potential∼1.2 V. The oxidation of
H2(TMPyP)4+ also was suppressed by the binding to DNA.

Fig. 11. Cyclic voltammograms (vs. Ag/AgCl) of 1.0×10−3 M in bp of the
denatured fish DNA in 0.2 M acetate buffer at pH 4.6 at the concentrations of
RuII(TMPyP)4+: (a) 0M; (b) 1.2×10−4M and (c) 2.4×10−4M, at BDD electrode
at scan rate 0.01 Vs−1. Inset: plot of the peak current vs. RuII(TMPyP)4+


concentration at ∼1.1 V.
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RuII(TMPyP)4+ showed oxidation peaks at potential 0.6 V
and 1.2 Vand reduction peak at potential 0.3 V in the absence of
DNA as shown in Fig. 10. Fig. 11 shows cyclic voltammogram
of RuII(TMPyP)4+ in the presence of the denatured DNA of
1×10−3 M in base pair. The oxidation peaks of the denatured
DNA gradually decrease with increased RuII(TMPyP)4+. Due to
the interaction of RuII(TMPyP)4+ with the denatured fish DNA,
it is difficult for the denatured fish DNA-RuII(TMPyP)4+


complex to be oxidized at BDD electrode.


4. Conclusion


The thermally denatured fish DNA is electrochemical active
in 0.2 M acetate buffer pH 4.6 at BDD electrode and the
oxidation of guanine and adenine were detected. The oxidation
of the denatured DNA were observed at pH lower than 5 and
suppressed in the presence of cytosine, cytidine, cytidine-5-
monophosphate, H2(TMPyP)4+ and RuII(TMPyP)4+. The
cytosine derivatives stabilized the denatured DNA through a
hydrogen-bonding with guanine and prevented from the
oxidation of DNA. Similarly, the cationic porphyrins also
stabilized the denatured DNA structure through intercalation
and ionic interaction with DNA. BDD electrode affords us to
detect electrochemical behaviors of thermally denatured DNA
by cyclic voltammetry due to its low background current.
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Abstract


The electrooxidation of double-stranded DNA (dsDNA) from calf thymus was carried by using cyclic voltammetry. A glassy carbon disk-, a
platinum disk-, a platinum mesh- and a carbon vapor-deposited platinum mesh electrodes were used. It is shown that the appropriate chemical and
biological (steam treatment) purification of the complete cell allows, for the graphite electrode, formation of a wide anodic dsDNA signal with two
visible anodic peaks. There was no necessity of preaccumulation of dsDNA on the electrode surface and of use of mediators to get well defined
voltammetric signals. These peaks apparently reflect electrooxidation of the DNA's guanine and adenine. The spectrophotometric data obtained
during the electrooxidation indicate that the absorbance increases with an increase in potential and electrooxidation current of dsDNA. However,
the absorption band maximum either does or does not change its position depending on the mesh material. This different spectroscopic behavior
may mean that the changes in the dsDNA structure upon electrooxidation are different in the case of Pt and C electrodes.
© 2006 Elsevier B.V. All rights reserved.

Keywords: dsDNA; Voltammetry; In-situ UV–Vis spectroelectrochemistry; Electrooxidation

1. Introduction


The electrochemistry of nucleic acid, especially DNA gets
continuous attraction recently. It is well known that DNA is a
polymer molecule responsible for the transfer of genetic
information located in the cytosol of prokaryotic cells and in
the nucleus or mitochondrium of eukaryotes [1]. It is built of
heterocyclic bases (adenine, guanine, tymine and cytosine) and
carbohydrate (deoxyribose) linked by the phosphate groups.
Such a chain is duplicated into the form of a double helix [2].


First electrochemical investigations of DNA were done by
Berg in 1957 [3]. He used cobalt ions for the detection of the
proteins inRNAandDNA.A few years later Palecek andBendich
reported that only the bases from nucleic acids components
undergo redox process [4–6]. Since the electroreduction of
nucleic-acid bases occurs at highly negative potentials, it is

⁎ Corresponding author. Tel.: +48 602 289 705; fax: +48 22 822 4889.
E-mail address: stojek@chem.uw.edu.pl (Z. Stojek).
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attainable at mercury electrodes only [7,8]. On the other hand, the
electrooxidation process of these bases takes place at potentials
too positive to be studied at mercury electrodes. The voltammetric
oxidation signals of nucleobases were obtained by using different
solid electrodes such as gold, silver, carbon, copper and platinum.
However, the voltammetric peaks were very poorly developed
[9–11]. The reason for this behavior was, among others, a very
high overpotential of these electrode processes andmerging of the
peakswith the background current. A number of papers report that
to improve the visibility of the oxidation signals the differential
pulse voltammetry should be employed [12–17].


It is widely accepted that guanine and adenine are the major
targets in the oxidation of the DNA chain [18–20]. The analytical
importance of these bases is that the determination of their
individual concentrations, or of their concentration ratio, in DNA
is very helpful in the measurement of the nucleic acid
concentration [21]. Therefore, the work has been continued on
the improvement of the voltammetric signals of DNA. Appro-
priate modification of the glassy carbon and gold electrode
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Fig. 1. Spectroelectrochemicall cell. Thickness of solution layer: 1 cm. A) Cell
in a teflon holder, B) quartz cuvette.
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surfaces improved substantially the detection of DNA, its
interactions with other compounds, hybridization and damage
[22–30].


DNA itself can be a component of the modification layer at
electrodes. The electrodes modified with DNA were used to
investigate the interaction of DNAwith proteins containing iron
(hemoglobine and myoglobine) [31] and with other molecules
in e.g. the studies on the drug action and the base-sequence
recognition of DNA [32]. A useful technique reported for the
modification of electrodes with DNA is adsorption of DNA on
a single-crystal graphite [33–35] or on a layer of multi-wall
carbon nanotubes anchored at a glassy carbon electrode [36].


The electroreduction or electrooxidation of single stranded
DNA (ssDNA), with and without pre-concentration, at different
types of electrodes is well known [14,37]. The detection of
dissolved, not adsorbed, dsDNA in the solution was done only
indirectly by watching the signal of a DNA intercalator [38]. To
our best knowledge, a dsDNA direct linear-scan voltammetric
signal of a good definition, in a solution, without DNA pre-
concentration at the electrode surface, has not been reported yet.


In this paper, we show that the oxidation process of dsDNA
can give well visible linear-scan voltammetric signals without
pre-concentration or special modification of the surface of the
working electrode. This, however, requires a special chemical/
biological cleaning procedure. Linear-scan voltammetry might be
useful for the detection of interactions of dsDNAwith drugs as it
provides direct currents (not its derivative) and the corresponding
charges. The electrooxidation of dsDNAwas also carried out with
simultaneously recorded UV–Vis spectra. The electrooxidation
products were stable, which was confirmed by exhaustive
electrolysis of dsDNA.


2. Experimental setup


2.1. Apparatus


Electrochemical measurements were performed using an
Autolab, Eco Chemie, potentiostat. In spectroelectrochemical
experiments a model LAMBDA-20, UV–VIS, Perkin-Elmer
spectrometer was employed. Both instruments were controlled
via software. All experiments were carried out in the three-
electrode system. Two platinum wires served as the counter and
quasi-reference electrodes. All potentials in the paper are given
vs. quasi Pt reference electrode. A regular reference electrode
with a classical salt bridge was not used to prevent accumulation
of DNA in the frits. A glassy-carbon disc electrode (GCDE) of
3 mm in diameter and a Pt disc electrode of 2 mm in diameter
(both obtained from nLab, Poland) were applied as the working
electrodes.


The home-made cell for spectroelectrochemistry was used with
an optically transparent platinum electrode. The electrode was
either plain platinum or carbon physically vapor deposited. Quality
of the carbon coverage on Pt was inspected with SEM (Zeiss LEO
435 VP). Completeness of the coverage was also examined
electrochemically by determination of hydrogen evolution over-
potential in acidic media. The difference in the hydrogen evolution
potential at carbon- and Pt-mesh electrodes was 0.45 V. For the

vapor deposition of carbon a Polaron, model CA7625, evaporator
was used. The mesh has the following parameters: the nominal
aperture is 0.25 mm, the open area equals 65% of the geometric
area, the wire diameter is 0.06 mm; and the no. of wires per sq. cm
of the mesh is 32.3×32.3. The optical window is oval and of size
13 mm×5.5 mm. During the experiments the cell was placed in a
quartz cuvette (Spectrolab), see Fig. 1. The platinum counter and
reference wires are appropriately smaller compared to the regular
cell. The platinum mesh was supplied by Goodfellow. All elec-
trodes were mounted in a teflon holder.


For the exhaustive electrolysis of DNA a home-made two-
compartment cell was used. The counter and reference electrodes
were platinum wires. The working electrodes were made from
platinum and glassy carbon rods.


Each time before use, the working GCDE was polished with
0.3–0.5 μm Al2O3 powder on a wet pad. After each polishing,
the electrode was rinsed with direct stream of ultrapure water
(Milli-Q, Millipore, conductivity of ∼ 0.056 mS/cm) to remove
alumina completely from the electrode surface. The electrode
surface was inspected optically with an Olympus, model PME 3,
inverted metallurgical microscope. In all experiments, the
electrochemical cell was kept in a Faraday cage to minimize
the electrical noise. The potentials in figures are given vs. the Pt
quasi-reference electrode.







Fig. 2. Cyclic voltammograms of dsDNA at concentration of 76.4 μM base pairs
in 0.05 M phosphate buffer of pH=7.4. A) Platinum disk electrode of ϕ=2 mm,
B) glassy carbon disk electrode of ϕ=3 mm. Scan rate: 100 mV s−1. G stands
for guanine and A stands for adenine.


Fig. 3. Cyclic voltammograms of dsDNA at concentration of 76.4 μM base pairs
in 0.05 M phosphate buffer of pH=7.4. Platinum plain weave mesh electrodes:
bare (A), carbon vapor deposited (B). Scan rate: 100 mV s−1.
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2.2. Reagents


Calf thymus double stranded DNA (dsDNA) was purchased
from Sigma. The dsDNA solution of 1 mg DNA/1 ml of
phosphate buffer (pH≅7.4) was prepared 24 (or more) h before
experiments. For electrochemical and spectroelectrochemical
measurements the concentration of dsDNA solution was
76.4 μM base pairs. The dsDNA concentration was determined
from absorbance at λ=260 nm using the value of ε=6600 M−1


cm−1. The phosphate buffer saline of pH=7.4 was purchased
from Sigma.


2.3. Cleaning procedure


Before each experiment the quartz cuvette, the cells and all
used electrodes and accessories were cleaned according to the
following procedure. First, the cell with all electrodes was
immersed in ethanol to remove any adsorbed species of the
oxidation products of DNA. The time of treatment was at least
30min. Then, alcohol was replacedwith ultra-purewater (Mili-Q,
Millipore, conductivity of circa 0.056 μs/cm). After these two
steps, the all-to-be-used accessories were exposed to hot (120 °C)

water vapor. Next, the prepared cell was rinsed with a stream of
phosphate buffer (pH≅7.4). Finally, just before measurements,
the analyzed solution was added and degassed with pure argon.


3. Results and discussion


Typical cyclic voltammograms of dsDNA at concentration
76.4 μM base pairs, obtained in pH≅7.4 (0.05 M phosphate
buffer) at the platinum and glassy carbon disc electrodes, are
presented in Fig. 2A and B. As it was mentioned earlier, so far,
no substantiated report on the electrooxidation of dsDNA in the
dissolved state has been published. The only positive results that
have been obtained concern the situation when dsDNA was
accumulated on the electrode surface by doing appropriate
polarization for 25÷40 min [33]. In our experiments we did not
attempt to pre-concentrate dsDNA on the electrode surface. The
dsDNA was only present in the solution. The voltammetric
response obtained with the glassy carbon electrode — see
Fig. 2B— exhibits two peaks at 0.72 and 1.0 V, respectively. By
comparing these numbers to those corresponding to the peaks of
free dissolved bases and to those of preadsorbed dsDNA, it looks
as if the first peak corresponds to the oxidation of guanine (G)
and the second one to adenine (A) [14,16,39]. The oxidation
peaks of thymine (T) and cytozine (C) cannot be seen. It is well







Fig. 4. In situ UV–Vis spectra of dsDNA obtained at different potentials applied
to mesh Pt electrode: bare (A), carbon vapor deposited (B). Electrode potential
during spectral measurements: no potential (1), 0.1 (2), 0.5 (3), 0.9 (4), and 1.1 V
(5).
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known, that at a potential higher than 1 V the oxidation of water
starts, and the signal from cytozine and thymine is effectively
covered by the water/oxygen signal. The resolution of the curves
obtained with the Pt disc (Fig. 2A) has never been as good as that
for the GCDE.


The voltammetric experiments with the bare-platinum trans-
parent electrode gave also the results of poor resolution. Only one
wide signal without any distinct peak was obtained in the same
(compared to the disc) potential range, see Fig. 3A. Clearly, the
guanine and adenine peaks could not be seen at the voltammo-
grams. The situation was very similar at the carbon-coveredmesh
electrode, see Fig. 3B. There was one interesting difference
between the curves obtained with Pt- and C-mesh electrodes: the
“plateau” current was always higher by circa 30% in the case of
Pt. Since Pt and C mesh electrodes are of the same area, this
simply means that the efficiency of the oxidation process (or the
percentage of the oxidized bases) is higher in the case of Pt.


The oxidation process at the transparent electrodes was
accompanied by in situ spectroscopy (UV–Vis). The double
potential sequence applied to the working electrode in spectro-
electrochemical experiments was the following: for 3 s the
electrode was kept at 0 V, where no Faradic current could flow,
then, for 10 min, the electrode was held at increasingly positive
potentials: 0.1, 0.5, 0.9 and 1.1 V. The values 0.5 and 0.9 V sit
well on the DNA voltammetric signal. Several spectra were
collected during the imposition of the second pulse. Fig. 4A
(platinum mesh) and 4B (physically deposited carbon) present
each first spectrum obtained at the second pulse potential. The
collected successive spectra for each chronoammperogram were
similar to the first one. After each double-potential-step mea-
surement the cell and the electrodes were appropriately cleaned.


The spectroelectrochemical experiments revealed that the
260 nm absorption peak of dsDNA increases as dsDNA is
electrooxidized. The height of the peak increases for both mesh
electrodes. For the platinum mesh the increase in absorbance
amounts to circa 32%, and for the carbon mesh to 11%. Also, the
results obtained with Pt electrode vary much from the carbon data
regarding the position of the absorbance peak of the electro-
oxidized species. This is illustrated in Fig. 4A and B. In the case of
platinum electrode, there was no change in the absorbance peak
position. The lack of changes in the position of the absorbance
maximum in the dsDNA spectra obtained with the Pt electrode
indicates that the electrochemical anodic process of dsDNA may
not trigger the transformation of the double helix. On the other
hand, there is a substantial increase in the absorbance peak. This
could be interpreted in terms of the anchoring of the long dsDNA
chains at the surface of the Pt mesh, however, after exhaustive
electrolysiswith Pt rod and removal of theworkingmesh electrode
the absorbancewas still much higher. The latter factmeans that the
absorption (and therefore accumulation) is not the major factor in
the absorbance increase. Certainly, we have made sure that the
absorbance changes shown in Fig. 4A (and in Fig. 4B) have not
been caused by possible instability of the dsDNA solution.


For the carbon transparent electrode the shift of the peak
wavelength was hipsochromic and amounted to circa 7.5 nm,
see Fig. 4B. Interestingly, an increase in the absorbance peak of
dsDNA together with identical change in its position in the

spectrum was reported for the electroreduction of dsDNA at
glassy carbon electrodes modified with methylene green [40]. It
may mean that the configuration change of DNA upon
reduction and oxidation at GC electrodes is identical. Regarding
the comparison of Pt and GC electrodes: apparently, the elec-
trooxidation of dsDNA at platinum and carbon transparent
electrodes leads to the products of different conformation. To
make sure the electrooxidation products are stable we have
made some exhaustive electrolysis experiments. There was no
major difference between the absorbance plots obtained after
2 h of exhaustive electrolysis with large-area electrodes and
those taken during the spectroelectrochemical measurements.


4. Conclusions


The chemical/biological purity that was attained by a
procedure that consisted of, among others, the water-vapor
cleaning allowed us to obtain the anodic dsDNA signal at glassy
carbon and platinum electrodes without the necessity of
accumulation of dsDNA at the electrode surface and of adding
a mediator. The carbon surface worked better than Pt, since in
the anodic scans obtained with GC electrode, 2 peak-shaped
signals appear; they mark well the oxidation of guanine and
adenine. This is promising, since by measuring the direct
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current and charge, conclusions of more quantitative character
may be drawn on the interactions between dsDNA and drugs.


The UV–Vis spectra, which were recorded during chrono-
amperometric electrooxidation of dsDNA at mesh electrodes,
indicate that the absorbance increases upon electrooxidation.
Certainly this cannot be explained in terms of just an increase in
dsDNA concentration. The spectra rather suggest that some
conformational changes take place (local loosening of the helix
may be a part of it) as a result of dsDNA electrooxidation and
correspondingly the chromophoric area of the dsDNA mole-
cules is changed. The absorbance increases more for the Pt
mesh electrode compared to the carbon covered mesh, which
may be due to the adsorption of dsDNA chains at the platinum
surface. At carbon electrodes no adsorption of dsDNA was
detected at short time experiments.


Interesting are the differences between the peak wavelengths
in the spectra taken with Pt and C mesh. The hipsochromic shift
obtained with C mesh is identical to that reported for the
reduction of dsDNA at a GC electrode modified with methylene
green [40], and may mean that the configuration change of
dsDNA is identical upon electroreduction and electrooxidation
at the GC surface. No absorbance peak shift was obtained with
the Pt mesh, and this may indicate that there is no configuration
change of dsDNA upon electrooxidation at Pt surface. The more
extensive oxidation of dsDNA chains at Pt surface may be
responsible for different post-oxidation behavior of the helix.


We believe that from biological point of view the results
presented in this paper are noteworthy, since they show that the
use of various electrode materials in the electrochemical inves-
tigation of electrooxidation of dsDNA may lead to different
conclusions. Especially important is the fact that better results, i.e.
closer to natural conditions, should be obtained with soluble and
not adsorbed dsDNA. Under such conditions the interactions of
dsDNA examined in a laboratory should be better related to those
in biological reality.
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Abstract


The interactions between cobalt polypyridyl coordination compounds Co(L)3
3+(L=1,10-phenanthroline(phen), and bipyridine(bpy)),6-


mercaptopurine and calf thymus DNA have been investigated using electrochemical methods(cyclic voltammetry, differential pulse voltammetry),
electronic absorption spectroscopy and viscosity measurements. Results indicate that there is an obvious interaction equilibrium between Co(L)3


3+,
6-mercaptopurine and DNA. The phenomena are investigated for the first time, and believed to be helpful to use the anticancer drugs more
efficiently.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Recently, the interaction of transition metal polypyridyl co-
ordination compounds with DNA has been extensively studied.
Due to the unusual binding properties and general photoactivity,
these coordination compounds are suitable candidates as DNA
secondary structure probe, photocleavers and antitumor drugs
[1,2]. The effects of size, shape, hydrophobicity, and the charge on
the binding of the complex to DNA have been studied by chang-
ing the type of heteroaromatic ligand or metal centre [3,4]. The
vast majority of such studies have been focused on complexes of
Ru(II) [5–7], but to a far lesser extent, on other metal complexes.
Barton has reported that chiral phenanthroline–cobalt(III) com-
plexes recognize different local structures of DNA [3]. In the
previous work, we have synthesized many cobalt(III) complexes
and investigate their DNA-binding properties [8–10].


6-Mercaptopurine (6-MP) has been used as an antineoplastic
agent. For example, it constitutes an important part of the back-

⁎ Corresponding author. Tel./fax: +86 20 39310187.
E-mail address: lihong@scnu.edu.cn (H. Li).


1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.07.002

bone for the treatment of childhood acute lymphoblastic leukemia
(ALL). However, studies have showed that there are great indi-
vidual differences in the pharmacokinetics of 6-MP in the patients
with ALL [11]. It is difficult to keep optimal plasma levels of the
drug in some patients with standardized treatment regimens, at
least in children [12]. Normally, the 6-MP plasma concentrations
are found to be unexpectedly low and highly variable, with
marked individual differences found in the peak plasma
concentration and the time to peak concentration [13]. Therefore,
it is very important to control the 6-MP concentration and indi-
vidualize dosage regimens, ensuring the adequate drug exposure
required to prolong remission. Since both cobalt polypyridyl
complex and the 6-MP have antitumor activity, it can be en-
visioned that the combined use of these two reagent complexes
may exhibit strong antineoplastic action. In this regard, the
interaction between cobalt polypyridyl complex, 6-MP and DNA
has been investigated for the first time in our lab. The results
should be valuable in understanding the mode of the complex
binding to DNA, the sustained release of 6-MP, as well as laying
the foundation for the rational design of DNA structure probes
and antitumor drugs.
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Fig. 1. Absorbance spectra of polypyridyl cobalt complexes (A) Co(phen)3
3+ (B)


Co(bpy)3
3+. C6-MP=1)0, 2)0.006, 3)0.02, 4)0.03, 5)0.06 mmol/L.
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2. Experiment


2.1. Materials


[Co(phen)3](ClO4)3 and [Co(bpy)3](ClO4)3 were prepared
and purified according to the literature [14]. Calf thymus DNA
was obtained from Shanghai Changyang Biochemical Reagent
Company. Tris (where Tris is tris(hydroxy methyl)amino-
methane) was purchased from Sigma Chemical Company. All
other reagents and solvents were analytical grade reagents and
were used as received.


All the spectroscopic titrations were carried out in buffer
solution (10 mmol/L Tris-HCl, 50 mmol/L NaCl, pH=7.2) at
room temperature. A solution of calf thymus DNA in the buffer
gave a ratio of UV absorbance at 260 and 280 nm of ca. 1.8–
1.9:1, indicating that the DNA was sufficiently free of protein.
Other materials were commercially available and used without
further purification unless otherwise noted, and doubly distilled
water was used to prepare buffer solutions.


2.2. Measurements


Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) were performed with an Autolab PGSTAT-30 electro-
chemical analytical instrument (Holand). The three-electrode cell
comprised a reference saturated calomel electrode (SCE), aux-
iliary platinum foil and the working Pt disk (0.196 cm2) elec-
trodes. For all the electrochemical studies, Tris (10 mmol/LTris-
HCl, 50 mmol/L NaCl, pH=7.2) buffer was used as supporting
electrolyte. All the experimental solutions were purged with
nitrogen for 15 min prior to each set of experiments. Electronic
absorption spectra were recorded on a UV-8500 spectrophotom-
eter. Viscosity of 0.1 mmol/L DNA was measured using an
Ubbelodhe viscometer, immersed in a thermostated water-bath
maintained at 25±0.2 °C. Flow time was measured with a digital
stopwatch and each sample was measured three times, and
an average flow time was calculated. Data were presented as (η /
η0)


1/3 versus concentration of “cobalt polypyridyl complex–6-
MP” complex in DNA solutions [15,16], where η is the viscosity
of CT DNA in the presence of complex, and η0 is the viscosity of
CT DNA alone.


3. Results and discussion


3.1. Interaction between cobalt polypyridyl complex and 6-MP


3.1.1. Absorption spectroscopic studies
Absorption titration can monitor the interaction of metal


complexes with biologically molecules. The absorption spectra
of the complexes in the absence and presence of 6-MP were
illustrated in Fig. 1. In the UV region, the intense absorption
bands observed in the cobalt polypyridyl complexes were
attributed to intraligand and π–π⁎ transition of the coordinated
groups.With increasing 6-MP concentration, the hypochromism
increased and was accompanied by a red shift for both of the two
complexes. At the same time, a new absorption band appeared at
268 nm for the Co(phen)3


3+ complex, as shown in panel A. In

order to compare quantitatively the binding strength of the two
polypyridyl complexes, the intrinsic binding constants Kb of
them with 6-MP were obtained by monitoring the changes in
absorbance at 220 nm for complexes 1 and 2, respectively, with
increasing concentration of 6-MP. The following equation was
applied:


C6−MP=ðeA−ef Þ ¼ C6−MP=ðeB−ef Þ þ 1=KbðeB−ef Þ
Where C6-MP was the concentration of 6-MP, the apparent


absorption coefficient εf, εA and εB corresponding, respectively,
to the extinction coefficient of the free cobalt complex, the
extinction coefficient for each addition of 6-MP to the cobalt
complex and the extinction coefficient for the cobalt complex in
the fully bound form. In the plot ofC6-MP / (εA−εf) vs.C6-MP, the
binding constant Kb for phen complex was 7.7×104 L/mol,
while the corresponding value for the bpy complex was
3.7×104 L/mol.

3.1.2. Electrochemical titration
CV has proved to be a very sensitive analytical technique to


determine changes in redox behaviour of metallic species in the
presence of biologically important molecules [17,18]. The redox
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behaviour of metallic species is very sensitive to the coordination
surrounding the metal centre (solvent, ligand, charge), therefore
metal-based interaction can be detected using this technique. In
the absence of 6-MP, the CVof the cobalt complexes in the buffer
solution (pH=7.2) exhibited only one redox couples at the formal
potential E0′ of 155 mV, taken as the average of cathodic peak
potential Epc and anodic peak potential Epa (PI). The redox peaks
were attributed to Co(III/II) reaction as shown in curve 1 in
Fig. 2A. The CVof Co(phen)3


3+ (υ=100 mV/s) featured reduction
of Co(III) to Co(II) at a cathodic peak potential (EPIc=120 mV).
The separation of anodic and cathodic peaks, ΔEPI of 73 mV,
indicated a quasi-reversible one-electron redox process [IPIc /
IPIa≈1]. As shown in curve 5 of Fig. 2A, in the presence of 6-MP
(C6-MP:CCo(phen)3


3+ =4:1), the cathodic and anodic peak potentials
were found to be at EPIc=100 mVand EPIa=158 mV. The peak-
to-peak separation became narrow withΔEPI=58 mV, indicating
that in the presence of 6-MP the electron-transfer process seemed
to be improved, became reversible and the E0′ value was shifted
towards more negative region by about 26 mV. In the case of Co
(bpy)3


3+, in the absence of 6-MP (curve 1 in Fig. 2B) the peak

Fig. 2. Cyclic voltammograms of Pt electrode in solution containing 0.2 mmol/L
(A) Co(phen)3


3+ and (B) Co(bpy)3
3+. C6-MP=1)0, 2)0.2, 3)0.4, 4)0.6, 5)0.8 mmol/


L, υ=100 mV/s.


Fig. 3. Influences of 6-MP concentration on the peak current of (A)Co(phen)3
3+


and (B) Co(bpy)3
3+.

potentials were found at EPIc=72 mV, EPIa=142 mV and
ΔEp=70 mV, which was considered to be also a quasi-reversible
one. In the presence of 6-MP (C6-MP:CCo(bpy)3


3+ =4:1), at the same
concentration of complex, the peak potentials (EPIc=40 mV and
EPIa=89 mV) were shifted to more negative potential and the
redox couple withΔEp=49mVwas found to be reversible. Thus,
the apparent E0′ shifted to more negative potentials by 42 mV in
the presence of 6-MP. For the two complexes examined, both of
the redox couples were found to be reversible in the presence of 6-
MP, which clearly indicated that these complexes on interaction
with 6-MP facilitated electron transfer process in a better way.


Interestingly, a new redox couple (PII) appeared at negative
potential direction in CV of both of the two cobalt complexes
when 6-MP was added, accompanying by the decreasing of
IPIc, as shown in Fig. 2. As there was no redox reaction of 6-
MP happened in the range of potential in the experiment
condition, the new redox couple may be resulted from a new
kind of complex “cobalt polypyridyl complex–6-MP”, since
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there is strong interaction between the cobalt polypyridyl
complex and 6-MP, as revealed in the former absorption
spectroscopic studies. The decreasing of IPIc can be attributed
to the slow diffusion of the metal complexes bound to the
slowly diffusing 6-MP molecules.


Differential pulse voltammogram (DPV) of these com-
plexes as a function of added 6-MP also indicated a large
decrease in IPIc and simultaneously an increase in IPIIc with
the increase concentration of 6-MP (Fig. 3). These can also be
attributed to the strong interaction between 6-MP and the
cobalt complex molecules. Moreover, when the ratio of C6-


MP:CCo(L)3
3+ was great than 3, the PI peak became hardly


resolved and IPIc changed little with the more increase
concentration of 6-MP, indicating that one molecule of cobalt
polypyridyl complexes could take interaction with at less
three molecules of 6-MP in the novel complex “cobalt
polypyridyl complex–6-MP”.

Fig. 4. Cyclic voltammograms of Pt electrode in solution containing (A)Co
(bpy)3


3+ –6-MP complex (B)Co(bpy)3
3+–6-MP complex. υ=100 mV/s CDNA=1)


0, 2)0.41, 3)0.96, 4)1.42 mmol/L.


Fig. 5. Influences of DNA concentration on the peak current of Co(phen)3
3+–6-


MP complex (A) and Co(bpy)3
3+–6-MP complex (B).

3.2. Interaction among cobalt polypyridyl complex, 6-MP and
DNA


3.2.1. Electrochemical titration
Cyclic voltammetric techniques have also been employed


to study the interaction among cobalt polypyridyl complex, 6-
MP and DNA. The two cathodic peak currents were
monitored as a function of added DNA (Fig. 4). In the
absence of DNA, the separation between the anodic and
cathodic peak potentials of cobalt polypyridyl complex–6-MP
(ΔEPI) was 58 mV for phen complex and 49 mV for bpy one,
indicating a reversible redox process. The formal potential
E0′ was 129 mV and 65 mV, respectively. The presence of
DNA (CDNA=1.4 mmol/L) in the solution at the same
concentration of two complexes caused a considerable
decrease in IPIIc and an obvious increase in IPIc, as shown
in curve 4 in Fig. 4. In addition, the peak potentials, EPIc and
EPIIc had a shift to less positive potential. The separation of
the anodic and cathodic peak potentials of cobalt polypyridyl







Fig. 6. UV-spectra of Co(phen)3
3+–6-MP complex (A) and Co(bpy)3


3+–6-MP
complex (B) CDNA=1)0, 2)0.008, 3)0.016, 4)0.024 mmol/L.


Fig. 7. Influences of Co(phen)3
3+–6-MP (a) and Co(bpy)3


3+–6-MP (b) complexes
to the viscosity of CT DNA. CDNA=0.1 mmol/L, T=(25±0.2)°C.
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complexes, ΔEPI=68 mV for phen complexes and 85 mV for
bpy ones, which increased a few compared with the ones in
the absence of DNA, indicating a similar reversibility in the
electron transfer process in the presence of DNA.


DPV of these complexes as a function of added DNA also
indicated a large decrease in IPIIc and simultaneously an in-
crease in IPIc, as shown in Fig. 5. It can be seen clearly that
the relationship is contrary to the one of Fig. 3, indicating the
release of 6-MP from the formed “cobalt polypyridyl
complex–6-MP”.


These phenomena and the one reported in the part 3.1 can
be explained with the equilibrium (1) and (2), as listed below.
The peak II was resulted from the complex “cobalt
polypyridyl complex–6-MP” and the peak I was due to
cobalt(III) polypyridyl complex. As the concentration of DNA
increased, the equilibrium moved to the right, then the
concentration of “cobalt polypyridyl complex–6-MP” de-
creased and cobalt polypyridyl complex increased, resulting in
the decrease of IPIIc and increase of IPIc in CV and DPV, as
well as the release of 6-MP at the same time. On the contrary,
when the concentration of 6-MP increased, the equilibrium
moved to the left, which lead to the increase of IPIIc and the
decrease of IPIc in CV (Fig. 2) and DPV (Fig. 3). It should be
noted that the crystal of new formed “cobalt polypyridyl

complex–6-MP” has not been obtained successfully although
we have tried for many times.


CoðphenÞ3þ3 −6−MP complex DNA⇌CoðphenÞ3þ3 þ 6−MP ð1Þ


CoðbpyÞ3þ3 −6−MP complex DNA⇌CoðbpyÞ3þ3 þ 6−MP ð2Þ

3.2.2. Absorption spectroscopic studies
In general, the transition metal complex bound to DNA


through intercalation usually results in hypochromism and red
shift, due to the strong stacking interaction between aromatic
chromophore of the complex and the base pairs of DNA. The
absorption spectra of the cobalt polypyridyl complex–6-MP in
the absence and presence of CTDNAwere illustrated in Fig. 6. In
the case of Co(phen)3


3+–6-MP, with increasing DNA concentra-
tion, the hypochromism increased as evidenced from the decreas-
ing intensity of the peaks at 227 nm and 268 nm, accompanied by
the red shift and the peak at 206 nm disappeared. In the absorption
spectra of Co(bpy)3


3+–6-MP, a similar effect also appeared. These
indicated there is strong interaction of “cobalt polypyridyl com-
plex–6-MP” with DNA.


3.2.3. Viscosity measurements
The binding modes of the cobalt polypyridyl complex–6-


MP with DNA were further investigated by viscosity measure-
ments. In the absence of crystallographic structure data, hydro-
dynamic methods, which are sensitive to DNA length increase,
are regarded as the least ambiguous and the most critical tests of
binding in solution [19,20]. A classical intercalation model
results in lengthening the DNA helix, as base pairs are separated
to accommodate the binding ligand, leading to the increase of
DNA viscosity. However, a partial and/or non-classical inter-
calation of ligandmay bend (or kink) DNA helix, resulting in the
decrease of its effective length and, concomitantly, its viscosity
[19,20]. The effects of the complexes Co(phen)3


3+–6-MP,
together with Co(bpy)3


3+–6-MP on the viscosity of DNA were
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shown in Fig. 7. For the complexes Co(phen)3
3+–6-MP, as in-


creasing the amounts of complexes, the viscosity of DNA
increased steadily, but upon further binding of the complex to
DNA, the DNAviscosity decreased.While for the complexes Co
(bpy)3


3+–6-MP, it exerted essentially little effect on DNA vis-
cosity as increasing the amounts of complexes. The experimen-
tal results suggested that the two complexes could bind DNA in
two different modes: Co(phen)3


3+–6-MP in partly intercalative
mode, and Co(bpy)3


3+–6-MP by electrostatic interaction. This
may be related to the molecular structures of the complexes. As
is well known, the two pyridyl rings in bpymay rotate away with
large dihedral angles. On the other hand, for complexes con-
taining phen, the rotated pyridyl rings are replaced with the
phenanthroline ligands. It is coplanar and can construct a larger
π framework compared to that of bpy. This helped the complexes
intercalate into the DNA base pairs deeply [21]. At the same
time, due to the greater planar area and higher hydrophobicity,
complexes containing phen bind with DNA more strongly than
the complexes containing bpy.


4. Conclusions


There is a strong interaction equilibrium between the cobalt
polypyridyl (1,10-phenanthroline, and bipyridine) complexes, 6-
MP and DNA, as indicated by the UV spectra and electrochem-
istry analysis. The cobalt polypyridyl complexes and 6-MP were
believed to take interaction to form a new kind of complex, and
the formed complex maybe decomposed in presence of DNA.
The experimental results show that the interaction ofCo(phen)3


3+–
6-MP complex with DNA is via the partly intercalative mode,
however, the interaction between Co(bpy)3


3+–6-MP complex and
DNA is electrostatic. The research can be helpful to the control
release of 6-MP in synthesis or design the antitumour drugs.
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Abstract


The electrocatalytic oxidations of guanine, adenine, guanosine-5′-monophosphate(GMP) and ssDNAwere performed in the presence of Fe(II) bis
(2,2′:6′,2″-terpyridine) and Fe(II) tris(1,10-phenanthroline) complexes as homogeneous catalysts by cyclic voltammetric methods. The Fe(II/III) redox
couple of these compounds is responsible for their catalytic properties. The electrocatalytic oxidation current of above substrates were developed from the
anodic peak currents of Fe(II) bis(2,2′:6′,2″-terpyridine) and Fe(II) tris(1,10-phenanthroline) complexes at about +0.93 Vand 0.97 V, respectively. The
electrocatalytic oxidative properties of guanine by Fe(II) bis(2,2′:6′,2″-terpyridine) complex was measured by amperometry method using the rotating
disk electrodes. Electropolymerization of Fe(II) tris(5-amino-1,10-phenanthroline) complex produced thin polymer films on gold and glassy carbon
electrodes. The electrochemical quartz crystal microbalance (EQCM) and cyclic voltammetry were used to study the in situ growth of the polymer. The
poly(FeII(5-NH2-1,10-phen)3) exhibited a good electrocatalytic oxidation towards guanine and also for the mixture of guanine and adenine too.
© 2006 Elsevier B.V. All rights reserved.

Keywords: DNA; Guanine; Adenine; Film-modified electrodes; Electrocatalysis

1. Introduction


Guanine and adenine are important components found in
deoxyribonucleic acid (DNA). The electrochemical oxidation me-
chanisms of guanine and adeninewere investigated alongwith their
relevance to oxidative degradation of nucleic acids in mutagenesis,
carcinogenesis and on aging. Guanine (G) can be easily oxidized
into nucleic acid bases, as indicated by the lowest values of one-
electron redox potentials. Determination of individual concentra-
tions of guanine and adenine or their ratio in DNA is important for
the measurement of the nucleic acid concentration itself. Mea-
surement of the electron-transfer of guanine in solution and the
oxidation of the substitution guanosine (Gs) are important and
helpful in understanding the oxidation processes of DNA [1–5].
Generally, carbon paste and glassy carbon electrodes are used in the
determination of the guanine and adenine by electrochemical
methods [6–9].


However, these methods suffered from serious problems like
irreversible adsorption of purine bases on the electrode surface

⁎ Corresponding author. Tel.: +886 2 27017147; fax: +886 2 27025238.
E-mail address: smchen78@ms15.hinet.net (S.-M. Chen).
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and led to surface fouling [10]. To overcome these problems, the
DNA-modified electrodes have been widely used to determine
guanine and adenine. Since the electrochemical signals for
guanine and adenine on these modified electrodes were found
poor, they have been used little for direct determination [11,12].


In our work, we have developed new homogenous and hetero-
geneous catalytic systems for guanine, adenine, guanosine-5′-
monophosphate, and ssDNA. Metal 1,10-phenanthrolines show
only one redox couple, for example, Fe(II) bis(2,2′:6′,2″-
terpyridine) and Fe(II) tris(1,10-phenanthroline) are with the Fe
(II/III) redox couple [13–18]. Chemically modified electrodes are
useful in electroanalysis and electrocatalysis too [19–28]. They
find uses in bioinorganic chemistry as chemicals and biosensors
[29,30]. The electrochemical and electrocatalytic properties of
metal 1,10-phenanthroline or their polymer-modified electrodes
are of great interest. This catalyst system can be used to develop a
system that performs the electrocatalytic processes and applied to
the detection of substrates in a solution by amperometric method
through the redox couples.


This paper reports about the electrocatalytic oxidation of gua-
nine, adenine, guanosine, and ssDNA by the catalysts of Fe (II) bis
(2,2′:6′,2″-terpyridine), Fe(II) tris(5-amino-1,10-phenanthroline)
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complexes in solution and poly-Fe(II) tris(5-amino-1,10-phenan-
throline) film-modified electrode. This paper also investigates the
electrocatalytic system of Fe(II) complexes with various ligands
2,2′:6′,2″-terpyridine, and 1,10-phenanthroline in aqueous solu-
tion. The electrocatalytic oxidation of guanine was studied through
[FeII(terpy)2]


2+ by amperometry method. The electrocatalytic
processes of Fe(II) complexes are discussed. The electropolymer-
ization from the complex Fe(II) tris(5-amino-1,10-phenanthroline)
was performed on various electrodes. The electrochemical quartz
crystal microbalance (EQCM) and consecutive cyclic voltammetry
were used to study the polymer film formation. There are a number
of research programs that are going on to solve the key problems in
DNA detection such as (1) covalent attachment of fluorescent,
radioactive or redox-active labels to the target DNA, (2) multi-
plexing the detection system for the analysis of DNA and (3)
achieving sufficient sensitivity to detect low concentration ofDNA.
The above mentioned key problems can be avoided through
electrochemical detection method. Because of the recent success of
electrochemical blood-glucose monitoring, there is a great
enthusiasm for electrochemical detection and monitoring through-
out the biotechnology industries [31]. The importance of our work
is the electrocatalytic oxidation of the guanine, adenine, guanosine-
5′-monophosphate and ssDNAwere performed in acidic aqueous
and acetonitrile solutions as well using iron complexes at low
positive potential than that of earlier report. The in situ method of
preparation of FeTerpy, Fe(1,10-phen), and Terpy complexes (Fe
or Ru) have been reported by us first. Similarly, Fe2+ TerPy or
1,10-phen complexes were also prepared by in situ method. To the
best our knowledge, there is no report dealing with the electro-
catalytic properties of FeTerpy, Fe(1,10-phen) complex and its film
towards guanine, guanosine, and ssDNA.

2. Experimental


All Fe(II) complex solutions were prepared by the reaction of
ferrous chloride and ligand in a mole ratio of 1:3 (terpyridine
1:2) in aqueous solution. Fe(II) tris(5-amino-1,10-phenanthro-
line) was prepared by the reaction of ferrous chloride and ligand
in a mole ratio of 1:3 in acetonitrile solution, and the solution
was heated (at about 80 °C) for 15 min. The solution was, and
then cooled to room temperature. Acetonitrile was removed in
vacuo and the solid was then dissolved in 10 ml of water.
Perchloric acid was added drop-by-drop to this solution and the
resulting precipitate was filtered.


Guanine, adenine, and guanosine-5′-monophosphate(GMP)
(Sigma, N99% purity) and calf thymus DNA were used as
received without any further purification. Aqueous solutions
were prepared with doubly distilled deionized water. Solutions
were deoxygenated by purging with pre-purified nitrogen gas.
Buffer solutions were prepared from H2SO4, potassium
hydrogenphthalate (KHP), acetate, phosphate, borate, carbon-
ate, and KOH in the pH range of 0–14.


The electrochemistry was performed using Bioanalytical
Systems Model CV-50W and CH Instruments CHI-400
potentiostat. Cyclic voltammetry was conducted using a three-
electrode cell in which a BAS glassy carbon electrode, a
platinum electrode, and a tin dioxide electrode were used as
working electrodes. The glassy carbon electrode was polished
with 50-nm alumina on Buehler felt pads, and then ultrason-
ically cleaned for 1 min. The auxiliary compartment contained a
platinum wire, which was separated by a medium-sized glass
frit. All the cell potentials were taken using an Ag/AgCl/KCl
(saturated solution) reference electrode.


The working electrode for the EQCM measurements was an
8-MHz AT-cut quartz crystal with gold electrodes. The diameter
of the quartz crystal was 13.7 mmwhereas for the gold electrode
it was 5 mm. The UV–visible spectra were measured using a
HITACHI Model U-3300 spectrophotometer.


The chronoamperometric and rotating ring-disk electro-
chemical (RRDE) experiments were performed with a Pine
Instrument Co. electrode in conjunction with a CH Instruments
CHI-750 potentiostat connected to a model AFMSRX analyt-
ical rotator. The RDE electrode purchased from Pine Instrument
Co., consisted of a glassy carbon disk electrode.


3. Results and discussion


3.1. Electrocatalytic reaction involving guanine, guanosine,
and ssDNA by Fe(II) bis(2,2′:6′,2″-terpyridine)


The electrochemical properties of Fe(II) bis(2,2′:6′,2″-
terpyridine) complexes were investigated. Fig. 1 shows the
reaction of Fe(II) ions with different concentrations of bis
(2,2′:6′,2″-terpyridine) in a pH 4 buffer solution.


In the absence of above complexes, the cyclic voltammo-
grams of Fe3+/Fe2+ ions exhibited a cathodic and anodic peak at
about +0.25 Vand +0.80 V respectively (shown in Fig. 1A(a)).
When bis(2,2′:6′,2″-terpyridine) was added to the above
solution, the redox couple corresponded to Fe3+/Fe2+ (Fig. 1A







Fig. 1. (A)Cyclic voltammograms of: (a) 3.0mMFe2+ in a pH4 buffer solution,with
addition of 2,2′:6′,2″-terpyridine solution, (b) 4 mM, (c) 8 mM, (d) 12 mM and (e)
16 mM. (B) UV–visible absorption spectra of: (a) 0.5 mM Fe2+ and (b) 2.4 mM
2,2′:6′,2″-terpyridine. From (c–d) UV–vis spectra of 0.5 mM Fe2+ with addition of
2,2′:6′,2″-terpyridine in a pH 4 buffer solution: (c) 0.8 mM, (d) 1.6 mM and (e)
2.4 mM.


Fig. 2. (A) Cyclic voltammograms of Fe(terpy)2
2+ in the presence of [guanine]:


(a) 0, (b) 1.0 mM and (c) 2.0 mM in a pH 3 buffer solution on GC electrode and
(a′) [guanine]=2.0 mM in the absence of Fe(terpy)2


2+. (B) Cyclic voltammo-
grams of Fe(terpy)2


2+ in the presence of [guanine]: (a) 0, (b) 1.0 mM and (c)
2.0 mM in a pH 5 buffer solution with on GC electrode and (a′)=2.0 mM of
guanine in the absence of Fe(terpy)2


2+. (C) Cyclic voltammograms of Fe(terpy)2
2+


in the presence of guanosine-5′-monophosphate] : (a) 0 mM, (b) 2.0 mM, (c)
4.0 mM and (d) 6.0 mM in a pH 5 buffer solution with on GC electrode and (a′)
[guanosine-5′-monophosphate]=6.0 mM in the absence of Fe(terpy)2


2+.
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(a)–(e)),was shifted to a more positive side and also became
highly reversible. This result indicated the formation of a new
complex between these compounds with the formal potential of
+0.92 V (vs. Ag|AgCl).


Fig. 1B shows the UV–visible absorption spectra of
2,2′:6′,2″-terpyridine in the absence and presence absence of
Fe2+ ions at pH=4.0 aqueous solution. In the absence of Fe2+


ions, the 2,2′:6′,2″-terpyridine exhibited only one absorption
band at about 300 nm. However, on mixing of Fe2+ with
2,2′:6′,2″-terpyridine formed showed absorption peaks at
λ=552 nm, 318 nm and 272 nm whereas the absorption band
corresponded to 2,2′:6′,2″-terpyridine at about 300 nm dis-
appeared which may be due to formation of a new complex
formation between Fe(II) and bis(2,2′:6′,2″-terpyridine). UV/
Vis spectroscopy showed the ligand-centered band at 318 nm
and 272 nm. At around 552 nm a weak metal-to-ligand charge
transfer band (MLCT) was observed [31].


Similarly, the reaction between tris(1,10-phenanthroline) and
Fe2+ ions was also performed through cyclic voltammetric and
UV–vis spectroscopic techniques to confirm the complex
formation. We obtained similar results as the one that was
obtained for bis(2,2′:6′,2″-terpyridine) and Fe2+ system (the
figures are not shown). Similarly, UV/VIS spectroscopy

showed of the [FeII(phen)3]
2+ exhibited a ligand-centered


band at 266 nm. At around 508 nm a weak metal-to-ligand
charge transfer band (MLCT) was observed. From the UV–vis
results, the formation of [FeII(phen)3]


2+ was confirmed.
Fig. 2A and B show the cyclic voltammograms of Fe(II) bis


(2,2′:6′,2″-terpyridine) in aqueous solution with various con-
centrations of guanine at pH 3.0 and 5.0, respectively. In the
absence of guanine, Fe(II) bis(2,2′:6′,2″-terpyridine) exhibited
a redox couple with formal potential at +0.92 V. On addition of
guanine to the solution the oxidation peak current of Fe(II) bis
(2,2′:6′,2″-terpyridine) complex was increased. In the reverse







Scheme 1. The electrochemical oxidation of guanine to 8-oxo-guanine.


Fig. 3. (A) Cyclic voltammograms of Fe(terpy)2
2+ in a pH 4 buffer solution with


addition of [ssDNA]: (a) 0, (b) 0.001, (c) 0.002 g in 1 ml aqueous solution and (a′)
[ssDNA]=0.002 g in 1 ml in the absences of Fe(terpy)2


2+ (B) UV–visible absorption
spectra of Fe(terpy)2


2+(a) in a pH4buffer solutionwith [ssDNA]: (b) 0.001, (c) 0.002 g
in 1 ml aqueous solution.
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scan, the reduction peak current was decreased with the increase
of concentration of guanine. This phenomenon attributed to
typical homogenous mediated oxidation reaction of Fe(II) bis
(2,2′:6′,2″-terpyridine) towards guanine.


The electrocatalytic oxidation process of guanine through the
FeIII(terpy)2


2+ species is shown as under:


FeðIIÞbisð2; 2′ : 6′; 2″� terpyridineÞ
→FeðIIIÞbisð2; 2′ : 6′; 2″� terpyridineÞ þ e�


ð1Þ


FeðIIIÞbisð2; 2′ : 6′; 2″� terpyridineÞ þ guanine
→FeðIIÞbisð2; 2′ : 6′; 2″� terpyridineÞ
þ 8� oxo� guanine


ð2Þ


Hence, the oxidation of guanine may be mediated by
oxidized form of (Fe(III) bis(2,2′:6′,2″-terpyridine) complex
molecules present in the solution.


The electrocatalytic oxidation equation of guanine is repre-
sented below


Guanine þ H2O→8� oxo� guanine þ 2e− þ 2Hþ ð3Þ
and the formof structural formula [32] is represented in Scheme 1.


Fig. 2C depicts the voltammograms of [FeII(terpy)2]
2+ in the


absence and presence of guanosine-5′-monophosphate at pH 5
aqueous solution. When we used various concentrations of
guanosine-5′-monophosphate, the anodic peak current respon-
sible for [FeII(terpy)2]


2+ complex at about +0.95 V increased
proportionally to the guanosine-5′-monophosphate concentra-
tions. The results showed that the electrocatalytic mediated
oxidation of guanosine-5′-monophosphate by FeII(terpy)2
present in the solution. The electrocatalytic oxidation of gua-
nine and guanosine-5′-monophosphate by Fe2+/Fe3+ ions
(2,2′:6′,2″-terpyridine was absent) were also investigated in
an acidic aqueous solution. The results demonstrated that the
electrocatalytic properties of guanine and guanosine-5′-mono-
phosphate by Fe2+ (or Fe3+) obviously remained inactive in the
above condition (the figures are not shown in the text).


The electrocatalytic activities of [FeII(terpy)2]
2+ towards


ssDNA were also investigated. Fig. 3A illustrates the cyclic
voltammograms of [FeII(terpy)2]


2+ in pH=4.0 aqueous buffered
solution in the absence and presence of ssDNA. The anodic
peak current of the [FeII(terpy)2]


2+ redox couple at a potential of
+0.95 V (vs. Ag|AgCl) was found to be increased noticeably,
meanwhile, the cathodic peak current became decreased, as the
concentration of ssDNA increased. This phenomenon also
attributed to typical homogenous mediated oxidation reaction of
[FeII(terpy)2]


2+/[FeII(terpy)2]
3+ redox couple towards ssDNA.


The interaction between [FeII(terpy)2]
2+ and ssDNAwas also


characterized by a change in the UV–visible spectra (Fig. 3B).

The absorption spectra of [FeII(terpy)2]
2+ in the presence of


ssDNA has been reported in the pH=4.0 buffer solution (see Fig.
3B). From the results it was understood that the absorption bands
at 272 nm, 318 nm, and 552 nm of [FeII(terpy)2]


2+ became
stronger with addition of different concentration of ssDNA. This
results showed that the interaction between [FeII(terpy)2]


2+ and
ssDNA might have been electrocatalytically active.


3.2. Electrocatalytic oxidation involving guanine, guanosine-5′-
monophosphate, and ssDNA by Fe(II) tris(1,10-phenanthroline)


Fig. 4A shows the cyclic voltammograms of Fe (II) tris(1,10-
phenanthroline) in the presence of different various concentra-
tions of guanine at pH 3 aqueous solution. The catalytic current
increased as the concentration of guanine increased noticeably.
Meanwhile, the cathodic peak current became decreased, as the
concentration of guanine increased. This behavior was typical
of that expected for a mediated oxidation of guanine in the
presence of Fe(II) tris(1,10-phenanthroline).


Similarly, the same experiment was carried out the at pH 4 of
[FeII(phen)3]


2+ in the absence and presence of [guanosine-5′-
monophosphate] in aqueous solution. In these experiments also,
the same type of catalytic behavior was observed that was







Scheme 2. The electrochemical oxidatio


Fig. 4. (A) Cyclic voltammograms of [guanine]=3.0mM (a′) and Fe(phen)3
2+in pH


buffer solution with addition of [guanine]: (a) 0 mM, (b) 1.0 mM, (c) 2.0 mM and
(d) 3.0mMonglassy electrode. (B) Cyclic voltammograms of Fe(phen)3


2+ in a pH 4
buffer solution with [guanosine-5′-monophosphate] (a) 0, (b) 1.5 mM, (c) 3.0 mM
and (d) 4.5mMand (a′) [guanosine-5′-monophosphate]=4.5mM in the absence of
Fe(phen)3


2+ on GC surface. (C) Cyclic voltammograms of Fe(phen)3
2+ in a pH 4


buffer solutionwith [ssDNA]: (a) 0, (b) 0.001 and (c) 0.002 g/1ml aqueous solution
(a′) bare glass electrode and [ssDNA]=0.002 g/1ml aqueous solution.
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anodic peak current at about +0.93 V increased as the
concentration of guanosine-5′-monophosphate increased (Fig.
4B). The electrocatalytic activities of [FeII(phen)3]


2+ towards
ssDNA were also investigated at different concentrations of
ssDNA (Fig. 4C). The results showed that the electrocatalytic
properties of ssDNA by [FeII(phen)3]


2+ was similar to the
electrocatalytic oxidation of guanosine as well as guanosine-5′-
monophosphate at pH 4 buffer solution. H. H. Thorp obtained
similar results for the electrochemical oxidation of DNA by
using Ru(bpy)3


2+ complex [33]. The oxidation of DNA occurred
at +1.3 V in the presence of Ru(bpy)3


2+ complex. In our system,
the oxidation of DNA occurred at a less positive potential nearly
at +0.95 V. Hence, the oxidation of DNA occurred at about
250 mV less positive potential using [FeII(phen)3]


2+ complex
rather than using Ru(bpy)3


2+ complex.
The electrocatalytic oxidation process of guanosine-5′-


monophosphate through FeIII(phen)3
2+ species is shown as:


FeðIIÞtrisð1; 10� phenanthrolineÞ
→FeðIIIÞtrisð1; 10� phenanthrolineÞ þ e�


ð4Þ


FeðIIIÞtrisð1; 10� phenanthrolineÞ þ guanosine� 5′
�monophosphate→FeðIIÞtrisð1; 10� phenanthrolineÞ
þ 8� oxo� guanosine� 5′�monophosphate ð5Þ
The electrocatalytic oxidation of guanosine-5′-monopho-


sphate is represented as follows


Guanosine� 5′�monophosphate þ H2O
→8� oxo� guanosine� 5′�monophosphate
þ 2e− þ 2Hþ


ð6Þ


and is structurally formulated in Scheme 2.
When we compared the catalytic oxidation of guanine using


Fe(II) tris(1,10-phenanthroline) and [FeII(terpy)2]
2+ complexes,


the oxidation of guanine occurred at 40 mV at a less positive
side in the presence of [FeII(terpy)2]


2+ complexes than that of Fe
(II) tris(1,10-phenanthroline) complex.


3.3. Amperometric application in catalytic oxidation of
guanine


The catalytic oxidation of guanine was studied through [FeII


(terpy)2]
2+ by chronoamperometry method. The obtained chron-


oamperometric measurements are depicted in Fig. 5A.

n of guanosine to 8-oxo-guanosine.
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A typical amperometric, i–t, experiment of guanine was
performed in a well-stirred solution (rotation speed=1500 rpm)
by keeping the electrode potential at 1.1 V in phosphate buffer
solution (Fig. 5B). The chronoamperograms revealed that an
increase in the guanine concentration was accompanied by an
increase in the anodic peak current obtained for a potential step
of +1.1 V (see the inset). In the amperometric experiment, a
good response was obtained for 5 sequential additions of
3.0×10−6 M guanine by [FeII(terpy)2]


2+ using the GC disk
electrode. It was observed that the oxidation current of guanine
was increased with the addition of guanine and reached the
steady state within 5 s. The current responses showed a linear
relationship with the concentration of guanine over the range of
0–25 μM for 1×10−3 M Fe(terpy)2


2+. The electrocatalysis of
guanine was carried out in the absence of Fe(terpy)2


2+ and
compared with the above results. The oxidation current of
guanine in the absence of Fe(terpy)2


2+ on the GC had started to
increase very slowly and after 5 additions of guanine, the
oxidation current became very weak. These results indicate that
[FeII(terpy)2]


2+ as a catalyst could be used for good and accurate
measurement of guanine.

Fig. 5. (A) Chronoamperometric response of the 1×10−3 M Fe(terpy)2
2+ in a pH 4.0 bu


+1.1 V. The a to e corresponding to addition of guanine (each 5.0×10−4 M). Inset: Varia
t=150 s (A′). (B) Amperometric responses of 5 sequential additions of guanine (each 3.0
solution, (b) at glassy carbon electrode in absence of Fe(terpy)2


2+ pH 4.0 buffer aqueous s
Fe(terpy)2


2+ and (b′) absence of Fe(terpy)2
2+ at bare disk glassy carbon in a pH 4 buffer

3.4. Electropolymerization from Fe(II) tris(5-amino-1,10-
phenanthroline) on a gold disc electrode by consecutive cyclic
voltammetry and EQCM measurements


Fig. 6(A) shows the consecutive cyclic voltammograms of
Fe(II)tris(5-amino-1,10-phenanthroline) on a gold electrode.
The cyclic voltammograms of the polymeric film were obtained
in acetonitrile solution with 0.1 M tetrabutylammonium
perchlorate as supporting electrolyte (TBAP) [34–38].


The consecutive cyclic voltammograms of Fe(II) tris(5-
amino-1,10-phenanthroline) resulted in the deposition of poly
(Fe(II) tris(5-amino-1,10-phenanthroline)) in 0.1 M TBAP
acetonitrile solution on gold electrode. The results demonstrated
that the deposition of poly-Fe(II) tris(5-amino-1,10-phenanthro-
line) was successful after the oxidation of monomer at potential
range between +1.15 Vand +1.4 V (vs. Ag, 0.1 M TBAP). The
EQCM measurements are good for monitoring the in situ
growth of poly(Fe(II)tris(5-amino-1,10-phenanthroline) on gold
electrodes (see Fig. 6(B)). The results illustrated that the poly-
Fe(II) tris(5-amino-1,10-phenanthroline) film grew steadily vs.
time on the gold electrode. The EQCM measurements showed

ffer solution containing different concentrations of guanine for a potential step of
tion of chronoamperometric currents vs. guanine concentrations from 0 to 2 mM at
μM) at (a) at glassy carbon electrode in a 1 mMFe(terpy)2


2+ pH 4.0 buffer aqueous
olution. Inset: variation of catalytic current vs. [guanine] at (a′) in presence of 1 mM
solution (B′).Rotating speed:1500 rpm, diameter of GC disk electrode=6.02 mM.







Fig. 6. (A) Consecutive cyclic voltammograms of poly-Fe(II) tris(5-amino-1,10-phenanthroline) from 0.5 mM Fe(II) tris(5-amino-1,10-phenanthroline) in 0.1 M
TBAP acetonitrile solution. Electrode: gold electrode. (B) EQCM frequency change responses recorded together with the consecutive cyclic voltammograms. Scan
rate: 0.02 V/s. Inset: anodic peak current (A′) and frequency change (B′) value vs. scan cycle.
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that the deposition of the film occurred at a starting potential of
about +0.8 V and then the main deposition process occurred
between the potentials of +1.15 V and +1.40 V (vs. Ag, 0.1 M
TBAP). The results, again demonstrated that before the film
formation, no obvious precipitation process and adsorption for
deposition occurred before the oxidation of 5-amino-1,10-
phenanthroline of Fe(II) tris(5-amino-1,10-phenanthroline) as
there was no obvious frequency change (mass increase).
However, the EQCM results showed an obvious frequency
change when the obtained cyclic voltammetry was more
positive than +0.8 V (vs. Ag|AgCl) because of the oxidation
of the monomer (Fe(II)tris(5-amino-1,10-phenanthroline)) and
thereafter, polymerization began.


The EQCM experiment was performed and the mass change
at the quartz crystal determined using the measurement of
frequency change (Sauerbrey equation) [39,40].


ðDmÞ ¼ ð−1=2Þð f −2o ÞðDf ÞAðkqÞ1=2 ð7Þ

where,Δf is the measured frequency change, A is the area of the
gold disk coated onto the quartz crystal, ρ is the density of the
crystal, k the shear modulus of the crystal, and fo is the
oscillation frequency of the crystal. A 1-Hz frequency change
corresponded to 1.4 ng of mass change.


The inset of Fig. 6A(b) also demonstrates that the frequency
change (decrease in frequency) of Fig. 6(B) was also proportional
to the scan cycle. The results illustrated that the initial 15 scan
cycles (per potential scan cycle of 80 s) of the film growth had
stable growth rate and the efficiencywas obvious by the change of
film growth. Both the peak current and frequency change were
almost proportional to the scan cycle and again, the peak current
was also almost proportional to the mass deposition of poly-Fe(II)
tris(5-amino-1,10-phenanthroline).


The insets of Fig. 6A(a) demonstrated that the anodic peak
current vs. different scan of the poly-Fe(II) tris(5-amino-1,10-
phenanthroline) film on a glassy carbon electrode was obtained
from 0.1 M acetonitrile solution. Poly-Fe(II) tris(5-amino-1,10-
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phenanthroline) TBAP film produced a reversible redox couple in
0.1 M TBAP acetonitrile buffer solution (Fe(II) tris(5-amino-
1,10-phenanthroline)-free) when the cyclic voltammetry of poly-
Fe(II) tris(5-amino-1,10-phenanthroline) film was performed at a
lower scan rate (0.01−0.2 V/s). The anodic peak current vs.
different scan rate for the film increased almost proportionally.


The ratio of Ipa/Ipc remained almost in unity as expected for a
surface type behavior. These results demonstrated that the redox
process was not controlled by diffusion. The peak-to-peak
separation ΔEp was only about 15 mVat a scan rate of 10 mV/s.
The peak current and scan rate are related as follow [40,41].


Ip ¼ n2F2tACo=4RT ð8Þ


where,Γo, υ,A, and Ip represent the surface coverage concentration,
scan rate, electrode area, and peak current, respectively. This result
indicated that the redox process was confined to the surface (poly-
Fe(II) tris(5-amino-1,10-phenanthroline)/GC(glassy carbon elec-
trode) and the redox process was confined to the surface,
confirming the immobilized state of Fe(II) tris(5-amino-1,10-
phenanthroline).


The kinetics of the potential switching responses of poly-Fe(II)
tris(5-amino-1,10-phenanthroline)/GC) film used as display device
in 0.1 M TBAP acetonitrile solution (Fe(II) tris(5-amino-1,10-

Fig. 7. (A) Cyclic voltammograms of poly-Fe(II) tris(5-amino-1,10-phenanthro-
line) fill in 0.1MTBAP acetonitrile solutionwith: [adenine]: (a) 0mM, (b) 1.0mM
and (c) 2.0mM. (B). Cyclic voltammograms of 5.0×10−4M [Fe (terpy)2]


2+ in a pH
5 buffer solution with [guanine] and [adenine]: (a) 0 mM, (b) 1.0 mM and (c)
2.0 mM. (a′) [guanine] and [adenine]=2.0 mM on bare glassy electrode.

phenanthroline)-free)were investigated (the figure is not shown). In
these experiments, a square wave potential was applied over
different time periods in the film oxidation state change. The
experiment was performed using a square wave potential period of
0.5, 1, and 4 s, respectively. The reversibility properties of the poly-
Fe(II) tris(5-amino-1,10-phenanthroline)/GC) film during the
cycling of the square wave potential (+0.4 V and +1.7 V) and
the charge change (chronocoulometry) were found good. This
result too indicated that the redox process was confined to the
surface and confirmed the stable immobilized state of poly-Fe(II)
tris(5-amino-1,10-phenanthroline)/GC) during the poly-Fe(II/III)
tris(5-amino-1,10-phenanthroline) oxidation state change.


The spectro-electrochemical properties of polymeric film
obtained from 0.1 M TBAP acetonitrile solution was carried out
in the aqueous solution without Fe(II) tris(5-amino-1,10-phenan-
throline) at pH 1.0 (the figure is not shown).The spectroelec-
trometry of poly-Fe(II) tris(5-amino-1,10-phenanthroline) film was
performed on an ITO electrode. The absorption spectra of poly-Fe
(II) tris(5-amino-1,10-phenanthroline) in sulfuric acid aqueous
solution at pH 1.0 were obtained when the applied working
potentials were +0.5 V, +1.00 V, and +1.25 V, respectively. The
results showed that the spectrum change occurred between 650 nm
and 400 nm. It was similar to the spectrum change of Fe(II) tris
(1,10-phenanthroline).


3.5. Electrocatalytic oxidation of adenine in acetonitrile solution
and electrocatalytic-oxidation of guanine in acidic aqueous
solution by poly-Fe(II) tris(5-amino-1,10-phenanthroline) film


Fig. 7A shows the cyclic voltammograms of poly-Fe(II) tris(5-
amino-1,10-phenanthroline) in 0.1 M TBAP solution with various
concentrations of adenine. Upon the addition of adenine, the anodic
peak current of poly-Fe(II) tris(5-amino-1,10-phenanthroline) was
found to be increased meanwhile in the reverse scan, the cathodic
peak current decreased due to mediated catalytic reaction.


poly� FeIIð5� NH2 � 1; 10� phenÞ
→poly� FeIIIð5� NH2 � 1; 10� phenÞ þ ne−


ð9Þ


poly� FeIIIð5� NH2 � 1; 10� phenÞ
þ guanine→poly� FeIIð5� NH2 � 1; 10� phenÞ
þ 8� oxo� guanine:


ð10Þ

3.6. Simultaneous determination of adenine and guanine


Simultaneous determination of adenine and guanine in the
solution containing [FeII(terpy)2]


2+ was carried out. Fig. 7B
shows the cyclic voltammograms of [FeII(terpy)2]


2+ in pH 5
aqueous solution with various concentrations of adenine and
guanine. The redox couple of the film was at Eo′=+0.92 V. The
anodic peak current of the redox couple increased noticeably,
while its cathodic peak current decreased as adenine and guanine
increased. From this results it is believed that the increase in the
anodic peak current of [FeII(terpy)2]


2+ corresponds to the
oxidation of guanine. In the case of adenine, a small oxidation
peak current was observed at 1.13 Vat a glassy carbon electrode.
Hence, the peak separation between adenine and guanine was
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obtained approximately 200 mV. However, in the absence of
[FeII(terpy)2]


2+ at bare glassy carbon electrode a small hump
corresponded to guanine oxidation was observed whereas on
oxidation peak was observed for adenine in this potential
range.


4. Conclusion


The electrocatalytic oxidation of guanine, adenine, guanosine,
and ssDNA by the catalyst of Fe(II) bis(2,2′:6′,2″-terpyridine)
complexes took place through the Fe(II/III) redox couples. Guanine
was oxidized to 8-oxo-guanine with the development of EPcat from
the Fe(II/III) redox couple. The electrocatalytic oxidation of
guanine, guanosine-5′-monophosphate and ssDNA by Fe(II) tris
(1,10-phenanthroline) was also performed. The results showed an
increase in the anodic current due to the electrocatalytic oxidation of
reactants (guanine, guanosine-5′-monophosphate, and ssDNA) by
Fe(II) bis(2,2′:6′,2″-terpyridine) through the catalytic activity of Fe
(II) tris(1,10-phenanthroline) complex. The electrocatalytic oxida-
tion of guanine was studied through [FeII(terpy)2]


2+ by ampero-
metry method. The oxidation of guanine occurred at 40 mV less
positive side in the presence of [FeII(terpy)2]


2+ complexes than that
of Fe(II) tris(1,10-phenanthroline) complex. The electropolymer-
ization of the complex Fe(II) tris(5-amino-phenanthroline) was
performed on various electrodes. The EQCM and consecutive
cyclic voltammetry techniques were used to study the in situ
growth of the polymer film formation. The simultaneous
electrocatalytic oxidations of guanine and adenine were too
performed. The electrocatalytic oxidation of guanine by the poly-
Fe(II) tris(5-amino-1,10-phenanthroline) film-modified electrode
was found active in strong acidic aqueous solution whereas the
electrocatalytic oxidation of adenine by poly-Fe(II) tris(5-amino-
1,10-phenanthroline) film-modified electrode was found active in
acetonitrile TBAP solution.
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Abstract


The passage of water through the aquaporin-1 (AQP1) transmembrane channel protein of the human erythrocyte is known to be inhibited by
organic mercurials such as p-chloromercuribenzoate (pCMB), which react with the free SH-group of the critical cysteine (Cys189) located near
the constriction of the AQP1 water-specific channel. Sodium nitroprusside (SNP), which is known as a nitric oxide (NO) donor in interactions
with SH-containing molecules, is shown here to suppress the diffusional water permeability (Pd) of the erythrocyte membrane, presumably as a
result of reaction with the Cys189 of the human erythrocyte AQP1 water channels. Further, treatment of erythrocytes with HgCl2 is found to result
in a cell volume decrease that can be related to activation of membrane K+-selective Gárdos channels and subsequent loss of intracellular K+ and
cell shrinkage. The variations in Pd and volume of the erythrocyte were deduced from induced variations in the measured proton (1H) nuclear
magnetic resonance (NMR) transverse (T2) relaxation functions of water exchanging between diamagnetic intracellular and paramagnetic
extracellular compartments of the 20–25% hematocrit samples. The extracellular solvent contained 10 mM membrane-impermeable paramagnetic
Mn2+ ions. The 1H-T2 NMR technique allows determination of the time constant τexch (for exchange of the erythrocyte intracellular water) that is
inversely proportional to the permeability coefficient Pd when the intracellular water volume is left unmodified, as in the case of SNP-treated
erythrocytes. However, for HgCl2-treated erythrocytes, this technique showed simultaneous variation of both τexch and the volume ratio Vin/Vout of
intracellular and extracellular water in proportions suggesting that Pd was left unmodified. The HgCl2 effect has been found to be partly reversible
by the reducing activity of added mercaptoethanol.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Human erythrocyte; Water permeability coefficient; Cell volume; Na nitroprusside; HgCl2; Proton NMR

1. Introduction


One inevitable consequence of the fact that living processes
take place in water as a universal biological solvent is the need of
living cells to regulate its influx and efflux. Plasma membranes
of all cell species are to some extent permeable to water as a
result of the relatively slow diffusion of individual water mole-
cules through the membrane lipid bilayer. However, plasma
membranes of certain cell species, e.g., mammalian red blood
cells and renal tubules are known to conduct large osmotically
driven water fluxes that cannot be accounted for by transmem-
brane lipid-mediated water permeation alone. Therefore many
years ago it was postulated that there must be a parallel –

⁎ Corresponding author. Tel.: +386 1 4766573; fax: +386 1 251 93 85.
E-mail address: gojmir.lahajnar@fmf.uni-lj.si (G. Lahajnar).
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membrane protein-mediated – water permeation pathway
(reviewed in [1]). Finally, in 1988, the first such specialized
channel integral membrane protein of 28 kDa (CHIP28) was
discovered in human red blood cells by Agre and coworkers [2],
and subsequently identified as a water channel [3,4]. This
membrane water channel, now called aquaporin-1 (AQP1),
belongs to a large group of membrane water channel proteins
named aquaporins, all related to the major intrinsic protein of eye
lens fibres (MIP26).


AQP1 operates as a constitutively open, osmo-regulated,
bidirectional and strictly selective membrane protein channel. It
allows efficient, osmotically driven transmembrane water
conduction but excludes – as a two-stage filter [5,6] – all
other uncharged solutes and ions, including protons. Proton (or
H3O


+) exclusion from the water stream through the AQP1 pore
is essential for maintaining the proton gradient across cellular
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and subcellular membranes which is a critical component of the
bioenergetics of all living cells [7].


Before the discovery of AQP1, the channel-mediated
transmembrane water passage of the human erythrocyte was
shown to be inhibited bymercurials [8]; this effect is now known
to be due to mercurial reaction with the SH-group of cysteine
189 located near the constriction of the AQP1 “hour-glass”water
channel [9]. Although mercurials completely inhibit the AQP1
channels, they are not necessarily specific to this function since
they react also with other accessible SH-groups in many mem-
brane proteins such as AQP1, whose monomer contains a further
three cysteines. Nevertheless, mercurials such as p-chloromer-
curibenzoate (pCMB) and p-chloromercuribenzene sulfonate
(pCMBS) are the only known effective inhibitors of the AQP1
function.


The aim of the present study was to examine the effects of SH-
reacting Hg (II) (as HgCl2), of SH-reacting NO from sodium
nitroprusside (SNP for short) and, for comparison, also of pCMB,
on the volume and diffusional water permeability (Pd) [1] of the
human erythrocyte membrane. As far as effects of HgCl2 are
concerned, Hg2+ has been recently shown to induce activation of
erythrocyte K+-selective Gárdos channels, with subsequent loss
of erythrocyte K+, water efflux and cell shrinkage, as well as to
stimulate exposure of erythrocyte phosphatidylserine to the cell
surface [10]. Furthermore, HgCl2 is known to induce membrane
shape changes in human erythrocytes [11]. SNP is considered as a
nitric oxide (NO) donor in interactions with SH-containing
molecules [12], and in case that releasedNO interactswith the free
SH-groups of the critical cysteine (Cys189) of the AQP1 water
channels, suppression of erythrocyte Pd would be expected.


The influence of these compounds on cell volume and/or Pd


can be deduced from induced variations in the measured proton
(1H) nuclear magnetic resonance (NMR) transverse (T2) relax-
ation function M(t) of water exchanging between the diamag-
netic intracellular and paramagnetic extracellular compartments
of erythrocyte suspensions whose extracellular water has been
doped with membrane-impermeable paramagnetic Mn2+ ions
[13–15]. As described previously [15,16], the application of this
so-called 1H-T2 NMR technique, used also in this study, enables
one to determine the time constant τexch for exchange of the
erythrocyte intracellular water as well as the volume ratio Vin/
Vout of the intracellular and extracellular water components of the
erythrocyte suspension. Variations in the parameters τexch and
Vin/Vout, induced by the reagents mentioned above, can be used
to analyze the extent and nature of their effects on water Pd or
cell water volume (and hence on cell volume) of the human
erythrocyte. In particular, if for some of these effectors only τexch
is increased while the ratio Vin/Vout (and hence the isotonic
erythrocyte volume) remains unaffected, this is evidence that
only membrane Pd – and not volume – of the red cell has been
modified, implying that the AQP1 water permeability has been
depressed. On the other hand, if both τexch and Vin/Vout are
decreased by the action of a chemical agent, this implies (as
discussed later) that it is the volume ν of the intracellular water of
the erythrocyte – and hence the cell volume – that has been
modified, while Pd has remained unaffected. In this context it
should be mentioned that the technique of 1H NMR diffusion–

diffraction of water [17] has been utilized both to characterize
shape and size changes of human erythrocytes induced either by
variations in osmolality of the suspension medium or by altering
cell metabolism affecting the adenosine triphosphate (ATP)
concentration level, and to study the disordered erythrocyte
shape in patients with hereditary stomatocytosis and megalo-
blastic anaemia.


2. Materials and methods


2.1. Cell preparation


All erythrocyte samples were prepared from blood obtained
by venipuncture from healthy adult male volunteers on the day
of experiments. Fresh citrated blood was washed three times
with isotonic TRIS buffer (pH 7.4) by centrifugation (5 min,
1500 ×g) at room temperature and two times with 330 mOsm
Tris buffer (pH 7.4). For experiments, a 40% stock suspension of
erythrocytes was prepared. In the samples for NMR measure-
ments, the final concentration of red blood cells was∼20 to 30%
and the concentration of added paramagnetic Mn2+ ions was
10 mM. The membrane effectors pCMB, sodium nitroprusside
and HgCl2 were examined at 0.25 mM concentrations (pCMB
andHgCl2 also at 1mM concentrations). All measurements were
performed on cells at isotonicity.


2.2. NMR measurements and data analysis


The influence of HgCl2, sodium nitroprusside Na2Fe(CN)5NO
and p-chloromercuribenzoate (pCMB), on the diffusional water
permeability (Pd) and cell water volume (ν) of the erythrocyte was
studied by means of an 1H-T2 NMR method [13–15]. Our
measurements were performed at 21 °C on∼0.3 ml samples with
20–30% erythrocytes in the buffer solution containing 10 mM
paramagnetic MnCl2. As the method requires also information
about the intracellular diamagnetic water proton NMR transverse
relaxation time T2,in, this was determined separately on tightly
packed cells in the erythrocyte buffer withoutmanganese. TheT2,in
value of 90±5 ms was obtained. All NMR experiments were
performed at a proton resonance frequency of 100 MHz on a
Bruker Biospec System (Bruker, Rheinstetten, Germany),
equipped with a superconducting magnet (Oxford Instruments
Ltd., England). The radiofrequency π-pulse separation in the
Carr–Purcell–Meiboom–Gill (CPMG) sequence was Δt=0.6 ms
for the determination of the relaxation functionsM(t) andΔt=6ms
for that of T2,in.


Because of the two essentially different NMR relaxation
compartments of water protons in Mn2+-doped erythrocyte sus-
pensions, i.e., the paramagnetically doped extracellular medium
(site b) and the diamagnetic cellular interior (site a), the observed
transverse water proton NMR signal M(t) is typically a
superposition of two exponentially decaying contributions. The
component characterized by a short effective proton NMR spin–
spin relaxation time T2b′ (of ≤1 ms in our case) corresponds to
water protons in the paramagnetic extracellular solution, and the
other one characterized by a longer effectiveNMR relaxation time
T2a′ due to the intracellular water proton NMR signal as modified
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by transmembrane water exchange. Namely, because of the
relatively long intracellular water proton NMR spin–spin
relaxation time (T2,in≈90 ms), T2a′ is largely determined by the
mean life time (∼14 ms) of water inside the erythrocyte. Of
course, when translocated by equilibrium exchange into the
paramagnetic external medium, water protons are brought in
contact with paramagnetic Mn2+ ions and relax in a much shorter
time (≤1 ms) because of the strong quenching action of Mn2+.


Due to equilibrium diffusional exchange of water between
the paramagnetic extracellular (b) and diamagnetic intracellular
(a) sites under isoosmotic conditions of the red cell suspension,
the proton NMR transverse or spin–spin magnetization re-
laxation behaviour can be described by the set of coupled rate
equations [13] as


dðDmaÞ=dt ¼ −ðDma=T2aÞ−ðDma=saÞ þ Dmb=sb; ð1aÞ


dðDmbÞ=dt ¼ −ðDmb=T2bÞ−ðDmb=sbÞ þ Dma=sa; ð1bÞ


where Δma and Δmb are deviations from the equilibrium
transverse spin magnetization in the two sites, τa and τb are the
mean lifetimes of the water molecules in each site, and T2a and
T2b are the respective spin–spin relaxation times of water pro-
tons in the two sites. The solution of these two simultaneous
equations gives the normalized transverse relaxation curve of
the biexponential form [13] as


MðtÞ ¼ PaVexpð−t=T2aVÞ þ PbVexpð−t=T2bVÞ: ð2Þ


All the observed M(t) curves of MnCl2-doped red cell
samples exclusively exhibited such a biexponential character.


By analyzing the experimental transverse NMR relaxation
curveM(t) in terms of Eq. (2) only three independent parameters
are available: the effective relaxation times T2a′ and T2b′ , and the
effective fraction Pa′ of the total M(t) signal, while Pb′=1−Pa′.
However, the unknown parameters available, as they are
analytically related to T2a′ , T2b′ and Pa′ within the theoretical
framework of Ref. [13], are: Pa (the actual fraction of the NMR
signal due to intracellular water protons), τa, T2a and T2b while
Pb=1−Pa and τb= (Pb /Pa) ·τa, by detailed balancing. It is
therefore necessary to measure one of these four parameters
independently, and T2a was chosen. T2a was separately
measured on tightly packed erythrocytes (without extracellu-
larly added MnCl2), so T2a is identified with T2,in mentioned
before.


Also, as the parameter τa represents the mean lifetime of
water molecules in the intracellular space before they are
transferred to the extracellular space, τa is identified as the time
constant τexch introduced before (τa≡τexch). Of course, the
transmembrane water transfer refers both to lipid- and AQP1
channel-mediated pathways of the erythrocyte membrane.
Therefore, the overall kinetics of this transfer, as characterized
by the measured time constant τexch, results from water dif-
fusion both through the AQP1 channels and across the lipid
portion of the red cell membrane.


Regarding the channel-mediated contribution, the diffusional
efflux Jch of labelled water through a single channel with a

uniform cross section of area a and of lengthΔx is, according to
Fick's first law, given as


Jch ¼ −aDwðcout−cinÞ=Dx; coutbcin; ð3Þ
where Dw is the diffusion constant of water within the channel
pore, and cin and cout are the intra- and extracellular con-
centrations of labelled water (in units mol/cm3). Analogously, if
there are n such water channels per unit membrane area, the
channel-mediated efflux of labelled water per unit membrane
area will be


Jw;ch ¼ n a Dwðcin−coutÞ=Dx ¼ Pd;chðcin−coutÞ; ð4Þ
where


Pd;ch ¼ n a Dw=Dx ð5Þ


represents the channel part of the membrane diffusional water
permeability coefficient (in units cm/s).


The diffusional water permeability coefficient of the eryth-
rocyte membrane due to its AQP1 water channels, Pd,AQP, is
analogously introduced via the channel-mediated diffusional
efflux Jw,AQP of labelled water per unit membrane area:


Jw;AQP ¼ Pd;AQPðcin−coutÞ: ð6Þ


In this case, however, because of its hourglass channel pro-
file, the AQP1 water pore consists of the cone-shaped extra-
cellular and intracellular region and the central narrow channel
through which the water must pass in single file [18].


As water diffuses also across the lipid bilayer part of the red
cell membrane (by the so-called “kink mechanism” [19]), the
corresponding diffusional water permeability coefficient, Pd,lip,
is defined via the lipid-mediated water diffusional efflux per
unit membrane area:


Jw;lip ¼ Pd;lipðcin−coutÞ: ð7Þ


In this case water crosses the membrane by a solubility-
diffusion mechanism so that Pd,lip is directly proportional to the
diffusion constant of water within the lipid moiety of the
membrane and to the partition coefficient of H2O between lipid
and water phase, and inversely proportional to the thickness of
the lipid bilayer [1].


The total efflux of labelled water is the sum of both
contributions


Jw;tot ¼ Jw;AQP þ Jw;lip ¼ Pdðcin−coutÞ; ð8Þ


where


Pd ¼ Pd;AQP þ Pd;lip ð9Þ


represents the overall diffusional water permeability coefficient
of the membrane.


It can easily be shown (see, e.g., Ref. [20]) that in our case
the time evolution of the concentration difference (cin−cout) of
magnetically labelled water across the erythrocyte membrane,
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for either of the permeation pathways concerned above (Eqs.
(6)–(8)), is governed by the rate equation


d
dt
ðcin−coutÞ ¼ −s P


1
min


þ 1
mout


� �
ðcin−coutÞ; ð10Þ


where P is the permeability coefficient referring to either Pd,AQP,
Pd,lip or Pd. In Eq. (10), s is the membrane surface area of a
single erythrocyte, νin is the intracellular water volume of a
single erythrocyte (about 0.70 of its total isotonic cell volume
[21]), and νout is its corresponding extracellular water volume in
the cell suspension, i.e., for the red cell sample of cytocrit
percentage h, hence νout= [(1−h) /0.7h]νin. The product of
constants on the right-hand side of Eq. (10) is identified as the
inverse time constant for the concentration difference time
decrease due to either of the transport pathways mentioned
above, i.e.,


1=s ¼ s P
1
min


þ 1
mout


� �
: ð11Þ


As far as our experiment is concerned, the CPMG pulse
NMR technique was used in which the initial radiofrequency π /
2-pulse reorients water proton spins of the sample perpendicular
to the direction of the external static magnetic field. The
resulting transverse proton spin magnetization serves as a
magnetic label of water molecules in the cell suspension that is
detected by NMR. The paramagnetic Mn2+ ions added in the
extracellular space represent a fast permanent sink of the water
proton transverse magnetization in this compartment, thus

Fig. 1. pCMB-induced inhibition of diffusional water permeability of human
erythrocytes, expressed as (A) increase of the time constant τexch for cell water
exchange and (B) the constant volume ratio Vin/Vout of sample intra- and
extracellular water components. Symbol: ♦ (1 mM pCMB); ⋄ (0.25 mM
pCMB); ▵ (control).

effectively leaving the magnetically labelled water molecules
only in the intracellular space. With regard to Eq. (10), this
situation effectively corresponds to the one of a very large
extracellular volume νout (i.e., νout≫νin) that contains no
labelled water (cout=0), in which case from Eq. (11)


1=s ¼ ðs PÞð1=minÞ: ð12Þ
Ignoring the slow natural NMR relaxation of the transverse


water proton magnetization in the intracellular space, and
recalling that the experimentally determined time constant τexch
results from both the AQP1 and lipid-mediated water diffusion
contributions, i.e., P≡Pd, the τ value of Eq. (12) is identified as
τexch. Designating νin=ν, according to Eq. (12) therefore


Pd ¼ ðm=sÞð1=sexchÞ; ð13Þ
which is the result as quoted in [14,21–23]. Recall that in Eq.
(13) the parameter ν represents the intracellular water volume of
a single erythrocyte (about 0.70 of its total isotonic cell volume
[21]), and s is its membrane surface area.


The experimental transverse NMR relaxation functions M(t)
were fitted to a theoretical biexponential curve (Eq. (2)) as cal-
culated for the effects of two-site equilibrium exchange and of
natural proton NMR spin–spin (T2) relaxation of water in
paramagnetically doped erythrocyte suspensions on the CPMG
decay [13,14] to obtain values for the exchange time constant
τexch and the intracellular/extracellular water volume ratio Vin /
Vout (=Pa /Pb) of the erythrocyte suspensions. The experimental
error of determining the two parameters was ±7%. It is worth
mentioning that along with the known room-temperature ratio v/s
of 4.56×10−5 cm for the isotonic human erythrocytes [21] and the
experimental control τexch value of 14.0 ms (see Fig. 1), the
permeability coefficient Pd of 3.3×10−3 cm/s is obtained for
the native human erythrocytemembrane. This value is well within
the Pd range of (3–4)×10−3 cm/s most often quoted in the
literature (see reviews [1] and [21]).


Eq. (13) enables one to analyze effects of chemical agents on
the red cell membrane. Thus, if a reagent induces an increase of
the exchange time constant from τexch to τexch⁎ , and does not
affect the ratio Vin/Vout (i.e., ν is left unmodified), the
corresponding degree of permeability inhibition (reduction of
Pd to Pd⁎) is calculated from Eq. (13) as


ðPd−Pd*Þ=Pd ¼ 1−ðsexch=sexch* Þ ð14Þ


On the other hand if, for a different type of membrane
effector, the parameters τexch and Vin/Vout are decreased, it will
be shown that it is not Pd but rather ν and hence the red cell
volume that is modified.


3. Results


Inhibition data of erythrocyte diffusional water permeability
(Pd) obtained with 1 mM and 0.25 mM pCMB, exhibited as an
increase in τexch at constant volume ratio Vin/Vout (i.e., at
unmodified intracellular water volume ν) are shown in Fig. 1.
The τexch value increased from 13.8 ms to 27.3 ms after







Fig. 3. HgCl2-induced simultaneous decrease of (A) the time constant τexch for
cell water exchange and of (B) volume ratio Vin/Vout of sample intra- and
extracellular water fractions, respectively. This effect of HgCl2-treatment can be
partly reversed by adding excess reducing agent mercaptoethanol. Symbol:
♦ (effect of 1 mM HgCl2 on τexch and Vin/Vout); ⋄ (partial reversal of HgCl2
effect observed upon addition of 3 mM mercaptoethanol (vertical dotted line)
into a parallel sample preincubated for 65 min also with 1 mM HgCl2).


Fig. 2. Inhibition of diffusional water permeability of human erythrocytes by
0.25 mM sodium nitroprusside, expressed as (A) lengthening of the time
constant τexch for cell water exchange at (B) constant volume ratio Vin/Vout of
sample intra- and extracellular water components.
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incubation with 1 mM pCMB. Eq. (14) then implies suppression
of Pd by ∼50%, in excellent agreement with the quoted result
[1]. As the membrane lipid portion and the AQP1 channels
contribute almost equally to total membrane Pd of human
erythrocytes [1], the observed degree of Pd inhibition implies
that the 1mMpCMB concentration was high enough to block all
the erythrocyte AQP1 channels present in a 20% hematocrit
sample. The degree of Pd inhibition obtained with 0.25 mM
pCMB was ∼33%.


Fig. 2 shows the effect of 0.25 mM sodium nitroprusside
(SNP) on erythrocyte Pd. The effect is qualitatively comparable
to that obtained by pCMB. SNP also induces an increase of
τexch at constant Vin/Vout ratio. However, the degree of Pd


inhibition reached with 0.25 mM SNP (as calculated from Eq.
(14)) was ∼11%, about one third of that obtained with 0.25 mM
pCMB (∼33%). This indicates that, compared to the same
concentration of pCMB, SNP is an inherently weaker inhibitor
of erythrocyte Pd (Treatment of the erythrocyte sample with
1 mM SNP resulted in the same degree of Pd inhibition – data
not shown – as that obtained with 0.25 mM SNP). One reason
for the lower inhibitory potency of SNP with respect to that of
pCMB could be that, when pCMB binds to the SH-group of the
Cys189 residue located near the constriction of the AQP1
channel, it completely blocks the channel aqueous pathway [9].
Since the SH-reacting nitroprusside (SNP), Na2Fe(CN)5NO, as
an NO-group donor, can also react with this cysteine residue to
form a labile R–S–NO product [12] at the AQP1 channel
constriction, the bound NO-group appears to impose a less
efficient barrier to water permeation than the larger carbox-
yphenyl mercuryl residue of pCMB.

Fig. 3 shows that 1 mM HgCl2 influences both the time
constant τexch of diffusional exchange of the erythrocyte
intracellular water and the volume ratio Vin/Vout of intra- and
extracellular water fractions in the erythrocyte suspension; both
parameters decrease with time until, after ∼100 min, they attain
constant values τexch⁎ and Vin⁎/Vout⁎ . On addition of an excess of
the reducing agent, 3 mM mercaptoethanol, into a parallel
sample of the erythrocyte suspension preincubated for 65 min
with 1 mM HgCl2, both parameters increased again but did not
attain their initial (control) values, showing that the reaction
with HgCl2 is not fully reversible. As neither haemolysis was
observed in the HgCl2-treated sample, nor presence of para-
magnetic Mn2+ ions was detected in the erythrocyte intracel-
lular space, the possibility of HgCl2-induced membrane leakage
could be excluded as a cause of the observed decrease of τexch
and Vin/Vout. Also, as proved later, the AQP1-mediated trans-
membrane water passage was not affected by HgCl2. Therefore,
the observed HgCl2-induced decrease of τexch and Vin/Vout is
attributable to a reduction in cell volume – and hence to a
decrease of the intracellular water volume from ν to ν⁎ – due to
erythrocyte shrinkage. Indeed, in a most recent study [10], Hg2+


has been shown to trigger activation of K+-selective Gárdos
channels of the erythrocyte membrane, with subsequent loss of
erythrocyte K+, water efflux and cell shrinkage. Of course, it is
assumed that this change does not affect the cell membrane
surface area s.


In order to determine whether or not AQP1-mediated water
passage across the erythrocyte membrane was itself influenced
by HgCl2, the value Pd


⁎ of membrane water permeability for
HgCl2-treated erythrocytes must be compared to the value for
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untreated erythrocytes. In doing so, the corresponding ratios ν⁎/
τexch⁎ and ν/τexch, that (according to Eq. (13)) determine the two
permeability values, are needed. While τexch and τexch⁎ are
measured directly (see Fig. 3A), the volume ratio ν⁎/ν of the
intracellular water of the erythrocyte in its treated and control
state is obtained from the Vin/Vout data of Fig. 3B as (see the
Appendix):


m*=m ¼ g*ð1þ gÞ
gð1þ g*Þ ; ð15Þ


where η⁎=Vin⁎/Vout⁎ and η=Vin/Vout designate the modified (η⁎)
and unmodified (η) volume ratios of suspension intra- and
extracellular water.

4. Discussion


Sodium nitroprusside (SNP) is known as a vasodilator and as
such among the most often studied nitric oxide (NO) donors, as
its vasodilator effects are believed to be mediated by NO
released from SNP in interactions with sulfhydryl-containing
species. Thus, in interactions of SNP with cysteine, S-
nitrosothiol is formed and is considered as the storage and
transporter of NO in vivo [12]. Our observation that the
diffusional water permeability of SNP-treated erythrocytes is
suppressed therefore suggests that this is due to sterically
hindered water passage through the erythrocyte membrane AQP
water channels, caused by NO from SNP upon binding to
Cys189 located near the channel constriction. However, the
bound NO-group appears to impose a less efficient barrier to the
channel water permeation pathway than the larger carboxyphe-
nyl mercuryl residue of pCMB.


An important aspect of Hg2+ reactivity with erythrocyte
membrane components is its high affinity for protein sulfhydryl
groups. The formation of stable bonds with membrane protein
SH-groupsmay affect the functional integrity of, e.g., the red cell
membrane channel proteins. Indeed, the K+-selective Gárdos
channels of the erythrocyte membrane [24] have been recently
shown [10] to be activated by HgCl2. Hg


2+ is considered to
increase cell membrane K+ conductance by interaction with the
channel protein SH groups (see, e.g., [25]). Hg2+ is known to
readily enter cells [26], so that its effect could be exerted also
from the intracellular side of the cell membrane. Upon activation
of K+-selective Gárdos channels, K+ leaves the cells, this is
osmotically obliged with water efflux and decrease of cell
volume. However, as pointed out in [10], the Hg2+-induced
activity of the erythrocyte Ca2+-dependent Gárdos channels
could have been also due to an increased cytosolic Ca2+ level as
a result of a Hg2+-activated membrane Ca2+-pump function. The
sensitivity of erythrocytes to cellular loss of K+ and the role of
cation channels in triggering their “apoptosis-like” death [27] is
similar to cellular K+-loss in apoptotic death of nucleated cells:
in both cases cells deal with sustained decrease of cell volume
[28]. Our observation of erythrocyte volume decrease induced
by treating the∼20% hematocrit samples with 1mMHgCl2 is in
line with such behavior. However, the fact that the volume
decrease could be in part reversed by the reducing action of

added mercaptoethanol to the suspension of treated cells,
suggests that Hg2+ is involved also in weaker interactions with
membrane components. Our data further indicate that treatment
of 20–30% suspensions of human erythrocytes with 1 mM
HgCl2 does not affect their membrane diffusional water
permeability.


It should be also mentioned that a scanning electron
microscopy and fluorescence spectroscopy study revealed that
HgCl2 disrupts the structure of the human erythrocyte membrane
and of model phospholipid bilayers [11]. In particular, 1 mM
HgCl2 is found to induce gross alteration of the erythrocyte
morphology from discoid to both stomatocytic and echinocytic
forms. According to the bilayer couple hypothesis [29]
stomatocytes are formed when a foreign molecular species
(mercurial in our case) is inserted into the inner erythrocyte
phospholipid monolayer, whereas echinocytes are formed when
it is located into the outer leaflet of the lipid bilayer. The study on
interactions of bivalent Hg(II) with model lipidic membranes
containing the amino phospholipid species phosphatidylserine
(PS) and phosphatidylethanolamine (PE) [30] has suggested
that, in cell membranes, in addition to the membrane protein
sulfhydryl groups, the binding sites for Hg(II) are the primary
amino groups of PS and PE. Thus, as lipid membranes are
readily permeable to Hg(II) [26] and the prevailing fraction
(∼80%) of the red cell membrane species PS and PE is located in
the inner lipid monolayer, the interaction of Hg(II) with these
lipid species is expected to favour stomatocytic forms. On the
other hand, the interaction of HgCl2 with phosphatidylcholine
(PC), that represents the phospholipid class of the outer
monolayer of the human erythrocyte membrane, contributes to
the formation of echinocytes [11].
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Appendix A


The volume ratio ν⁎/ν of the intracellular water of the
erythrocyte in its HgCl2-treated and control states is obtained
from the Vin/Vout data of Fig. 3B as follows. For the control
erythrocyte suspension of cytocrit percentage h, knowing that
the intracellular water volume ν of the human erythrocyte is 70%
of its total isotonic cell volume [21], the ratio Vin/Vout of the intra-
to extracellular water fractions in the sample is given as


Vin=Vout ¼ 0:7h=ð1−hÞ: ðA1Þ


This ratio is decreased to Vin⁎/Vout⁎ =(Vin−x) / (Vout+x) when a
certain amount x of water is transferred from the intracellular
space into the extracellular solution of the sample due to
erythrocyte shrinkage. It should be stressed that because of
vastly different time scales of τexch⁎ and Vin⁎/Vout⁎ determination
by the CPMG technique (performed on the 10 ms scale) and of
the HgCl2-induced red cell shrinkage (that takes the 1 h scale,
see Fig. 3), the cell volume during each particular determination
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of the M(t) signal may be considered as constant. With the
notation η=Vin /Vout and η⁎=Vin⁎ /Vout⁎=(Vin−x) / (Vout+x), the
volume ratio Vin⁎/Vin of intracellular water in the modified and
control state of the sample is calculated as:


Vin*
Vin


¼ Vin−x
Vin


¼ g*ð1þ gÞ
gð1þ g*Þ : ðA2Þ


Recalling that Vin⁎=N0. ν⁎ and Vin=N0. ν, where N0 is the
number of erythrocytes in the sample, it follows from Eq. (A2)
that


m*=m ¼ g*ð1þ gÞ
gð1þ g*Þ ðA3Þ


Assuming that s is constant, by means of Eq. (13) therefore:


Pd*=Pd ¼ ðm*=mÞ : ðsexch=sexch* Þ ¼ g*ð1þ gÞ
gð1þ g*Þ


sexch
sexch*


: ðA4Þ


With the data of Fig. 3, i.e., the control values τexch=
12.1 ms and η=Vin /Vout =0.20 at time t=0, and the constant
values τexch⁎ = 5.6 ms and η⁎= Vin⁎ / Vout⁎= 0.08 at time
t≈120 min of erythrocyte treatment with HgCl2, one obtains
from Eq. (A4) the following permeability ratio:


Pd*=Pdc0:96: ðA5Þ


This result therefore proves that treatment of 20–30%
suspensions of human erythrocytes with 1 mM HgCl2 does not
affect their membrane diffusional water permeability Pd. This is
in agreement with the observation [21] that there was no change
in Pd when the cell volume was decreased either by increasing
the tonicity of the extracellular medium (by increasing the
extracellular NaCl concentration from hypotonic concentration
of 100 mM to a hypertonic concentration of 250 mM) or by
increasing the extracellular pH from 5.5 to 9.5.
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Abstract


We applied methods of measurement Maxwell displacement current (MDC) pressure–area isotherms and dipole potential for analysis of the
properties of gramicidin A (gA) and mixed gA/DMPCmonolayers at an air–water interface. The MDCmethod allowed us to observe the kinetics of
formation of secondary structure of gA in monolayers at an air–water interface. We showed, that secondary structure starts to form at rather low area
per molecule at which gA monolayers are in gaseous state. Changes of the MDC during compression can be attributed to the reorientation of dipole
moments in a gA double helix at area 7 nm2/molecule, followed by the formation of intertwined double helix of gA. The properties of gA in mixed
monolayers depend on the molar fraction of gA/DMPC. At higher molar fractions of gA (around 0.5) the shape of the changes of dipole moment of
mixed monolayer was similar to that for pure gA.


The analysis of excess free energy in a gel (18 °C) and in a liquid-crystalline phase (28 °C) allowed us to show influence of the monolayer
structural state on the interaction between gA and the phospholipids. In a gel state and at the gA/DMPCmolar ratio below 0.17 the aggregates of gA
were formed, while above this molar ratio gA interacts favorably with DMPC. In contrast, for DMPC in a liquid-crystalline state aggregation of gA
was observed for all molar fractions studied. The effect of formation ordered structures between gA and DMPC is more pronounced at low
temperatures.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Gramicidin A; Maxwell displacement currents; Area-pressure isotherms; Surface potential; Lipid monolayers; Aggregation

1. Introduction


Gramicidin A (gA) is bacterial peptide composed of 15 amino
acid residues secreted from Bacilus brevis. Due to its relatively
simple structure it is one of the best studied short peptide and it is
often used as a model of integral membrane protein [1,2]. The
sequence of gA was for the first time reported by Sarges and
Witkop [3] and is as follows: formyl-L-Val1-D-Gly-L-Ala-D-Leu-
L-Ala-D-Val-L-Val-D-Val-L-Trp-D-Leu-L-Trp-D-Leu-L-Trp-D-
Leu-L-Trp15-ethanolamine. This structure has specific combi-

⁎ Corresponding author. Tel.: +421 2 60295683; fax: +421 2 65426774.
E-mail address: hianik@fmph.uniba.sk (T. Hianik).
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nation of altering L- and D-hydrophobic residues that is re-
sponsible for helical conformation of gA. It is known that gA
easily incorporates into the bilayer lipid membrane (BLM).
Extensive studies of gA in BLM revealed that in lipid envi-
ronment this peptide maintains single-stranded β6,3 conforma-
tion [4–6]. In a lipid bilayer two gAmonomers are oriented with
their N-terminals (formyl end) head-to-head, resulting in the
formation of the ion channel that spanning the membrane. Ac-
cording to NMR studies the length of gA in DMPC bilayers is
2.5 nm [7]. Cross sectional area of gA in these bilayers was
estimated as 2.5 nm2 [8]. Inner diameter of such a channel is
∼ 0.4 nm [9]. The channel is permeable for monovalent, but not
for divalent cations [10]. Computer simulations revealed, that
gA channel is surrounded by 16 lipids [11,12]. However, in
solution and depending on surrounding solvent as well as in a
crystalline form, several different interwined helical dimers were
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reported. These double helical dimers were found also in vesi-
cles of polyunsaturated lipids as well as in planar bilayer lipid
membranes at certain conditions (see Ref. [2] for review).
Among various secondary structures the double-strand inter-
wined β5,6 helix is of special interest. It has similar length (2.6–
3.0 nm) like gA channel in β6,3 conformation, and thus represent
structural alternative to dimer model of the gA channel in a
membrane.


Due to amphiphilic properties, gA forms stable monolayers at
an air–water interface. Detailed analysis of PM-IRRAS spectra
at several fixed area per molecules in combination with X-ray
reflectivity results showed, that at relatively large molecular
areas gA is in disordered secondary structure, however at smaller
molecular areas it adopts β5,6 helical conformation with 30°
orientation with respect to the direction perpendicular to a mo-
nolayer [13]. Application of PM-IRRASmethods to gA in a lipid
monolayers revealed, that gA could be in β6,3 conformation
[14]. However, final conformation of gA depends on gA/phos-
pholipid ratio. The β6,3 conformation is preferred at low grami-
cidin content in a lipid bilayer [1].


The properties of mixed gA–phospholipid monolayers are
rather complex. It has been found that gA aggregates in the
dipalmitoyl phosphatidylcholine (DPPC) monolayers in a gel
state at very low concentrations (8×10−4 mol%). The aggre-
gation was accompanied by formation of flat subunits with
“doughnut” shape (up to ∼ 150 nm in diameter). Thermody-
namic studies of such a system revealed maximum of miscibility
of both DPPC and gA at ∼ 28 mol% of gA [15]. In this work it
was confirmed, that smallest aggregation unit of gA is hexamer,
surrounded by 16 lipid molecules, which was in good agreement
with the results obtained by the other authors [16].


Important peculiarity of gA is connected with existence of
dipole moment caused by presence of tryptophan residues and
their indole dipoles. These dipoles interact with dipoles of polar
groups of phospholipids and water molecules at a bilayer-water
interface [17,18]. Reorientation of the gA and lipid molecules
occurred during compression of monolayers resulted in changes
of dipole potential, which can be monitored by means of Kelvin
probe [19–21]. It has been shown that presence of gA reduces
dipole potential of the lipid monolayer depending on the length
of hydrophobic chains of phosphatidylcholines [20].


Another informative contactless method for study the phy-
sical properties of monolayers is technique based on measure-
ment Maxwell's displacement currents (MDCs) [21,22]. MDCs
are generated during compression of the monolayer. This me-
thod is suitable to study reorientation of the molecules in the
lipid monolayers. Although MDC technique is relatively wide-
spread, up to now it has not been used for study the reorientation
of peptides in lipid monolayers. It is expected that formation of
secondary structure of gA in a monolayer should be accompa-
nied by changes of dipolemoments of molecules and thus should
be monitored by MDC technique.


The aim of this work was the study of physical properties of
gA and mixed gA/DMPC monolayers at an air–water interface.
We have been interested in study of the formation of secondary
structure of gA using MDC technique in combination with
measurements of area-pressure isotherms and dipole potential.

2. Experimental


2.1. Chemicals and formation of monolayers


Dimyristoylphosphatidylcholine (DMPC) (MW=678) was
purchased from Avanti Polar Lipids (USA), Gramicidin A (gA)
(MW=2000) was from Sigma (USA). For preparation of mono-
layers DMPC and gA were dissolved in chloroform at con-
centration 1 mg/ml and at various molar ratios. As a subphase,
deionised water (electrical conductivity less then 1 μS cm−1,
ELIX 5, Millipore, USA) was used. DMPC, gA or mixed
DMPC/gA monolayers were prepared by spreading of a small
amount of solutions (approx. 25 μl) on the water subphase of the
Langmuir–Blodgett trough using microsyringe (Hamilton,
USA). Each monolayer was allowed to equilibrate for 15 min.
This time was sufficient for chloroform evaporation and mono-
layer stabilization.


Computer-controlled miniature trough model 601 M (NIMA
Technology, Coventry, UK) was used for the measurement of
surface pressure–area isotherms. The trough was equipped with
two simultaneously moveable barriers. The maximum and mini-
mum working area was 86 cm2 and 14 cm2, respectively. The
surface tension (π) of the monolayer was measured byWilhelmy
method with an accuracy of 1 mN/m. All monolayers were
compressed at the constant speed of 5 cm2/min. The trough was
thermostated by a water-circulating bath using a LAUDA E200
thermostat (Koenigshofen, Germany) with an accuracy of
0.05 °C. The experiments were performed mostly at the tempe-
ratures 18 °C, and 28 °C, when phospholipid molecules (DMPC)
have different conformational mobility. At 18 °C the hydrocar-
bon chains of DMPC are in trans conformation, while at 28 °C
they undergo trans-gauche transitions.


2.2. Dipole potential


The dipole potential ΔV of the monolayer is difference bet-
ween the potential of a monolayer and that of clean subphase.
The measurement of dipole potential allows to analyze changes
in the orientation of the molecular dipoles in the monolayer
during compression. Presence of the monolayer between elec-
trodes causes changes of the potential based on the Helmholtz
equation:


DV ¼ ln=ðAderde0Þ ð1Þ


where εr and ε0 are the relative dielectric constant of the air
(εr≈1) and the permittivity of vacuum, respectively, μn is the
normal component of the dipole moment of the molecule and A
is the molecular area. The dipole potential was measured by
means of the vibrating plate method [23] using high sensitive
electrostatic voltmeter 320C and electrode 3250 (Kelvin probe)
(TREK Inc., USA), that allowed measuring dipole potential with
an accuracy of 1 mV. The probe was situated in the air approx.
1.5 mm above the surface. Computer controlled equipment
allowed to measure dipole potential simultaneously with surface
pressure. The surface potential was measured on monolayers
formed at NIMA 620 trough (NIMA Technology, Coventry,







Fig. 2. A) The plot of surface pressure B) dipole potential (curve 1) and dipole
moment (curve 2) as a function of mean molecular area for monolayers of pure
gA. T=18 °C.
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UK). The dipole potential was measured in respect to the pure
subphase. The later potential was taken as zero.


2.3. Maxwell displacement currents


The Maxwell displacement current (MDC) represents the
sum of the contributions coming from changes of the orienta-
tions of the molecules (dMz), changes of the number of the
molecules under the upper electrode (dN) (Fig. 1) and changes of
the surface potential of the pure subphase (dϕ):


dQ
dt


¼ I ¼ N
d d


dMz


dt
þMz


d d
dN
dt


þ e0dS
d d


d/
dt


ð2Þ


where d is the distance between electrode 1 and water surface, S
is the area of electrode 1 and ε0 is the dielectric constant of
vacuum. Because the surface potential of the pure subphase is
constant during the experiment, only first two components
participate on the MDC [19]. Apparatus for measurement MDC
is based on two parallel electrodes. One was immersed in the
water and grounded and the second was placed in the air approx.
1.5mm above the subphase and electrically shielded. The area of
the top electrode was approx. 20 cm2. Current was measured by
sensitive electrometer Keithley 617 (Keithley Instruments,
USA). The apparatus was connected with computer and the
MDC was recorded simultaneously with surface pressure–area
isotherms. The MDC was measured on monolayers formed at
NIMA 620 trough. The scheme of measurement of the MDC is
shown on Fig. 1 (see Ref. [24] for more details).


The MDC technique is sensitive only to dynamic charge
processes, which in this experimental setup are caused by lateral
compression of the lipid monolayer. Therefore any time-
independent charge (mainly structured water layer and addi-
tional substances in subphase) distributed near/at the interface
has no effect on the MDC. In comparison with conventional
electrical measurements of surface potential (by the Kelvin
probe method) MDC technique is of considerable advantage for
time-dependent studies of reorientation of the molecules in the

Fig. 1. Scheme of the Maxwell displacement currents (MDC) experimental set-up
in the A) gas state and B) solid state of the lipid monolayer. The monolayer is
formed between the upper electrode, suspended approx. 1.5 mm above the
subphase surface (1) and electrode immersed in the subphase (2). Molecules are
forced to change of their orientation, which is accompanied by the flow of the
current. Currents induced during compression are detected by sensitive
electrometer (3). Change of the orientation of the molecules results in the change
of the vertical component of dipole moment (MZ1 and MZ2 correspond to dipole
moments at the gas and solid states, respectively).

monolayer. Dipole moment projection analysis byMDCmethod
is very sensitive for evaluation of molecular orientation (so-
called ‘order parameter’) as well as electric state and/or
conformation changes of the molecule. This method can be
rather informative for study the phospholipid/protein phase
transitions and influence of monolayer composition on the
intermolecular interactions. In contrast with surface pressure–
area isotherm analysis, MDC measurement is extremely sen-
sitive also in the low surface pressure area, where other methods
such are excess area, Gibbs free energy, elastic modulus are
much less informative.


3. Results and discussion


3.1. Gramicidin monolayers at an air–water interface


3.1.1. Pressure–area isotherms
In first series of experiments we studied the properties of the


monolayers formed by gA at an air–water interface. We mea-
sured the dependence of surface pressure, dipole potential and
MDC as a function of area per molecule. As we mentioned in
Introduction, gA forms stable monolayers at the water sub-
phase. It is seen on Fig. 2A, where the plot of pressure vs. area
per molecule is presented for gA monolayer at T=18 °C.







Fig. 3. Maxwell displacement current versus mean molecular area for pure gA
monolayer for three subsequent compressions up to 30 mN/m. The number of
compression is shown at corresponding curve. T=18 °C.
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Pressure–area isotherm has typical shape and is in agreement
with previously published results [13,15,25–28]. It is seen that
gaseous phase (G) at relatively low pressure at which the area
per molecule is N7 nm2 is transferred to a liquid expanded phase
(L-E). Further compression of the monolayer is accompanied by
characteristic shoulder with clearly visible plateau at surface
pressure π∼14 mN/m. Detailed analysis of the data obtained by
PM-IRRAS and X-ray reflectivity studies [13] allowed to
connect physical properties of the gA monolayers with changes
of secondary structure of gA molecules. The first increase of
surface pressure between 0 and 10 mN/m was attributed to
formation of interwined β-helix from disordered secondary
structure. At the plateau region between 10 and 20 mN/m only
density of gA monolayer increases, but molecules are oriented
parallel to the monolayer. Sharp increase of surface pressure
above 20 mN/m was attributed to tilting of the β-helix. The
collapse of the gA monolayer took place at approx. 46 mN/m,
which suggest very good monolayer stability. Extrapolation of
the part of the isotherm corresponding to the solid state (at
surface pressure above 30 mN/m) to the zero surface pressure
allows to estimate molecular area per gA molecule, which is
approx. 2 nm2/molecule. This value is in good agreement with
the results obtained by the other authors [15,28]. The pressure–
area isotherms were recorded also at higher temperature 28 °C
and had similar shape and properties like that for 18 °C (results
are not shown). It is interesting that similar shape of the area–
pressure isotherm was observed also for other short α-helical
peptide L24 [29]. It is likely, that the transition from disordered
to ordered secondary structure for peptides of comparable
length took place at similar surface pressures.


3.1.2. Dipole potential of gA monolayers
The plot of dipole potential vs. area per molecule (curve 1) is


presented on Fig. 2B. It is seen that dipole potential mono-
tonously increases with decreasing the area per molecule until
A∼1.7 nm2, when sharper increase of the dipole potential starts.
The start of this increase correspond to transition of monolayer
into a well ordered film. In this region gA molecules are very
close to each other and due to the existence of dipoles of tryp-
tophan at ethanolamine end, the gA molecules interact more
strongly. Therefore the final value of the dipole potential reflects
not only the changes of the orientation, but also interactions
between gA molecules. Using the dipole potential it is possible
to estimate dipolemoment, μn, of gA (see Eq. (1)). In assumption
that the relative dielectric constant of the medium (air) is 1, the
Eq. (1) can be transformed according to Gaines [30] into the
form:


DV ¼ 12pln=A ð3Þ


whereΔV is dipole potential in mV, A is the area per molecule in
Ǻ2/molecule and μn is the dipole moment in milliDebye (mD)
units. The plot of dipole moment of gA as a function of mean
molecular area is shown on Fig. 2B (curve 2). The dipole
moment at the area per molecule of 2.5 nm2, when gA has
already well formed secondary structure is around 0.5 D. This
value is similar to dipole moment of phospholipids [23]. Small

dipole moments at the beginning of compression are due to not
established secondary structure of gA as well as due to random
orientation of gA molecules. The region of small growth of
dipole moment corresponds to the shoulder at π–A isotherm,
when gA has already established secondary structure. More
detailed information on the kinetics of changes of dipole mo-
ment during compression can be obtained by means of MDC
method.


3.1.3. MDC of gA monolayers
The plots of MDC as a function of area per molecule for pure


gA monolayer during three compression–expansion cycles are
presented on Fig. 3. Only curves corresponding to compression
are shown for simplicity. The monolayer was compressed only
up to surface pressure 35 mN/m at which the molecules are
tightly packed, but were still in monolayer form. One can see
from Fig. 3 the sharp increase of the current at beginning of the
compression that can be connected with the condensation of the
gA, formation of ordered secondary structure as well as with
certain reorientation of gA molecules during compression. The
increase of the number of the molecules under the electrode
could also contribute to this effect. Please note that in contrast
with the MDC, there is no sharp increase of dipole potential at
the beginning of compression (Fig. 2B This is connected with
the fact that MDC is more sensitive to reorientation of dipole
moments of molecules in comparison with dipole potential
measurements. Further increase of the current starting from
6 nm2/molecule can be connected with increase of the number of
molecules under the electrode. The reason of the “hairy” shape
of the first compression curve is probably due to not well-
ordered monolayer. Subsequent expansion, followed by com-
pressions, resulted better ordering of gA monolayers. Both
curves corresponding to the second and the third compressions
have higher and more narrow peak at the region∼7.2 nm2/
molecule. This is probably due to better-oriented molecules, and
hence better distribution of gA, under the electrode, comparing
to the first compression. On the other side, increase of the current
at the lower molecular areas is not so dramatic in comparison
with first compression, but slowly increases up to ∼ 4 nm2/







Fig. 5. Dipole moment versus mean molecular area for gA monolayer for three
subsequent compressions calculated from MDC presented on Fig. 3. The
number of compression is shown at corresponding curve. T=18 °C.
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molecule, when the current reaches steady state value of approx.
20×10−15 A (i.e. 20 fA). The MDC is rather low. However, the
background current for a pure water subphase without mono-
layer is around 1–3 fA, i.e. more then one order of magnitude
lower in comparison with those for monolayer. Detailed analysis
performed earlier [24] showed, that generation of theMDC is not
connected with such phenomena as motion of intrinsic ions or
ionization of the monolayer and is attributed to reorientation of
dipole moments of the molecules from which the monolayer is
composed.


More detailed insight into the current–area relation can be
seen in Fig. 4 where both surface pressure and current are plotted
as a function of area for the third compression–expansion cycle.
The stability of the monolayer and the process of the reversibility
are proved by almost the same shape of the isotherms corre-
sponding to both compression and expansion. The same holds
for the behavior of theMDC, while the shape of the current–area
curve at the expansion is the mirror picture of the curve at the
compression.


The current starts to grow immediately from the beginning of
the compression, although the surface pressure is still zero. As it
was already mentioned above, current–area plot can be divided
on two parts — first one at the higher areas comes from the
formation of ordered secondary structure and possible changes
of orientation of the gA molecules as well as due to increased
number of the molecules under the electrode. Second one at the
lower areas is due to change of the number of the molecules
under the electrode. It is likely, that biphasic changes of the
current at the beginning of the compression could be connected
with formation of secondary structure of gA, namely interwined
β5,6 helix. The current starts to be constant at∼ 4 nm2/molecule,
at the area that is characterized by the appearing the plateau on
the isotherm. We should, however note, that exact type of se-
condary structure can be determined by spectroscopic, but not by
MDC method. According to Ref. [13], at this region the sec-
ondary structure of gA is already established and the molecules
are uniformly ordered in parallel to a monolayer. The sharp
increase of the current after 2 nm2/molecule can be connected
with changes of orientation of gA. This is in good agreement

Fig. 4. Surface pressure (dashed line) and Maxwell displacement current (full
line) versus mean molecular area of pure gA monolayers for compression and
expansion cycles. The direction of compression and expansion is shown by
arrows. T=18 °C.

with the results obtained by PM-IRRAS and X-ray reflectivity
studies [13].


3.1.4. Dipole moment of gA
The obtained values of MDC allowing to estimate dipole


moment of gA molecules. The vertical component of the mole-
cular electric dipole moment is proportional to the changes in the
induced charge on the electrode 1 (Fig. 1) and can be expressed
as follows:


Mz ¼ G
N


Z t


0
IðtÞdt ð4Þ


where G is geometric factor (in ideal case it is equal to distance
from electrode 1 to the subphase [24]) andN is the number of the
molecules under the electrode 1 (see Fig. 1). Generally, geo-
metric factor has complicated form and depends on the shape of
the electrode, distribution of the charges, shielding etc. There-
fore, determination of the dipole moment requires exact know-
ledge on the geometric factor. In order to avoid problems with
geometric factor we expressed the values of dipole moments in
arbitrary units (a.u.).


Fig. 5 shows the plot of dipole moment vs. area for gA
monolayer calculated using the data presented on Fig. 3. We can
see that the curve 1 corresponding to first compression is rather
different from that corresponding to second and third compres-
sions. The shape of the curve 1 reflects complicated process of
the formation of the monolayer. After the preparation of the
monolayer the molecules are randomly distributed and the tran-
sitions from one structural state to another do not occur at one
moment, but in small steps. These steps are well resolved at areas
5 and 4.7 nm2/molecule. The dipole moment reaches maximum
at the area of 3 nm2/molecule. The shape of the curves of the
subsequent compressions is different from that corresponding to
the first compression. It can be expected that after first com-
pression–expansion cycle certain part of the molecules is not
oriented parallel to the surface but molecules are tilted under
some angle from the position normal to the surface. It is also
possible, that molecules form small aggregates that are stable







Fig. 6. Pressure–area compression isotherms of gA/DMPC mixed monolayers
and pure components at an air–water interface. Curves correspond to various
molar fraction of gA. (1) 0 (pure DMPC); (2) 0.17 (3) 0.25 (4) 0.5 (5) 1 (pure
gA). The isotherms were recorded at A) 18 °C and B) 28 °C.
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after compression. On the other side, because at finishing of the
first compression (not exceeding the collapse pressure) well
ordered monolayer is formed, consecutive expansion spreading
the molecules more uniformly, i.e. they are in similar distance
from each other. Therefore, further compressions are character-
ized by more continuous increase of the number of molecules
under the electrode, as well as more uniform uprising of the
molecules. Better stability of the monolayer can be seen from the
shape of the curves corresponding to the second and the third
compression. The reorientation of the molecules is more fluent.


From comparison of the plot of both the surface pressure and
dipole moment versus mean molecular area of gA monolayer
(Figs. 4 and 5) it can be see, that the dipole moment increases
with decreasing of mean molecular area until ∼ 7 nm2/molecule
when the surface pressure starts to increase. The dipole moment
projection remains constant between 5.2 and 7 nm2/molecule
when the monolayer is in the liquid expanded (L-E) state. In line
with above discussion it is likely that ordered secondary struc-
ture of gA is formed at the mean molecular area of 7 nm2/
molecule. At the region 5.2–7 nm2/molecule the interwined
β5,6 helix is already established and compression of the mono-
layer resulted only in more tightly packed molecules, but does
not change of gA secondary structure. Phase transition from L-E
to liquid-condensed (L-C) state caused further increase of the
molecule packing, however increase of dipole moment in this
region revealed only changes in gA orientation. The dipole
moment reaches maximum at the same area 3.6 nm2/molecule,
where the inflexed point of the plateau is situated. Next phase
transition from L-C to solid (S) phase caused dramatic decrease
of the dipole moment. We assume that this decrease is not
caused by the collapse of the monolayer (monolayer was com-
pressed up to 30 mN/m, i.e. far below from the critical pres-
sure∼45 mN/m), but by another reorientation of the molecule.


3.2. Mixed gA/DMPC monolayers at an air–water interface


3.2.1. Pressure–area isotherms
In this section the results of the study of physical properties


of mixed gA/phospholipid monolayers are presented. We have
been interested how conformational state of the molecules of the
monolayer (corresponding to gel or liquid-crystalline state) will
affect interaction between gA and phospholipids. As a phos-
pholipid we used dimyristoylphosphatidylcholine (DMPC).
Since DMPC has the main phase transition at TF≅23 °C, ex-
periments were performed well below (18 °C) and above (28 °C)
TF when the molecules in the monolayer are in a gel or liquid-
crystalline state, respectively.


Pressure–area isotherms for pure DMPC, gA and for mixed
gA/DMPC monolayers at temperatures 18 and 28 °C are pre-
sented on Fig. 6 A and B, respectively (isotherms only for
selected molar fractions of gA/DMPC are presented for sim-
plicity, however larger variations of molar fraction was studied
and then used in analysis, see below). Isotherms for pure DMPC
monolayers have typical shape [31,32] and several regions
corresponding to the different structural states of the monolayer
can be distinguished. Monolayer is in the liquid-expanded state
(L-E) at the high areas per molecule (AN0.78 nm2) and at the

surface pressure π∼8 mN/m turns into the liquid-condensed
(L-C) state, which is characterized by steeper growth of the
surface pressure. Detailed analysis revealed that in a gel state a
plateau is observed at the surface pressure π∼25 mN/m (Fig.
6A) that corresponds to the phase transition from L-C to solid
(S) state. Molecules in the S state are well oriented and densely
packed. Further compression causes lost of two-dimensional
form and monolayer collapses at π∼45 mN/m. The mean area
per DMPCmolecule at S state can be estimated by extrapolation
of this part of the isotherm to the zero surface potential:
∼ 0.7 nm2, which is in good agreement with the results obtained
by other authors [20]. The phase transition into a liquid-crys-
talline state is accompanied by lost of the plateau typical for
transition from L-C to S state (Fig. 6 B). At the same time, area
per molecule in L-C state slightly increases with increasing
temperature. Shape of the isotherms of mixed gA/DMPC mo-
nolayers depends on the molar fraction of gA in the monolayer.
With increasing concentration of gA, the increase of mean
molecular area took place.


The analysis of miscibility of both components — gA and
DMPC can provide better insight into the mechanisms of
DMPC–gA interactions. The value of mean molecular area A12


as a function of molar fraction, X=[gA]/([gA]+[DMPC]) ([gA]
and [DMPC] are molar concentrations of gA and DMPC,
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respectively), of pure components, i.e. gA and DMPC (A1 and
A2, respectively) can be expressed as follows [32]:


A12 ¼ XdA1 þ ð1−X ÞdA2 ð5Þ
In the case of ideal miscibility, the plot of A12 vs. X should be


straight line connecting the values of mean molecular areas of
pure components. Negative deviation from ideal miscibility
indicates interaction between molecules, e.g. formation of gA/
DMPC complexes, while positive deviation can be related to
formation of aggregates of pure components [32]. In order to
analyze the properties of gA in a monolayers we constructed the
plot of the mean molecular area at surface pressure 35 mN/m as a
function of molar concentration of gA. The surface pressure was
selected in order to approach properties of the monolayers to that
of the lipid bilayers [33]. Fig. 7 shows plot of themeanmolecular
area vs. molar fraction of gA for DMPC monolayers in a gel (A)
and liquid-crystalline state (B), respectively. We can see that
these plots are different. In a gel state there is positive deviation
from linearity in a range of 0–0.2 molar fraction of gA, while
above 0.2 molar fraction of gA the deviation is negative. For a
liquid-crystalline state the most remarkable deviation from
linearity is in similar range of molar fraction of gA, i.e. 0–0.2,
however the deviation remains positive also at higher content of

Fig. 7. The plot of mean molecular area versus molar fraction of gA in the gA/
DMPC monolayers in a gel state (A) (T=18 °C), and in a liquid-crystalline state
(B) (T=28 °C). The results are mean±SD obtained from 5 independent
experiments for each molar content of gA.

gA. Further insight on the interaction of gA with lipids can be
obtained by analysis of the excess free energy, ΔG [32]:


DG ¼
Z p


0
A12dp−X


Z p


0
A1dp−ð1−XÞ


Z p


0
A2dp ð6Þ


where X is the molar fraction of gA, A1 and A2 are mean
molecular areas of gA and DMPC, respectively. The lower limit
of integration corresponds to π=0, while upper limit can be
arbitrary selected (we selected π=35 mN/m). The value of ΔG
provides information whether the particular interaction is ener-
getically favorable (ΔGb0) or not (ΔGN0), while for ΔG=0
ideal mixing takes place. We therefore calculated the excess free
energy for mixed monolayers in a gel and in a liquid-crystalline
state. The plot of ΔG as a function of molar fraction of gA in a
monolayer is presented in Fig. 8 for monolayers in a gel (A) and
in a liquid-crystalline state (B). From Fig. 8A it is seen, that for
monolayers in a gel state the value ΔGN0 at the range of 0–0.2
molar fraction of gA, but it is negative above 0.2 molar fraction
with inflection point at 0.2 molar fraction. The excess free
energy for mixed monolayer in a liquid-crystalline state is posi-
tive for all molar fractions of gA. Thus, presented results for
monolayers in a gel state and in a range 0–0.2 molar fraction of
gA suggests that interaction between gA and lipids is not
favorable in this range. This is in agreement with results pre-
sented on Fig. 7A and can be explained as the aggregation of gA
molecules. The negative value of excess free energy above
X=0.2 molar fraction of gA suggests that at this range the gA
favorable interacts with the lipids and that gA/DMPC complexes
exists in this range. It is interesting to compare the results
obtained with that published by Diociaiuti et al. [15]. In this
paper the authors investigated the properties of gA in a lipid
monolayers composed of dipalmitoylphosphatydilcholine
(DPPC) in a gel state of monolayers at T=25 °C (the temperature
of phase transition of DPPC is approx. 41 °C). They also
observed the deviation of experimental points from additive rule
at gA concentration below 0.2 molar fraction while at 0.3 molar
fraction negative deviation from additivity took place. Above
this concentration again positive deviation from additive rule
was typical for this system. The obtained results were in agree-
ment with calculation of excess free energy. At lower molar
fraction of gA (0–0.2) and at a gel state of DMPC monolayers
our results agree with that obtained in the mentioned paper,
however at higher gA concentration we did not observe positive
deviation from linearity. One of the possible reason of these
differences consists presumably in different mismatch between
gA/DMPC and gA/DPPC due to different length of hydrophobic
chains of these two phospholipids. The hydrophobic length of
DMPC and DPPC molecules in a gel state of the lipid bilayers is
1.71 and 1.97 nm, respectively [34]. If we assume that the length
of hydrocarbon chains of DMPC in amonolayer is similar to that
in a bilayer and that in condensed state of the monolayer the gA
axis is oriented perpendicular to the monolayer as well as that the
length of gA monomer is according to Ketchem et al. [7],
1.25 nm then we can see that the mismatch between gA and
lipids is less expressed for DMPC in a gel state. In a liquid







Fig. 9. The plot of 1— surface potential and 2— surface pressure as a function
of mean molecular area for A) pure DMPC and B) for gA/DMPC mixed
monolayer for 0.25 molar fraction of gA. T=18 °C.


Fig. 8. The plot of excess free energy,ΔG, versus molar fraction of gA in the gA/
DMPC monolayers in a gel state (A) (T=18 °C), and in a liquid-crystalline state
(B) (T=28 °C). The results are mean±SD obtained from 5 independent
experiments for each molar content of gA.
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crystalline state the hydrophobic length of DMPC and DPPC is
1.14 and 1.31 nm, respectively [34]. Therefore the mismatch is
more expressed for DMPC, while for DPPC there is good fit
between hydrophobic length of both lipid and gA monomer.
Thus, for DMPC in a liquid-crystalline state the aggregation
should be more favorable and it is in fact confirmed by obtained
data. On the other hand results obtained in a gel state, especially
at higher molar fraction of gA cannot be explained exclusively
by mismatch. As it is seen from Figs. 7A and 8A, at the molar
fraction above 0.2 the gA favorably interacts with DMPC
despite of existing mismatch. It should also be note, that phase
transition of phospholipid does not affect the secondary structure
of gA [35].


In order to obtain more insights on the properties of gA in
lipid monolayers in a gel state we performed experiments fo-
cused on measurement of the surface potential and MDC at
certain gA/DMPC molar ratios.


3.2.2. Dipole potential of DMPC and mixed gA/DMPC
monolayers


The dipole potential–area (V–A) and pressure–area (π–A)
plots for pure DMPC and for mixed gA/DMPC monolayer for
molar fraction of 0.25 are presented on Fig. 9 A and B, res-
pectively. For V–A curve corresponding to pure DMPC one can
see that the increase of the dipole potential starts at the highmean

molecular area (∼ 1.25 nm2), when themonolayer is in L-E state.
The molecules start to orient themselves and normal component
of the dipole moment increases (curve 1, Fig. 9 A). The abrupt
stop of the potential increase occurs at ∼ 1.1 nm2, when the
surface pressure starts to grow (curve 2, Fig. 9A) and remains
practically constant until mean molecular area 0.8 nm2. We can
conclude that in this state the molecules are just getting closer
each to another and their tilt angle is constant. Therefore there is
no increase of the dipole potential. Another increase of the
surface potential can be observed at mean molecular area of
∼ 0.75 nm2. Some structural reorganization of the monolayer
occurs that cause not only transition from L-E to L-C state, but
also change of the orientation of the molecules. Transition from
L-C to S state is characterized by another raise of the dipole
potential. The molecules are tightly packed and dipole–dipole
interactions can contribute to the final dipole potential. The value
of the dipole potential at the monolayer collapse ∼ 390 mV, is
slightly lower than that reported by other authors [20,36]. It is
interesting that dipole potential–area dependence for pure gA
monolayer (Fig. 2) doesn't exhibit such distinct regions like in the
case of DMPC. Incorporation of gA into DMPC monolayer
substantially reduced the dipole potential (Fig. 9 B). This agrees
well with results reported earlier [20]. In Ref. [20] it was shown
that decrease of dipole potential following incorporation of gA
couldn't be explained by simple model of coexistence of pure
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lipid and pure gA domains. Certainly, in the case of this simple
model, the resulting dipole potential of the mixed monolayer can
be calculated according to equation:


DV12 ¼ Xd DV1 þ ð1−X Þd DV2 ð7Þ
where ΔV1 and ΔV2 are the dipole potentials for pure com-
ponents. For example, at π=35 mN/m the dipole potential for
pure DMPC monolayer is 323 mV, for pure gA 140 mVand that
calculated for mixed monolayer at 0.25 molar fraction of gA is
according to Eq. (7) 277 mV. However, the value of dipole
potential obtained in our experiment is 130 mV, i.e. only approx.
half of the theoretical value. This clearly evidence on strong
interaction of gAwith lipids.


The shape of the dipole potential–area dependence for mixed
gA/DMPC monolayers has certain similarity with that for pure
DMPCmonolayers. One can see from Fig. 9 A,B that there is no
substantial differences in the surface pressure increase for both
DMPC and gA/DMPC monolayers in the L-E state of the
monolayer. This is most probably due to parallel orientation of
the gAmain axis in respect of the monolayer surface at L-E state.
The main contribution to the surface potential takes place mostly
from the changes of tilting of DMPC molecules. When DMPC
undergoes transition from L-E to L-C state, the potential de-
creases. Sharp increase of potential takes place at π∼18 mN/m
when the monolayer is in L-C state and gA molecules are tilted.
It is likely, that in this case dipole moments of gA and DMPC
interacts more strongly. Thus, the interactions between DMPC
and gA, as well as between gA molecules contribute to the
sharper increase of dipole potential in comparison with pure
DMPC monolayer.

3.2.3. MDC of DMPC and of mixed gA/DMPC monolayers
The MDC–area and surface pressure–area plots for DMPC


monolayer in a gel state are presented on Fig. 10. The curves
correspond to the third compression of the monolayer. Previous
two compressions were under the collapse pressure (30 mN/m),

Fig. 10. The plot of Maxwell displacement current (1) and surface pressure (2)
versus area of pure DMPC monolayer at T=18 °C. The curves correspond to the
third compression of the monolayer. Previous two compressions were under the
collapse pressure (30 mN/m), while third compression was up to the monolayer
collapse.

while third compression was up to the monolayer collapse. It is
seen on the Fig. 10 that similarly like for gA monolayer, there is
increase of the current at the beginning of the compression at
mean molecular area approx. 1.8 nm2, when the monolayer is in
the gaseous state. The maximum of the peak appears at the area
1.55 nm2/molecule, exactly when the surface pressure starts to
grow. When the compression of monolayer starts, molecules
reorient themselves and the projection of the dipole moment of
the polar head groups of DMPC increases. Growth of the surface
pressure evidences on interaction between lipid molecules that is
accompanied by their reorientation as revealed from the changes
of MDC. Another maximum of MDC at region 1.2 nm2/
molecule is associated with the plateau at ∼ 8 mN/m, where
transition of monolayer from L-E to L-C state takes place. In L-C
state the monolayer is relatively well ordered and the main
contribution to the current comes from the change of the orien-
tation of the molecules. Abrupt increase of the current up to
140 fA at 0.55 nm2/molecule is typical feature for the orien-
tational ordering in the monolayer in the solid state. This can be
connected with orientation of hydrophobic chains of phospho-
lipids [24]. Dramatic decrease of the current at very low area is
characteristic for the monolayer collapse.


MDC–area curves recorded during compression for three
different gA/DMPCmolar fractions are presented on Fig. 11. All
monolayers were compressed three times up to 30 mN/m,
followed by expansion of the monolayer. Only plot corre-
sponding to third compression is shown for each molar fraction
of gA. We already mentioned that compression below the
monolayer collapse is reversible process. In this conditions the
MDC–area plot for expansion has shape mirror to that of com-
pression plot (see e.g. Fig. 4). The shape of the MDC–area plot
depends on the gA/DMPCmolar fraction. One can see on Fig. 11
(curve 1), that for molar fraction of 0.17 gA/DMPC there are two
peaks — one at ∼ 2 nm2/molecule and second, broader peak
between 0.6 and 1 nm2/molecule. Two peaks can be found also
in the MDC–area curves corresponding to pure DMPC and gA
monolayers, respectively. Similar effect was observed for other
molar fractions, however with increasing molar fraction of gA,
the most remarkable peak (at areas 2, 2.7 and 3.3 nm2/molecule,
respectively) moved in direction of lower area per molecules. It
is likely, that resulted MDCs for mixed monolayer represent
superposition of the MDCs for pure component and in respect of
the peculiarities of the interaction between the gA and lipid
molecules. Certain differences in comparison with 0.17 molar
fraction take place for 0.25 molar fraction. First a broader
maximum with amplitude ∼ 30 fA was observed in the liquid-
expanded state. Second — deviation at this plot consists in the
presence of well-expressed maximum at ∼ 1.45 nm2/molecule.
Such a maximum, but considerably weaker and broader, was
observed also in the case of pure gA monolayers (Fig. 3). The
broad peak at molar fraction 0.25 gA with the maximum at
∼ 2.7 nm2/molecule can be due to accumulation of the mole-
cules under the electrode caused not only by compression of the
monolayer, but also due to formation of the gA/DMPC com-
plexes. Certainly, at the molar fraction of 0.25 gA and for DMPC
in a gel state (T=18 °C) the complexes of gA/DMPC appear (see
Figs. 7 A and 8 A).







Fig. 11. The plot of current versus area for gA/DMPC at different molar fraction of
gA: 1— 0.17; 2— 0.25; 3— 0.5. Each curve corresponds to third compression of
the monolayer. All monolayers were compressed up to 30 mN/m. Experiments
were performed at T=18 °C.


Fig. 12. A) The plot of surface pressure (full line) and dipole moment (dashed line)
versus mean molecular area developments of the second compression–expansion
cycle of DMPC monolayer. The arrows indicate course of compression and
expansion, respectively. B) Dipole moment versus mean molecular area for molar
fraction of gA inDMPCmonolayers 1— 0.17; 2— 0.25 and 3— 0.5. The curves
correspond to the third compressions of the monolayers, which were compressed
up to 30 mN/m. The experiments were performed at T=18 °C.
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3.2.4. Dipole moments of the pure DMPC and mixed gA/DMPC
monolayers


3.2.4.1. Dipole moment of DMPC monolayers. Pressure and
dipole moment–area plots for DMPC monolayers in a gel state
for second compression of monolayer are presented on
Fig. 12 A. It can be seen that the dipole moment increases up
to the region of 1.6 nm2/molecule, where the surface pressure
starts to increase and monolayer slowly undergoes transition
from gaseous (G) to L-E state. Small plateau at dipole moment–
area plot between 1.45 and 1.6 nm2/molecule can be probably
related to changes of initial reorientation of the molecules at the
beginning of the compression. Another increase of the dipole
moment projection at 1.45 nm2/molecule, which rose up to
6.3 a.u. at 0.95 nm2/molecule, correlates with the condensation
process in the L–E state in the monolayer. Please note, that the
plot of dipole moment vs. area for DMPC is considerably
different from that of gA (Fig. 5). In contrast with gA the dipole
moment projection for DMPC continuously increases. This
could be due to reorientation and accumulation of the molecules
under the electrode. Certainly, DMPC monolayer is character-
ized by good compressibility at L–E state [36]. Starting at
0.95 nm2/molecule, monolayer transforms to the L–C state. The
L–C and S states are characterized by lower compressibility. In
these structural states molecules become closer each to other,
but their reorientation is changing only slightly. Therefore
dipole moment projection increases not so sharp in comparison
with L–E state.


3.2.4.2. Dipole moment of mixed DMPC/gA monolayers. The
plots of the dipole moment projections vs. area during com-
pression for three different molar fractions of gA in DMPC
monolayers are presented on Fig. 12 B. It can be seen that the
shape of the curves depends on the molar fraction of gA in the
monolayer. We assume, that the shape of the curves represents
superposition of the curves corresponding to the pure compo-
nents. For molar fraction of 0.17 gA the enhancement of the
dipole moment is not so abrupt as in the case of the pure gA

(compare with Fig. 5). The maximum of dipole moment of
∼ 21 a.u. in the area around 1.7 nm2/molecule, is probably the
result of the primary reorientation of the gA in the monolayer.
Due to the presence of the DMPC molecules oriented parallel
with the surface or tilted under big angle form the normal to the
surface, gA molecules have limited space for reorientation and
orient themselves slower. The properties of the monolayer for
0.17 molar fraction of gA and shape of its dipole moment–area
curve is in good agreement with the peculiarities of interaction
between gA and DMPC molecules, which was discussed above
(see Section 3.2.1). Positive deviation from linearity observed on
Fig. 7Awas attributed to the existence of separate gA andDMPC
phases in a monolayer. The presence of two peaks at MDC–area
plot (Fig. 11) can be therefore related to the effect of self-
orientation of gA and DMPC molecules in a monolayer. Dif-
ferent situation takes place for other molar ratios of gA/DMPC.
Similar shape of dipole moment–area curve as in the case of pure
gA can be observed at the beginning of the compression up to
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12 a.u. for 0.25 gA/DMPC molar fraction and up to 25 a.u. for
0.5 gA/DMPC molar fraction. The dipole moment projections
increase only in the gaseous state of the monolayer. We can
speculate, that gA especially at higher molar ratio (0.5) can adopt
similar secondary structure like in pure gA monolayers, i.e.
double helix. Further compression at 0.5 molar fraction caused
only lowering of the dipole moment projection comparing to
0.17 of gA/DMPC molar ratio. Because there is no additional
increase of the dipole moment projection, and because even
DMPC molecules are still dominant in the monolayer, it can be
suggested that interaction between gA and DMPC molecules
resulted in formation of the complexes that stabilize monolayer.
Further compression of such monolayer does not result in any
other substantial changes of orientation of molecules. Study of
the surface pressure isotherms for mixed monolayers above
0.17 gA/DMPC molar fraction revealed absence of the plateau
corresponding to phase transitions in a monolayer that is typical
for pure components and for lower molar fraction of gA/DMPC
(i.e. for 0.17 and below) (see Fig. 6A). It was already discussed,
that the plateau region (L-E to L-C transition) is characterized by
the additional reorientation and accumulation of the molecules.
No such effect was observed in the case of 0.25 and 0.5 gA/
DMPC molar fractions. We can assume that the ordering of the
molecules in the monolayer and favorable interaction caused the
formation of a stable monolayer even at lower surface pressure.


4. Conclusion


The method of Maxwell displacement current (MDC) mea-
surement allowed us to observe the structural changes of gA
molecules in gA–phospholipid mixture at the air–water inter-
face by the complex analysis of thermodynamic and electric
properties. We showed, that these changes, connected probably
with formation of secondary structure of gA, take place at rather
low mean molecular area in which gA monolayer is in gaseous
state. At this state of the monolayers the peak of MDC is
observed. Subsequent decrease of the current can be attributed to
opposite orientation of dipole moments in a gA due to formation
of a double helix. The properties of gA in a mixed monolayer
depend on the concentration of the molar fraction of gA in
DMPC monolayer. At higher molar fractions of gA/DMPC
(around 0.5) the shape of the changes of dipole moment of a
mixed monolayer is similar to that of pure gA. This may indicate
that double helical conformation of gA could exist or coexist
with gA dimers also at the presence of phospholipids.


The study of the pressure–area isotherm for mixed gA/
DMPC monolayers in a gel and in a liquid-crystalline state
allowed us to show influence of the structural state of the mo-
nolayer on the interaction between gA and the phospholipids. In
a gel state and at the gA/DMPC molar ratio below 0.17 the
aggregates of gAwere formed, while above this molar ratio gA
interacts favorably with DMPC. In contrast, for DMPC in a
liquid-crystalline state aggregation of gA was observed for all
molar fractions studied. The effect of formation ordered struc-
tures between gA and DMPC as well as aggregation of gA is
rather complex and cannot be fully attributed to the mismatch
between lipid and peptide hydrophobic side.
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Abstract


A new DNA modified electrode for the electrochemical detection of 16S rDNA extracted from Escherichia coli (JCM1649) is proposed. The
electrodes were fabricated by screen printing a fullerene-impregnated carbon ink onto a poly(methylmethacrylate) substrate and immobilizing a
probe DNA on the surface after activating the electrode with air plasma. The results indicated a dramatic improvement in the surface coverage of
the immobilized probe DNA, and of the reduction peak of the redox indicator (Co(phen)3


3+) due to the incorporation of fullerene. By immobilizing
the probe onto the fullerene-impregnated screen-printed electrodes, the PCR product of the 16S rDNA extracted from E. coli was directly detected
without any pretreatment. Awell defined signal difference was observed between the perfectly matching oligonucleotide and the mismatching one,
and it was possible to detect the target at the modified electrode. This method enabled us to clearly detect the two base mismatches in the ca. 1500-
bases long 16S rDNA sequence.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Air plasma activation; Fullerene impregnated screen printed electrodes; E. coli 16S rDNA; Electrochemical hybridization detection

1. Introduction


The fabrication of DNA electrochemical sensors has at-
tracted a considerable recent attention [1–5, 6(a)–6(d)].
Electrochemical detection has been used to monitor DNA
hybridization due to its high sensitivity, low cost, miniaturiza-
tion and compatibility with modern microfabrication and
microchip devices. Electrochemical and/or piezoelectric trans-
duction modes, aimed at detecting the hybrid between the
probe and the target, have been developed [3,7–12]. As in most
cases, the preparation of DNA hybridization sensors involves
processes for the attachment of oligonucleotide probes, and
DNA immobilization has been considered a fundamental
technique in DNA biosensing. Many electrode materials,

⁎ Corresponding author. Tel.: +81 77 561 2762; fax: +81 77 561 2659.
E-mail addresses: h-s@se.ritsumei.ac.jp (H. Shiraishi),
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such as mercury [13], gold [14,15], carbon paste [3,16–18],
glassy carbon [19,20], carbon fibers [21] and screen printed
electrode [8,22–24], have been used to immobilize the DNA,
and many immobilization techniques have been developed
[3,10,13,14,24,25]. On the other hand, carbon nanotubes
(CNT) are compounds which have attracted much interest as
the materials for DNA sensors and biosensors because of their
unique properties [26–28]. The voltammetric behaviors of
DNA and other biologically important compounds at CNT
modified electrodes have been investigated [29–33]. It has
been reported that fullerene (C60) plays an important role in the
electron transfer of methyl pyropheophorbide-a (chlorine;
synthetic chlorophyll analogue) on C60 modified carbon paste
electrodes [34,35]. The electrochemical behavior of C60 and
related types of carbon thus offers great promise for biosensor
research.


In this study, an attempt was made to demonstrate a new
procedure of immobilizing DNA onto a fullerene impregnated
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screen printed electrode (FISPE) and detecting 16S rDNA,
extracted from Escherichia coli (JCM1649) by the surface
hybridization event. The FISPE was fabricated by printing the
carbon ink containing C60 onto a substrate. Wang's tram
[3,8,17,18,22] reported that the adsorptive accumulation of
DNA onto a screen printed electrode (SPE) surface was ac-
complished by electrochemical activation in acetate buffer
(pH 5). According to this method, DNA can be easily immo-
bilized onto carbon electrodes such as SPEs and carbon paste
electrodes. The electrochemical oxidation of electrodes, which
is called the “activation of electrodes” in their papers, is very
important, as DNA is immobilized onto the oxidized surface
[3,8,12,17,18,22,36–38]. In our present work, the activation of
FISPE was achieved by exposure to air plasma, which oxidizes
the electrode surface. Consequently, the amount of probe oligo-
DNA immobilized onto the FISPE increased due to the plasma
pretreatment and the C60 addition. By means of the new DNA
modified FISPE, we examined the detection of the 16S rDNA
amplified from a microbial DNA. The 16S rDNA, of which the
size is 1500 base, is used for the identification of microbial
[39,40]. The size of the target DNA, as determine by an elec-
trochemical DNA biosensor, is usually less than 100 base-pair
and the report of the detection of long DNA sequences is few.
So the analysis of 16S rDNA is considered significant not only
in phylogenetic research but also in electrochemical DNA
sensor fields.


2. Experimental


2.1. Chemicals and reagents


Polyguanylic acid potassium salt, polycytidylic acid potas-
sium salt and 21-mer oligonucleotides (probe) were purchased
from Sigma Aldrich (Japan). The specific oligonucleotides
probe sequences were as follows: probe A: 5′-TCA GCA AAG
CAG CAA GCT GCT-3′; probe B: 5′-TCA GCA AAG TGG
CAA GCT GCT-3′; probe C: 5′-TCA GCA AAG TGA CAA
GCT GCT-3′; probe D : 5′-TCC CGT AGA GTC TGG ACC
GTG-3′; probe E : 5′-TAC TTC TTT TGC AAC CCA CTC-3′.
The sequences of probe A was perfect match for a fragment of
the 16S rDNA extracted from E. coli, probe B two base mis-
matches, probe C had three base mismatches and probe D had
five base mismatches. The probe E sequence perfectly matched a
fragment different from that matched by probe A. The under-
lined bases in the probe sequences are the positions mismatching
the target DNA. The chemicals for the buffer solutions, back-
ground electrolytes and organic solvents were all analytical
grade, purchased from Wako Pure Chemical Industries, Ltd.
(Japan). All solutions were prepared by using autoclaved ultra-
pure water and the water was purified with Milli-Q Gradient-
A10 (Millipore Co., Japan).


Pure fullerene was acquired from Tokyo Kasei Kogyo Co.
(catalog no. B1641, 99.9%; Japan) and used as received. The
C60 stock solution was prepared by dissolving C60 in benzene
and filtering off the undissolved C60. The concentration of the
C60 solution was determined based on the UV absorbance at
335 nm [41]. Poly(methylmethacrylate) (PMMA, 0.8 mm thick)

was used as the substrate of the screen printed electrodes; it was
purchased from Nitoh Jushi Co. (Japan). The carbon ink was
acquired from Jujoh Chemicals Co., (product no. Jelcom CH-
10; Japan).


2.2. Target DNA and probes


Escherichia coli (JCM1649), provided by the Riken Bio-
resource Center (Japan), was cultured in a LB medium, which
was composed of trypton, yeast extract and NaCl (pH 7) and
purchased from Difco Co. (Luria-Bertani Broth Miller, Catalog
No. 244620). The DNA of the strain was extracted from the
bacterial colony and purified [39,42]. The 16S rDNA primers
used were 20f (5′-TGG CTC AGA TTG AAC GCT GGC-3′)
and 1510r (5′-CGC CCT CCC GAA GTT AAG CTA-3′)
synthesized and purified by Sigma Aldrich (Japan). PCR am-
plification was performed in the reactionmixtures containing the
extracted E. coli DNA, Taq polymerase (Ex Taq, Thermus
aquaticus DNA polymerase; Takara Bio Chemicals Co., Japan),
dNTP mixture (dATP, dGTP, dCTP, dTTP; Takara Bio Chem-
icals Co., Japan), and PCR buffer solution (Ex Taq buffer;
Takara Bio Chemicals Co., Japan). The reaction was done in a
thermal cycler (PCRThermal Cycler 480; Takara Bio Chemicals
Co., Japan): 28 cycles of 0.5 min at 60 °C, 2 min at 72 °C, and
0.5 min at 95 °C, with a final extension step of 72 °C for 10 min.
Agarose gel electrophoresis revealed a single band of ca. 1500
bases, which was confirmed by a comparison with DNA marker
bands, with no sign of the presence of any other oligomer. The
16S rDNA of the PCR product was thermally denatured by
heating at 95 °C for 6 min and subsequently cooled in an ice
bath. The target DNA sample solutions for the electrochemical
detection were prepared by adding phosphate buffer (pH 7.0)
and NaCl solutions to the denatured PCR product. The concen-
tration of the target DNA concentration in the sample solution
was ca. 30–40 ppm, as determined by the UV absorbance for
adenine residue at 260 nm.


2.3. Apparatus


Electrochemical measurements were performed using an
electrochemical analyzer Model 623B (ALS, Japan) controlled
by a PC. The three-electrode system consisted of the screen
printed electrodes, prepared as described below, a platinum wire
counter electrode (diameter: 1 mm) and an Ag/AgCl reference
electrode (3 M-NaCl, Model RE-1; BAS), to which all
potentials were referenced. All experiments were carried out
in a glass cell containing 1.0–2.0 mL of the solution. The UV
spectrum measurements were carried out using a spectropho-
tometer (UV260; Shimadzu, Japan).


2.4. Probe immobilization and voltammetry on the FISPE


C60 impregnated ink was prepared by mixing the carbon ink
with a C60 benzene solution until the mixture became uniform.
The 9:1 (volume ratio) mixture of the carbon ink and the 0–
2 mM C60 benzene solution was then manually printed through
a patterned screen (Nissha Printing Co., Ltd., Japan) onto a







Fig. 1. Differential pulse voltammograms of the poly-G immobilized onto air
plasma activated FISPE (a), the electrochemically activated SPE (b). After the
FISPE activation by a 3-s air plasma exposure or SPE activation by
electrochemical pretreatment for 1 min at 1.7 V, poly-G immobilization was
performed in a 30 ppm ply-G solution (pH 7 phosphate buffer) for 3 min. The
voltammograms were recorded in the 0.02 M Tris–HCl buffer (pH 7.0), after
rinsing the poly-G modified electrode. The dotted lines were background
currents at each electrodes.
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50×100 mm PMMA plate, which has a good affinity for the
carbon ink. A 1-mL benzene solution was always added to 9 mL
carbon ink to adjust the volume ratio of benzene to carbon ink.
Arrays of 10 FISPEs were thus printed and subsequently dried
for 45 min in an oven (100 °C). After drying, an insulator layer
of epoxy resin was spread on part of the printed carbon, leaving
a clearly defined 3×4 mm working area and a similar area on
the opposite side for electrical connection. A SPE printed with
the carbon ink but no C60 was fabricated in a similar manner.
The thickness of the FISPE in the dry state was ca. 20 μm. The
new electrode strips were activated by a 3-s exposure to an air
plasma, generated by a ST-7000 (Keyence, Japan), and were
then immediately immersed into the probe DNA solution for
3 min in order to immobilize the probe onto the electrode
surface. For the poly-G immobilization, the activated electrode
was immersed into a 30 ppm poly-G solution (pH 7), and for the
specific oligonucleotide, into a 1×10−6 M probe solution
(pH 7) for 3 min. After immobilizing the probe DNA and
rinsing with the buffer solution, hybridization-based sequence
detection was accomplished in accordance with the procedures
reported by Wang et al. [3,5,8,17,18,22,36–38]. The FISPE
onto which the probe was immobilized was transferred to the
stirred target DNA solution containing 0.2 M NaCl and 0.05 M
phosphate buffer at a potential of +0.5 V, and the hybridization
reaction was carried out at 55 °C for 15 min. After the hy-
bridization, the electrode was rapidly cooled to below 10 °C by
dipping it into a 0.05 M Tris–HCl buffer solution (pH 7.0)
which was kept in an ice bath. The indicator, Co(phen)3


3+, was
accumulated into the surface hybrid when the electrode was
immersed in the stirred 0.5×10−3 M Co(phen)3


3+ solution of
Tris–HCl buffer for 1 min while the potential was held at
+0.5 V. Then the accumulated Co(phen)3


3+ in the hybrid was
measured by differential pulse voltammetry after the electrodes
transferring to the Tris–HCl buffer solution (pH 7) not con-
taining Co(phen)3


3+. The parameters of the differential pulse
voltammetry were as follows: pulse amplitude, 50 mV; pulse
period, 20 ms; pulse width, 50 ms; increment potential, 4 mV;
initial potential, +0.5 V and a negative scan was used. During
the electrode transfer to the next solution, the surface was rinsed
with a specific buffer solution. The background was measured
on the air plasma activated FISPE (PA-FISPE) and the plain
SPE for the corresponding blank solution without the target
DNA, which means that the peak in the background voltam-
mogram was the reduction current of Co(phen)3


3+ adsorbed
directly onto the electrode surface. Every electrochemical de-
tection process was carried out in 0.02 M Tris–HCl (pH 7.0) at
room temperature, except the hybridization and the cooling.
Repetitive measurements were performed using the newly
printed electrode strips.


3. Results and discussion


3.1. Immobilization of poly-G onto the PA-FISPE


We found that DNA was immobilized onto the air plasma
activated SPE surface. The air plasma caused the oxidation of
the carbon ink electrode material, and the exposure period was a

very important factor in the immobilization of DNA. When the
FISPE was exposed to the air plasma for a long period, such as
5 s, the electrode ink became strongly oxidized and the edges of
the electrode partially disappeared. But a short exposure period,
such as 1 s, did not ensure sufficient surface oxidation for DNA
immobilization. So we employed a 3 s exposure period. We
considered that the air plasma roughened the FISPE surface
through oxidation and thereby changed the effective surface
area of the FISPE. The effect of plasma exposure on the
electroactive surface area of the SPE was estimated from the
reduction currents (Ep


c: ca. 0.2 V) on the differential pulse
voltammograms of potassium ferricyanide (0.5 mM in a 0.1 M-
KNO3 solution). The 3-s plasma exposure increased the re-
duction current of ferricyanide by 10–20% compared to that
without plasma pretreatment. So the increment of the FISPE
surface area seemed to be 10–20% by the activation.


The FISPE was fabricated by using the ink mixed with a 0–
2 mM fullerene solution; then, the electrode was activated and
the poly-G was immobilized. The voltammograms at the poly-G
modified electrodes were shown in Fig. 1. The poly-G modified
electrode gave an oxidation peak of guanine residue at around
0.9 V. As the content of C60 in the electrode increased, the
oxidation peak current became higher (Fig. 2). But, the oxi-
dation current did not indicate the tendency to level off, when
2 mM C60 solution was added to carbon ink. In order to increase
the content of C60 in a FISPE, it is necessary to add the higher
concentration C60 benzene solution or increase the volume of
that. But, it was difficult to prepare in short time a C60 solution
whose concentration exceeded 2 mM. Also, the electrochemical
characteristics of the FISPE depended on the benzene volume
added as the solvent for C60. When the benzene content in the
ink was increased, the voltammetric peak was distorted. The
effect of the benzene on the electrode reaction was small at the
FISPE prepared with the 9:1 mixture of carbon ink and C60







Fig. 3. Effect of the probe immobilization method and fullerene on the reduction
peak of Co(phen)3


3+ accumulated in the hybrid between the 16S rDNA extracted
from E. coli and probe A on the electrode. Solid line (a): the hybridization signal
at the PA-FISPE onto which probe A was immobilized; broken line (b): at the
SPE onto which probe A was immobilized by electrochemical activation in
acetate buffer (pH 5), dotted line (c): background. The target solution was
prepared by adding 0.05 M phosphate buffer (pH 7) and 0.2 M NaCl to the PCR
product. The hybridization step was carried out at 55 °C for 15 min and the other
steps were carried out at room temperature. The indicator accumulation in the
hybrid was performed in the stirred 0.5 M Co(phen)3


3+ solution of Tris–HCl
buffer (pH 7) and the differential pulse voltammograms were measured in the
Tris–HCl buffer solution after electrodes transfer.


Fig. 2. Dependence of oxidation peak currents for guanine residues at FISPE on
the concentration of C60 solution added to screen printing ink. FISPE was
fabricated by printing the 9:1 (volume ratio) mixture of the carbon ink and the
0–2 mM C60 benzene solution onto the substrate. The poly-G immobilization
procedures and other conditions were same as those in Fig. 1.
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solution. In this study, only FISPE printed with a 9:1 mixture of
carbon ink and a 2 mM C60 solution was subjected to vol-
tammetry. The residual current at the PA-FISPE became higher
than that at the electrochemical activated SPE, especially in the
positive potential range (dotted lines in Fig. 1). This current
increase was caused by not only an increase in the surface area but
also surfacemodificationwith air plasma exposure. The oxidation
peak current at the poly-G immobilized PA-FISPE was about
three times that at the plain SPE immobilized ply-G by the
electrochemical activation. Mixing of the C60 into the carbon ink
and the subsequent plasma exposure contributed to the increase in
the amount of poly-G immobilized onto the electrode surface.
Electrochemical activation of the C60-impregnated SPE did not
improve the immobilization of poly-G. Probably C60 was not
oxidized electrochemically in the activation step, because C60 in
organic solvent shows oxidation peak around 2 V vs. Ag+/Ag
electrode [43]. When the immobilization of ply-G on SPE was
carried out by an air plasma activation (in other words, the FISPE
added 0mMC60 solution; the plotting in the left end of Fig. 2), the
oxidation peak of guanine residue was smaller than that at the
poly-G modified SPE activated electrochemically by 30–40%
(see Figs. 1 and 2). We considered that since the air plasma
activation led the surface of carbon ink to oxidize more strongly
than the electrochemical activation, the amount of poly-G immo-
bilized by an air plasma activation was decreased. So, poly-Gwas
not attached ontoC60molecules, but C60 played the important role
in the oxidative activation step. C60 moderately suppressed the
oxidation reaction of carbon ink by air plasma and gave the
oxidative condition suitable for adsorption of poly-G onto the
oxidized carbon ink surface.


3.2. Relationship between air plasma activation and the
hybridization response at the FISPE


The intensity of hybridization responses at the DNAmodified
electrodes was affected by the amount of DNA immobilized

onto the electrode surface. The effectiveness of the activation
method was verified by detecting 16S rDNA of E. coli using the
electrodes onto which the perfectly matching probe A was
immobilized. The differential voltammograms of Co(phen)3


3+


accumulated in the hybrid are displayed in Fig. 3. The indicator
response on the PA-FISPE was better than that on the elec-
trochemically activated SPE. The reduction peak current
increased by 150%, although the surface area of the PA-FISPE
increased only by ca. 10–20% (as mentioned above). We attri-
buted this improvement of the double stranded DNA response to
the addition of C60 to the carbon ink and the air plasma acti-
vation. Although the exact role of C60 in this phenomenon is not
fully understood, the plasma oxidation of the electrode surface is
clearly important for the immobilization of the probe DNA. The
PA-FISPE gave a well-defined reduction peak of Co(phen)3


3+


accumulated in the formed hybrid, and the signal was 2.5 times
stronger than that given by the electrochemically activated SPE.
As the peak current of Co(phen)3


3+ reflects the amount of the
indicator accumulated in the hybrid, we think that the probe
DNA was immobilized onto the PA-FISPE surface in a high
concentration.


3.3. Detection at the PA-FISPE of 16S rDNA extracted from
E. coli


In addition to the accumulation of oligo-DNA onto the PA-
FISPE, it was also mentioned that 16S rDNA, extracted from E.
coli and amplified by PCR, was directly detected using the PA-
FISPEs onto which probe DNAwas immobilized. In most cases







Table 1
Hybridization responses for the Escherichia coli (JCM1649) 16S rDNA on the
FISPE and SPE onto which various probes were immobilized


Hybridization response (ΔI)/μA (signal change: ΔI /ΔIP)


Probe Probe
A


Probe B Probe C Probe D Probe E


Plasma activated
FISPE


9.23 1.68 (0.18) 1.34 (0.15) 1.24 (0.13) 9.04 (0.98)


Electrochemically 3.69 2.06 (0.56) 0.53 (0.14) 0.25 (0.07) 3.47 (0.94)


After immobilizing various probes onto the electrode, it was immersed into the
target solution for the 15-min hybridization process and then dipped into the
indicator solution for 1 min, followed by the voltammetric measurement in the
Tris–HCl buffer after the medium exchange. Probe-A has a sequence which
perfectly matches a fragment of the E. coli 16S rDNA, probe E perfectly
matches another fragment, probe B has two base mismatches, probe C has three
base mismatches and probe-D has five base mismatches. ΔI is the hybridization
response, andΔIP is that for the electrode onto which probe Awas immobilized.
The sequences of the probes are presented in the Experimental section of the
article.
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of electrochemical sensing of DNA hybridizations, the target
DNAs are less than 100 bases long [37], but we attempted to
detect 16S rDNAs with much longer sequences. Fig. 4 shows
the dependence of the indicator peak currents on the sequences
of the probe oligonucleotides immobilized onto the electrode.
The typical electrochemical responses at the electrodes
modified with probe A (perfect match for a fragment of the
Escherichia coli str. 16S rDNA), probe B (two base mis-
matches) and probe D (five base mismatch) were presented. The
hybridization step was performed in the solution, which was
prepared from adding the buffer and NaCl to the PCR product.
After hybridization at 55 °C and accumulation of the indicator
into the hybrid, the reduction peak current of Co(phen)3


3+ was
significantly enhanced on the probe A modified electrode, but
the hybridization responses on the electrodes modified with
probes B, and D, did not increase much, remaining close to the
background current. This phenomenon was due to the indicator
accumulation in the hybrid between the target and the probe. By
means of the signal differences between the perfect matching
probe and the mismatching ones, the target DNA can be de-
tected with the modified electrodes (Fig. 4). It became obvious
that PA-FISPE onto which probe A was immobilized was able
to detect 16S rDNA extracted from E. coli str. without pre-
treatment of the PCR product. The sample solution was pre-
pared by denaturing the double stranded DNA, given as the
PCR product of E. coli str. DNA, and contained two kinds of
DNAwith mutually complementary base sequences at the same
concentration. But no interference was observed at the hy-
bridization and detection steps. When the hybridization step
was performed at room temperature, we could not detect signal
differences between the perfectly matching probe and the
others. As the melting points of the four probes used in this
study were 65–73 °C, it is considered that a hybridization
temperature higher than 55 °C is suitable. But high solution

Fig. 4. The hybridization responses for the target DNA at the PA-FISPE onto
which probe A was immobilized: the thick solid line (a); probe-B: broken line
(b); probe-D: thin solid line (c) and background: dotted line (d). Probe Awas a
perfect match for a fragment of the target 16S rDNA of E. coli, probe B had two
base mismatches and probe-D five base mismatches. The sequences of the
probes are presented in the Experimental section of the article. The other
conditions were same as those for Fig. 3.

temperatures led to increased surface roughness and to an in-
crease in the noise level of the voltammograms. For the best
compromise between selectivity and sensitivity, we employed
the following conditions in this work: hybridization at 55 °C for
15 min.


Table 1 shows an assessment of the selectivity of the PA-
FISPE and the electrochemically activated SPE as DNA
sensors. The hybridization responses (ΔI= Ired− IB; the back-
ground current (IB) is subtracted from the reduction current
(Ired)) and the signal changes (ΔI /ΔIP; the ratio of ΔI, the
response for the mismatching probe, to ΔIP, the response for
probe A) were calculated from the Co(phen)3


3+ reduction cur-
rents at the electrodes modified with probes A, B, C, D and
E after hybridization with the target DNA. The probe A
modified PA-FISPE yielded a signal 2.5 times larger than the

Fig. 5. The repeatability of the hybridization responses for the 16S rDNA at the
PA-FISPE onto which probe A (a, ●) and probe-B (b, ■) were immobilized.
Each measurement was performed on the new PA-FISPE modified probe and
other experimental conditions and procedures were the same as those for Fig. 3.
The dashed lines represent the averages of the responses and the triangles (c,▴)
denote the background currents.
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electrochemically activated SPE. All probes, except probe B,
gave signals, and the signal changes at the PA-FISPE surpassed
those at the SPE; this phenomenon was caused by the increase in
the quantity of the probe molecules (mentioned above). Also, the
PA-FISPE gave better results than the SPE with respect to
the selectivity for mismatches between the target DNA and the
probe. Although the PA-FISPE and SPE modified with probe C
and probe D showed a similar tendency, there was a large
difference between the signal changes observed at the PA-FISPE
onto which probe B (two base mismatches) was immobilized and
the SPE modified with the same probe. The PA-FISPE was more
sensitive to and selective for the DNA sequence with two base
mismatches. It seems that the high concentration of probe DNA
modified onto electrodes enabled not only a high sensitivity but
also a high selectivity. The hybridization responses at the PA-
FISPE onto which probe E was immobilized and at the SPE were
almost equal to thosemeasured at the probe Amodified electrode.
This result suggests that the indicator reduction current was
independent of the 16S rDNA fragment where the perfectly
matching probe might hybridize. In other words, it is easy to
design the proper probe sequence because the exact location of the
unique region in the target sequence does not have to be
determined.


The repeatability of the signals at the newly fabricated PA-
FISPE is shown in Fig. 5. The relative standard deviations of the
indicator reduction currents were 7.1% for the probe A modified
PA-FISPE, 6.5% for probe B modified PA-FISPE and 4.2% for
the background. Since the differences in the signal changes
between the perfectly matching probes and the mismatching
ones were much bigger than the relative standard deviation, it
was possible to confirm the existence of the target DNA in the
sample solution clearly and easily. So, using a PA-FISPE onto
which the proper probe DNAwas immobilized, the PCR product
of the E. coli 16S rDNA could be detected electrochemically.


4. Conclusions


In this paper, we described a new method of electrochemically
detecting 16S rDNA amplified from the nucleic acid extracted
from E. coli. The detection of long DNA sequences, such as that
of 16S rDNA, is more difficult than that of short DNA sequences.
But 16s rDNA is often used to identify microbial species. In
phylogenetic studies of pure cultures, the analysis of microbial
DNA is performed using gel electrophoresis, capillary electro-
phoresis and other electrophoresis techniques. However we
believe that the electrochemical detection method described in
this paper is very attractive for analyzing the DNA of mixed
bacterial species. Although the exact role of C60 remains unclear,
we speculate that since the amounts of the probe DNAs immo-
bilized onto the PA-FIPSE increased when fullerene was
impregnated into the electrode carbon ink and the electrode was
activated with air plasma, the selectivity for the target DNAwas
drastically improved by this procedure. Plasma oxidation is
performed in dry conditions, and electrode activation is more
effective and faster in dry than the wet conditions.We believe that
the present work represents a significant step toward the fast and
easy identification of microbial species. A separate report on the

identification of various E. coli species based on this method will
be published elsewhere in the near future.
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Abstract


Electrochemical response of synthetic oligonucleotides with different DNA bases sequences was investigated to find relationships between a
chain composition and a signal. All DNA mononucleotides present electroactivity at a carbon paste electrode yielding anodic peaks at potentials:
1.00 (GMP), 1.28 (AMP), 1.47 (TMP) and 1.53 V (CMP). Also 15-mer homooligonucleotides show respective anodic peaks. Electrochemical
response of 15- and 19-mer oligonucleotides consisting of all four DNA bases in different amounts was determined by the composition of
oligonucleotide chain. When the contribution of different bases in oligonucleotide was balanced two anodic peaks were obtained that can be
attributed to guanine and adenine moieties. Thymine residue is shown as a separate peak in voltammogram when its content in oligonucleotide
chain is close to 50% of the total number of bases. Cytosine also yields a peak at its significant contribution in oligonucleotide chain and both
pyrimidinic moieties produce catalytic waves easier when one of them is dominating or when only one pyrimidine derivative is present in a chain.
Guanine is the easiest oxidized base and it produces a peak even at its minimal contribution (one guanine residue in 19-mer oligonucleotide).
Guanine peak potential is dependent on oligonucleotide concentration and oligonucleotide composition. The lowest oligonucleotide concentration
detected by guanine peak was 12.5 nM whereas detected by thymine peak was 90 nM.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Oligonucleotides; Square wave voltammetry; Structure/signal relationship

1. Introduction


Nucleic acids are still objects of intensive research and variety of
analytical methods have been developed for this aim. Nucleic acid
research has a fundamental meaning for the explanation of
molecular processes in all living organisms and finds wide practical
applications in molecular diagnosis, food analysis and environ-
mental monitoring. Among different methods of nucleic acids
analysis electrochemical techniques are quite frequently used as
simple, relatively cheap, sensitive and reliable tools [1–6]. One of
the most interesting fields of electrochemical analysis applications
are electrochemical DNAsensors. They present all positive features
of electrochemical analysis and are much faster than traditional
methods [4]. DNA sensors are mainly applied in hybridization
detection where DNA fragment immobilized on the electrode
surface is used as a specific probe. Hybridization event is detected
via some indicators but more attracting is label-free detection based

⁎ Corresponding author. Tel.: +48 61 8569536; fax: +48 61 8543993.
E-mail address: marian.filipiak@ae.poznan.pl (M. Filipiak).
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on changes of electroactivity of DNA duplex after hybridization
[4]. Very promising application domain of DNA biosensors is a
detection of DNA damage [5,7]. Increasing attention in DNA
research bymeans of electrochemicalmethods requires very careful
and perfect studies of electrochemical behaviour of nucleic acids.
Detailed knowledge of electrochemical response of nucleic acids
and their fragments including also an influence of experimental
conditions is necessary to understand and perform analytical
procedures correctly. Investigation of interactions between nucleic
acids and the electrically charged surfaces is of great importance in
basic molecular biology research.


Electroactivity of nucleic acids discovered already half
century ago comes from electroactivity of bases composing
nucleic acid chains [1]. Early electrochemistry of DNA was
based on mercury electrode where electrochemical reduction of
two bases — adenine and cytosine gave rise to cathodic signals
and reoxidation of guanine produced an anodic signal [8].
Thymine is not reducible on mercury electrode according to
literature reports [9] but both pyrimidine bases, thymine and
cytosine were reported not to show an electrochemical activity at
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Table 1
Base sequences of synthetic oligonucleotides


Code Sequence G A T C Total number of
bases


gna GGGGGGGGGGGGGGG 15 15
aaa AAAAAAAAAAAAAAA 15 15
ttt TTTTTTTTTTTTTTT 15 15
cyt CCCCCCCCCCCCCCC 15 15
btym CAGACGAGGAAGCAG 6 6 0 3 15
tym TGTCTCTTACTGTTT 2 1 9 3 15
tym2 TTTCTCTTACTGTTT 1 1 10 3 15
tym2a TGTCTCAAACTGTTT 2 3 7 3 15
tym3 TGTCCCTTACCGTTT 2 1 7 5 15
tym4 TGTCTCTTTCTGTTT 2 0 10 3 15
tym5 TGTCCCTTGCCGTTT 3 0 7 5 15
bar3 GTCAACTTCCGTACCGAGC 4 4 4 7 19
bar4 GCTCGGTACGGAAGTTGAC 7 4 4 4 19
bar4a TCTCGGTACGGAAGTTGAC 6 4 5 4 19
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carbon based electrodes [5,9–11]. Paleček and Fojta [9] reported
that in DNA and RNA guanine and adenine residues are
oxidizable at carbon electrodes and at these electrodes they can
be analyzed whereas cytosine should be investigated only at
mercury electrodes. Purine nucleobases have attracted more
attention of publication authors [12–14] and only few literature
positions were published on electrochemistry of pyrimidine
bases [15,16]. The number of guanine residues in oligonucle-
otide chain influenced both oxidation potential and peak current
at HMDE electrode [8]. Peak of guanine from decamer con-
taining four guanine residues was shifted about 20 mV to more
negative potentials compared to a chain with two guanine res-
idues. Signals of guanine and adenine are influenced by the
DNA structure and this property is useful in DNA damage
detection [5,9]. The determination of purine bases contents in
nucleic acids by square wave voltammetry (SWV) was used as a
method of the determination of nucleic acid concentration [14].
It was also found that at full mercury electrode coverage guanine
peak current reflects the content of guanine in the molecule [8].
Nowadays mainly solid electrodes are in use, the most popular
electrochemical transducers in biosensors are carbon electrodes
(carbon paste, glassy carbon, graphite) and majority of authors
perceive only that DNA oxidation at carbon electrodes is
associated with irreversible oxidation of guanine and adenine
[17,18]. According to some other reports thymine and cytosine
derivatives are electrochemically oxidized at carbon electrodes
but they give the response at high positive potentials, at high pH
values and only in specific conditions, i.e. with the use of
sonovoltammetry. Detection of pyrimidine bases was possible
only at their high concentration, 10 times higher than the purine
bases concentration [15,16,19]. However, using preconditioned
glassy carbon electrode the detection of equimolar concentration
of all DNA bases and all mononucleotides was achieved. Also
not exactly identified anodic peak attributed to pyrimidine
residue was obtained in differential pulse voltammogram [16].
Brooks and Richter [20] admitted that electrochemical oxidation
in DNA can occur at each of the four bases, however,
voltammetric methods do not result in resolution of the adenine
and thymine oxidation waves. They also assert that cytosine
oxidative wave can not be observed in aqueous solution.


Unfortunately, publications on relationships between elec-
trochemical signals on solid electrodes and base sequences of
poly- or oligonucleotides have appeared very rarely [8].


Facing some confusion over nucleic acid electrochemistry on
carbon electrodes we have investigated electrochemical re-
sponse of nucleic acid fragments of different composition at the
carbon paste electrode to try to explain their electroactivity and
structure/signal relationship. In order to estimate how the com-
position of nucleic acid chain influences the electrochemical
signal we have used simple synthetic single-stranded 15- and 19-
mer oligonucleotides, both homooligomers and heterooligo-
mers. Particularly, a contribution of pyrimidine bases present in
nucleic acid fragments in electrochemical signal drew our
special attention because electroactivity of thymine and cytosine
on solid electrodes is still questionable. Selectivity of the
electrochemical nucleic acid signal would allow to conclude
about their structure and give a chance to use electrochemical

methods for nucleic acid composition detection including the
detection of nucleic acid damage.


2. Experimental


The synthetic single-stranded oligonucleotides (Table 1)
were purchased from Institute of Biochemistry and Biophysics,
DNA Sequencing and Oligonucleotides Synthesis Laboratory,
Warsaw, Poland and from Tib Molbiol, Poznan, Poland.


Mononucleotides — guanosine-, adenosine-, thymidine-,
cytidine monophosphates (GMP, AMP, TMP, CMP), graphite
powder, mineral oil were from Sigma, USA. KCl, NaCl were
from Fluka, Switzerland. KH2PO4, Na2HPO4 were from Polskie
Odczynniki Chemiczne, Gliwice, Poland. All solutions were
prepared using deionized water.


Stock solutions of the single-stranded oligonucleotides and
monophosphate nucleosides at various concentrations between
0.01 and 100 μM were dissolved in PBS buffer, pH 7.4 until
shaken for 1 h and stored in a freezer for 24 h before use. PBS
buffer, pH 7.4 contained 140 mMNaCl, 2 mMKH2PO4, 10 mM
Na2HPO4, 2 mM KCl diluted in 1 L deionized water.


Electrochemical measurements were performed with a poten-
tiostat μAutolab with GPES, version 4.8 software (Eco Chemie
B.V., Utrecht, TheNetherlands). The experimental conditions for
electrochemical analysis were: the three electrode system con-
sisted of a carbon paste working electrode, Ag/AgCl reference
electrode and a platinum wire counter electrode. The carbon
paste was prepared by mixing graphite powder with mineral oil
with the ratio 70:30. The resulting paste was packed into Teflon
tube of 0.1 cm internal diameter. Electrical connection was
suppliedwith a copper wire. The surface of theworking electrode
was always renewed before use by removing outer layer of
carbon paste and polishing to a smoothed finish on a weighing
paper [21–23].


All electrochemical experiments were carried out using square
wave voltammetry. Experimental conditions were (unless other-
wise stated): frequency 100 Hz, amplitude 0.04 V, step potential
0.015 V. Three electrodes were immersed in 1 ml cylindrical cell.
Before each measurement the carbon paste electrode (CPE) was
activated by applying a potential of +1.6V for 2min in background







Fig. 1. Square wave voltammogram of 1.4 nM mononucleotides GMP, AMP,
TMP, CMP in PBS buffer, pH 7.4. Experimental conditions for SWV: scan range
from 0.5 to 1.7 V, frequency of 100 Hz, amplitude of 0.04 V, step potential of
0.015 V, scan rate 1.5 V/s.


Fig. 3. Square wave voltammogram of 124 mM TMP in the solution of gna
oligonucleotide (8 μM), PBS buffer, pH 7.4. Experimental conditions for SWV
as in Fig. 1.
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electrolyte— PBS buffer, pH 7.4. Then the oligonucleotides were
adsorbed on activated CPE by applying a potential of 0.5 V for
2 min in the stirred PBS buffer. The electrode was then rinsed in
blank PBS buffer for 30 s and SWV measurement was carried out
in the next cell in the same buffer.


The monophosphate nucleoside measurements were per-
formed on pretreated CPE directly in a buffered sample after
incubation for 5 min in PBS buffer, pH 7.4.


For the presentation of all experimental voltammograms
Origin, version 6.0 (Microcal Software) was used.


All measurements were done in a room temperature.
All potentials are referred to Ag/AgCl electrode.
All voltammograms are presented after base line correction.


3. Results


3.1. Electrochemical response of DNA mononucleotides (GMP,
AMP, TMP, CMP)


Guanosine, adenosine, thymidine and cytidine monopho-
sphates irreversibly oxidize on a carbon paste electrode to pro-

Fig. 2. pH dependence of electrochemical response of 1.4 mM TMP in PBS
buffer, pH 7.4 (–), acetate buffer, pH 4.7 (—) and HCl–KCl buffer, pH 2.15
(···). Experimental conditions for SWV: scan range from 0.5 to 1.7 V, frequency
of 100 Hz, amplitude of 0.04 V, step potential of 0.0015 V, scan rate 0.15 V/s.

duce catalytic waves in PBS buffer pH 7.4 at potentials ca 1.00,
1.28, 1.47 and 1.53 V, respectively (Fig. 1). Anodic peaks of
mononucleotides shift slightly with pH, i.e. they move to more
positive potentials when pH decreases. This is exemplified in Fig.
2 presenting electrochemistry of thymidine mononucleotide in
different buffers. Decrease of pH gives also a rise to diminish a
peak current of nucleotide, however, even at low pH (pH 2.15)
thymidine monophosphate exhibited distinct peak. There is no
data in the literature on a pH dependence of DNA mononucleo-
tides peak current, some reports on free bases are inconsistent.
Thymine peak obtained at the β-cyclodextrin modified electrode
disappeared at acidic pH (b5) [24] but at a glassy carbon electrode
it remained almost constant over pH range 3–10 [16]. Anyway, all
mononucleotides, not only purine but also pyrimidine derivatives
are electroactive on a carbon paste electrode, whereas guanosine
monophosphate exhibits the lowest potential and anodic potential
of CMP exceeds 1.5V.Anodic peak of thymidinemononucleotide
remains detectable also when mixed with some other DNA
fragments. Electrochemical response of thymidine monopho-
sphate added to the solution of 15-mer homoguanine oligomer in a
high concentration is very pronounced (Fig. 3), but it is not visible
in a solution of 15-mer homocytosine oligomer (not shown).
Anodic peaks of both pyrimidine moieties are localized in a short

Fig. 4. Electrochemical response of 15-mer 1.4 μM homooligomers of guanine,
adenine, thymine and cytosine in PBS buffer, pH 7.4. Experimental conditions
for SWV as in Fig. 1.







Fig. 5. Electrochemical response of 19-mer 1.8 μM heterooligomers “bar4a” in
PBS buffer, pH 7.4. The sequence of “bar4a” is shown in Table 1. Experimental
conditions for SWV as in Fig. 1.


Fig. 7. Electrochemical response of 15-mer 13 μM heterooligomers “btym”, in
PBS buffer, pH 7.4. The sequence of “btym” is shown in Table 1. Experimental
conditions for SWV as in Fig. 1.


491I. Stempkowska et al. / Bioelectrochemistry 70 (2007) 488–494

potential distance (ca 60mV, Fig. 1) and their discrimination is not
always possible. However, the presented results demonstrate that
both pyrimidine bases undergo oxidation on carbon paste
electrode contrary to some previous reports [9,22].


3.2. Electrochemical response of homooligomers


Homooligomers of all four DNA nucleobases present a
significant electrochemical response (Fig. 4). Anodic peaks of
purine and pyrimidine oligonucleotides were observed at
potentials almost identical to those obtained at an oxidation of
mononucleotides at carbon paste electrode. The presented data
confirm again electroactivity of all DNA nucleobases at carbon
paste electrode where respective anodic peaks can be observed
also when bases are coupled in homooligonucleotides.


3.3. Electrochemical response of heterooligomers


Electrochemical experiments were continued with some
synthetic heterooligomers. They were composed of 15 or 19
nucleotides, a number of particular nucleobases were differen-

Fig. 6. Electrochemical response of 15-mer 0.5 μM heterooligomers “tym2a”, in
PBS buffer, pH 7.4. The sequence of “tym2a” is shown in Table 1. Experimental
conditions for SWV as in Fig. 1.

tiated although in most oligonucleotides pyrimidine bases were
in majority (Table 1). The number of guanine varied from 1 to 7
whereas the number of thymine reached even 10. In any case
square wave voltammetry has not shown peaks of all four
nucleobases. When a contribution of all four nucleobases was
balanced an electrochemical response of oligonucleotide
yielded 2 anodic peaks associated with an oxidation of guanine
and adenine like as in DNAvoltammograms [1]. Fig. 5 presents
a typical example of square wave voltammogram of synthetic
oligonucleotide containing all four bases in similar amounts.


It was found that electrochemical response of thymine moiety
could be visible only when its contribution in oligonucleotide
chain draws near 50% of the total number of bases. Fig. 6
presents a square wave voltammogram of oligonucleotide
“tym2a” containing 7 thymine residues in the 15-mer oligomer
and this composition is sufficient to generate 3 anodic peaks that
can be attributed to guanine, adenine and thymine. The DNA
fragment “tym2a” contains also 3 residues of cytosine, but this is
not reflected in voltammogram. Cytosine hardly appears in
voltammograms, it reveals easier when thymine is lacking in
oligonucleotide chain (Fig. 7). Heteronucleotide “btym”

Fig. 8. Electrochemical response of 19-mer 75 μM heterooligomers “bar3”, in
PBS buffer, pH 7.4. The sequence of “bar3” is shown in Table 1. Experimental
conditions for SWV as in Fig. 1.







Fig. 9. Electrochemical response of 15-mer 13 μM heterooligomers “tym2” in
PBS buffer, pH 7.4. The sequence of “tym2” is shown in Table 1. Experimental
conditions for SWV as in Fig. 1.


Fig. 11. Guanine oxidation peaks in voltammograms of guanine homooligomer
(15-mer oligonucleotide “gna”) and heterooligomer (19-mer oligonucleotide
“bar4a) containing 6 guanine residues. Experimental conditions for SWV as in
Fig. 1.
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contains both 6 guanine and 6 adenine residues and also 3
cytosine residues and 0 thymine (oligonucleotides sequence in
Table 1). Anodic peak of cytosine is shifted here to less positive
potential, i.e. it appears at the potential inherent for thymine
residues. When the number of cytosine residues significantly
exceeded thymine contribution in DNA fragment, anodic peak
of cytosine was shown at the potential typical for cytosine and
the response of thymine was hardly visible (Fig. 8). Overlapping
of pyrimidine anodic peaks makes their identification difficult,
however, when the contents of a particular residue are sig-
nificant, suitable peak is obtained at the typical potential pos-
ition. It was reported that ssDNA gave at a glassy carbon
electrode apart from guanine and adenine oxidation peaks also a
third peak that was attributed to pyrimidine residues [16]. It is
now evidenced that both pyrimidinic residues can generate
separate peaks at carbon paste electrode provided that they are
present in oligonucleotide in a significant number or only one
pyrimidine is present in oligonucleotide.


It is well known that guanine is the easiest oxidized nucleobase
[2,4,9]. This was also confirmed in the presented experiments.
Even one guanine residue gave rise to a distinct anodic peak at ca

Fig. 10. Effect of oligonucleotide (“tym2a”) concentration on guanine peak
potential. Oligonucleotide concentrations: 0.025, 0.50, 10.00 and 100.00 μM.
Experimental conditions for SWV as in Fig. 1.

1.00 V and this was exemplified on Fig. 9 presenting
voltammogram of oligonucleotide “tym2” containing one gua-
nine, also one adenine, ten thymine and three cytosine residues.


The lowest electrochemical response of guanine in synthetic
oligonucleotides was detected at the sample concentration
12.5 nM. At this concentration only guanine peak was present in
voltammograms and the lowest oligonucleotide concentration
detected by thymine peak was 90 nM. The oxidation potential
of guanine was slightly dependent on oligonucleotide concen-
tration. Guanine anodic peak from oligonucleotide “tym2a”
moved from +0.979 V to +1.024 V, i.e. 45 mV when nucleotide
concentration increased from 0.5 to 100 μM (Fig. 10).
Tomschik et al. [8] observed a shift of a guanine peak potential
at a hanging mercury drop electrode to more negative potentials
with an increase of guanine residues number in oligonucleotide.
Some shifts of guanine peak potential in oligonucleotides of
different compositions were also observed in our research.
Guanine homooligomer (“gna”) produced guanine peak at the
potential of 0.979 V, whereas guanine oxidation peak in

Fig. 12. Alteration of electrochemical response of pyrimidinic bases as a result
of removing adenine from oligonucleotides. (—) tym3 (containing 1 adenine
residue). (–) tym5 (devoid of adenine). Concentrations 2 μM. Experimental
conditions for SWV as in Fig. 1.







493I. Stempkowska et al. / Bioelectrochemistry 70 (2007) 488–494

heterooligomer “bar4a” (19 bases, 6 guanine residues) was
observed at 1.009 V (Fig. 11). Some changes in guanine peak
potential were observed also in voltammograms of all
investigated synthetic oligonucleotides. It is difficult to say
definitely whether guanine peak potential is moving with
guanine content in the molecule and its concentration on the
electrode surface or a structure of oligomer that make guanine
oxidation easier or more difficult. It seems anyway that guanine
peak is reflecting sequence composition, i.e. guanine oxidation
potential is influenced by a sequence of investigated oligonu-
cleotide. The results presented above evidenced that the pre-
sence of some particular bases in oligonucleotide and their
number influences electrochemical response of other bases (re-
lation of T and C, Figs. 7 and 8).


Removing adenine from oligonucleotide chain “tym3” en-
hanced a cytosine peak in oligonucleotide “tym5” as it is shown
in voltammogram in Fig. 12. However, the presence of adenine
in oligonucleotide “tym3” is not reflected in voltammogram.
Adenine presenting slightly lower oxidation potential than
guanine gave usually an anodic peak in most of the investigated
oligomers, however, the peak was not always visible when
oligonucleotide contained only one residue of adenine. This was
observed in oligonucleotide “tym3” shown in Fig. 12.


The presented results show that electroactivity of DNA
fragment is dependent on its composition. The electrochemical
signal of a particular base is sensitive to its environment. It
means that a damage in DNA fragment is reflected in its electro-
chemical response.


4. Conclusions


The data presented in this work evidenced clearly that all DNA
bases are electroactive and give a pronounced electrochemical
response on a carbon paste electrode both as nucleoside mono-
phosphates and asmonomers in oligonucleotide chains. However,
only guanine and to some extent adenine give always distinct
responses at the electrode even at the lowest contribution in an
oligonucleotide chain. Guanine anodic peak is present in volta-
mmogram even at one guanine moiety in oligonucleotide chain.
The presence of both pyrimidine moieties is reflected in volta-
mmogram providing their significant contribution in oligonucle-
otide chain. Thymine gave an electrochemical signal only when
its number reached almost 50% of all bases. Cytosine competes
with thymine and gives a response easier when thymine is lacking
or when it significantly exceeds a number of the second
pyrimidine base in a chain. Both pyrimidine moieties reveal
peaks easier when adenine is not present in oligonucleotide chain.


Guanine anodic peak is sensitive to both the concentration of
oligonucleotide sample and to its composition.


The presented data confirm that electrochemical oxidation of
deoxyribonucleic acid can occur not only at guanine but also at
adenine and both pyrimidine bases. Electroactivity of all DNA
bases can be monitored at a carbon paste electrode by a square
wave voltammetry. Using this experimental protocol a mech-
anism of oxidative damage of all DNA constituents can be
traced. Up to now oxidative damage of DNA induced by any
physical or chemical interactions has been monitored only on

guanine, the easiest oxidized DNA base whereas a damage or
mutation can occur also on both pyrimidine bases. Also detec-
tion of pyrimidine damaging agents and a type of damage is
possible with the presented procedure embracing the use of
DNA fragment of high pyrimidine contribution.


Further intensive study of electrochemical properties of
nucleotides and nucleic acids is requested as it is a source of
good knowledge useful inDNAanalyses but also in understanding
some nucleic acid behaviours including interactions between
nucleic acids and different charged surfaces. The determinations of
relationships between poly- or oligonucleotide sequences or
sequencemutations and their electrochemical response are of basic
meaning for DNA analyses useful both in a basic research and in
DNA-based biosensing applied in different fields. Oligonucleo-
tides presenting thymine and cytosine peaks in voltammograms
can be very useful inDNA analysis to monitor interaction between
deoxyribonucleic acids and some compounds specifically reacting
with pyrimidinic residues like for example quercetin [25].


Contrary to expectations there are still a lot of issues that need
to be clarified to understand electrochemical and electronic
properties of DNA and therefore intensive studies are required to
explain DNA behaviour. Some of these still unsolved problems
present a significant meaning for molecular biology for example
the question if DNA is insulator, semiconductor, conductor, and
even a superconductor [26].
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Abstract


The electrochemical reduction of coenzyme CoQ10 and CoQ0 on glassy carbon (GC) has been investigated in mixed solvent containing 80 vol.
% acetic acid and 20 vol.% acetonitrile. A combination of cyclic voltammetry (CV) and rotating disk electrode technique (RDE) was employed to
elucidate the mechanism of electrode processes. The results obtained were interpreted in terms of an ErEq mechanism involving the inverted
ordering of formal potentials, i.e. E2


0′NE1
0′. The cathodic processes of both compounds consist of two successive one-electron one-proton steps,


whereas the second electron transfer is thermodynamically more facile than the first. The processes occur with the generation of unstable
semiquinone radicals as primary products. The results presented can help in explanation of the biochemical properties of CoQ10 in the living cell.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Coenzyme Q (CoQn) is the most popular redox-active
quinone derivative with a variable number of isoprene units (n),
ranging from zero to twelve (Fig. 1).


In long lived mammals, the predominant homologue is
CoQ10 (ubiquinone, ubidecarenone) which fulfils several
biological functions in a living cell. It participates in electron
and proton transport and ATP synthesis in the mitochondrial
respiratory chain [1]. The overall reduction process in the
proton-containing medium occurs as follows:


CoQ10 þ Hþ þ e⇄CoQ10H
• ð1aÞ


CoQ10H
• þ Hþ þ e⇄CoQ10H2 ð1bÞ


In this process, ubiquinone is reduced to ubiquinole
(CoQ10H2) via semiubiquinone radical. Coenzyme Q10 is situ-
ated in the central hydrophobic part of cellular membranes, i.e.

⁎ Tel./fax: +48 41 349 70 44.
E-mail address: smich@pu.kielce.pl.
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between the double layers of phospholipid fatty acids [2]. This
allows the membranes to keep their structures in good condition
and prevents several compounds and ions (eg. H2O, K


+ or Mg2+)
from getting out of the cell [3]. CoQ10H2, the fully reduced form
of coenzyme Q10, exists in relatively high concentrations in
mitochondria and cellular membranes [2,4]. It reveals an anti-
oxidant activity as scavengers of reactive oxygen species or lipid
radicals, enhances the antioxidative effect of α-tocopherol by
regenerating it from its oxidized form— α-tocopheroxyl radical
[2,5–11], and thus protects cells against peroxidative damage.
However, the antioxidative activity of CoQ10H2 was found to be
lower in comparison to that of vitamin E [5,6,11]. Semiubiqui-
none may also interact with oxygen and generate superoxide
anion. This suggests that the CoQ10/CoQ10H


• redox couple may
exert both antioxidant and prooxidant effects depending on the
concentrations of the oxidized and semireduced forms of
coenzyme Q10, as well as molecular oxygen and superoxide [6].


Great importance of CoQ10 and its homologues in bio-
chemistry causes that the electrochemical properties of these
compounds have been widely investigated. Because of the
strong hydrophobility of coenzyme Q10, its electrochemical
investigations were performed mainly from adsorbed layers in
aqueous solutions (biphase electrochemistry) using pyrolytic
graphite [12,13], glassy carbon [14], carbon-paste [15] and
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Fig. 1. Molecular structure of coenzymes Q (n ranging from 0 to 12).
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mercury electrodes [16–18]. The authors proved that the mech-
anism of the cathodic reduction of CoQ strongly depends on
pH. The present process occurs in two stages according to Eqs.
(1a) and (1b) in acidic, neutral and weak alkaline solutions, and,
moreover, is irreversible. As opposed to that, only one-stage
two-electron reversible reduction was observed in strong
alkaline medium [12,13]. According to Gordillo and Schiffrin
[16] who investigated the electrochemical properties of CoQ10


adsorbed on mercury in contact with aqueous electrolytes
at pHb12, a two-electron two-proton process occurs with
CoQ10H


• as a primary product. This radical is unstable and
undergo disproportionation reaction with Kdisp=10


14. For
pHN12, the products of the reduction of ubiquinone are
charged species, i.e. CoQ10H


− and CoQ10
2−. The authors


estimated the formal potentials of the CoQ10/CoQ10H
• and


CoQ10H
•/CoQ10H2 (at −0.157 and 0.710 V vs. SCE, respec-


tively). The authors stated, that the electrode process is re-
versible at low sweep rates and high values of pH. In acidic
solutions the electrode reaction is less reversible. Electroreduc-
tion of CoQ10 incorporated in a self-assembled monolayer of
dioleoylphosphatidylcholine (DOPC) deposited on a mercury
electrode was investigated by Moncelli et al. [17] by chrono-
coulometric technique in phosphate and borate buffers over the
pH range from 7 to 9.5. This model is very important, because it
can explain the electron-and proton-transfering properties of the
CoQ10 in biological membranes. The reduction of this com-
pound to CoQ10H2 in DOPC monolayers take place via the
reversible uptake of one electron with formation of semi-
ubiquinone radical anion CoQ10


•− followed by the rate deter-
mining protonation of this anion with CoQ10H


• formation. This
neutral radical is more easily reduced than CoQ10 yielding the
ubiquinol. The investigations of CoQ10 reduction to CoQ10H2


were carried out by Moncelli et al. [18] at the same electrode by
cyclic voltammetry and confirmed the conclusions drawn from
chronocoulometric measurements [17]. The overall electrode
process was regarded as consisting of series of consecutive
electron-transfer and chemical steps. The chemical steps are
protonation of the radical anion CoQ10


•− by hydrogen ions
in CoQ 10 reduction and deprotonation of the radical cation
CoQ10H2


•+ in CoQ10H2 oxidation by hydroxyl ions with for-
mation of the CoQ10H


• neutral radical which is instantaneously
oxidized to CoQ10. These chemical reactions are rate determin-
ing steps in the overall process.


In organic solvents, such as methanol [19], acetonitrile
[20,21], dimethylphormamide (DMF) and dimethylsulphoxide
(DMSO) [22], coenzymes Q undergo two successive one-

electron reductions to form radical anions and dianions [20,21].
If proton donors are present in aprotic solvents, then the electron
transfers are followed by the homogenous protonation reactions
[20,21].


Until now, the electrochemical behaviour of CoQ10 was not
widely investigated in organic solvents of acidic properties.
Literature data concerning the electrode reactions of ubiqui-
nones in the presence of acetic acid have rather qualititative
character and relate to CoQ6 but not to CoQ10 [21]. The aim of
this work is to investigate the electrochemical properties of
CoQ10 and CoQ0 in acetic acid solutions using cyclic voltam-
metry at glassy carbon (GC) electrodes. CoQ0 was applied for
comparison as a water soluble homologue of CoQ10. Acetic acid
exhibits an ability to dissolve both hydrophobic organic com-
pounds and their matrix (e.g. vegetable oils) as well as necessary
supporting electrolyte. This solvent can denature peptides and
therefore, one of many components of matrix can be removed
from the analyzed sample. This procedure can facilitate quan-
titative analysis of coenzyme Q10 in real samples. This paper is a
logical starting point for the development of a new simple
voltammetric method for the determination of CoQ10 in phar-
maceutical dosage forms. In our recent works acetic acid was
employed as a medium to investigate the anodic oxidation of
tocopherols [23], synthetic antioxidants such as BHQ, BHA and
BHT [24] and to the voltammetric determination of α-toco-
pheryl acetate in pharmaceutical dosage forms [25]. On the other
hand, acetic acid exhibits a low dielectric constant (ε=6.15 at
25 °C [26]), which results in a small degree of dissociation of
electrolytes. This exerts a disadvantageous influence on the IR
potential. However, the electric conductivity can be enhanced to
some extent by the addition of acetonitrile (ε=37.5 [26]) and
by the use of reasonably high concentration of supporting
electrolyte.


2. Experimental


2.1. Reagents


Chemicals used were coenzyme Q10 (CoQ10) pract., N98%,
coenzyme Q0 (CoQ0) pract., N99% (each Sigma–Aldrich),
sodium acetate, CH3COONa, anhydrous, fractopur (Merck).
Acetic acid p.a. ACS, indifferent against chromic acid (Merck)
and acetonitrile (AN) p.a. anhydride (Merck) were employed as
solvents in all electrochemical experiments.


All freshly prepared solutions were kept in the dark and cool.
Test solutions were deoxygenated before voltammetric mea-
surements by ultrasonication and then by purging with a stream
of solvent-saturated argon of high purity (N99.99%).


2.2. Apparatus


Voltammetric experiments were carried out with a three-
electrode cell in which a glassy carbon (GC) electrode of 1 mm
in diameter, A=7.85×10−3 cm2 (Mineral, Warsaw) and a plati-
num wire were used as a working electrode and a counter
electrode, respectively. Some experiments were performed with
a home made rotating disk glassy carbon electrode, GC-RDE,
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(A=0.287 cm2). All potentials were measured and reported
against the external silver chloride reference electrode with 1 M
NaCl solution, which exhibits potential 22 mV more positive
than the saturated calomel electrode with KCl solution. The
reference electrode was isolated from the test solution by a frit
of Vicor Glass. The surface of the working electrodes were
polished on fine emery paper, and then with 0.3 μm alumina
powder slurry on a polishing cloth. Finally, the electrodes were
rinsed with water and dried before use.


All voltammetric experiments were performed using a
Model EA9C electrochemical analyzer (Entech, Cracow) and
controlled via Pentium computer using software EAGRAPH
Version 4.0.


Electrochemical measurements were carried out at room
temperature (25±1 °C).


Digital simulations were performed with DigiSim program
(Bioanalytical Systems), version 3.03.


3. Results and discussion


Cathodic reduction of coenzyme Q10 was studied using the
technique of cyclic potential-sweep voltammetry (CV). A 0.5 M
sodium acetate was used as a supporting electrolyte. Such
relatively high concentration of salt was needed to increase the
electric conductivity of solutions and thus to diminish IR. The
addition of acetonitrile (20 vol.%) to acetic acid was used for the
same reason. The presence of AN in the solutions caused a
considerable increase in specific conductivity compared with
acetic acid (from 0.184 to 0.974 mS cm−1). Preliminary tests
showed that this solvent does not change the course of cyclic
voltammetric curves for CoQ10 and CoQ0. Fig. 2 presents
typical CV curves recorded in the presence of the compounds
and for supporting electrolyte alone.

Fig. 2. Cyclic voltammetric curves obtained at GC electrode in acetic acid
containing 0.5 mM CoQ10 or CoQ0, 20% AN (v/v) and 0.5 M CH3COONa.
Dashed lines are residuals currents. Scan rate 50 mV s−1. The potential scan
started at 1200 mV in negative direction.

As can be seen, the single-stage reduction of CoQ10 and
CoQ0 on GC takes place, which results in a well-shaped peak C
at the potential of about −50 mV. When the direction of po-
larization was reversed, one anodic peak A is observed. This
well-shaped peak is situated at the potential of about 400 mV. A
similar course of CV curves for both compounds confirms the
earlier observations that the length of the side chain exerts no
influence on the mechanism of the electrode process [12]. The
considerably higher current of the reduction of CoQ0 compared
with that of CoQ10 results from a higher diffusion coefficient,
which is consequently caused by the absence of a long side
chain in the molecule (Fig. 1). It should be stressed that very
good reproducibility of successively recorded curves was ob-
served. A similar shape of curves was observed by Cauquis and
Marbach [21] while investigating the reduction of coenzyme Q6


in acetonitrile containing small quantities of water or acetic
acid. They attributed the cathodic peak to the two-electron
reduction of the coenzyme accompanied by the reaction of
radical anion protonation (ECE mechanism). During the anodic
polarization only one wide peak of the oxidation of anion QH−,
which is the final product of the reduction, was observed.
Nevertheless, the authors did not give explicit evidence to
confirm the mechanism proposed.


The heights of all peaks considered increase with an increase
in the potential scan rate, ν (Fig. 3A). Moreover, the cathodic
peak potential, Epc, shifts negative with the increase of ν,
whereas the anodic peak A shifts in oppositive direction.


The dependence of the cathodic peak current, Ipc, on ν1/2 is
linear only for low ν, below 100 mV s−1 (Fig. 3B). A deviation
from the linearity is observed above this value. The nature of the
dependence Ip= f(ν


1/2) shows that the cathodic process ap-
proaches the reversible one at small ν. Similar results were
obtained during the reduction of CoQ0.


Judging from Fig. 3, the current of anodic peak, A is con-
siderably smaller than those of cathodic one, thus indicating that
reduction product of CoQ10 can participate in the successive
homogenous reaction. It is to note that Ipa/Ipc ratio increases
with the increasing potential scan rate and thus the chemical
reaction occurs shorter.


CV curves recorded with different turn back potentials Eλ


(Fig. 4) can provide useful information on the mechanism of
CoQ10 reduction. As seen in this figure, the height of the peak A
increases with the increase of reduction time. Irrespective of the
Eλ value, the anodic peak is considerably lower than its ca-
thodic counterpart. This fact indicates that the primary product
of the electron-transfer is chemically unstable and undergoes a
follow-up heterogenous reaction, likely a disproportionation
one.


In order to determine the number of electrons involved in
the reduction of ubiquinone, napp, the method based on the
analysis of changes in the limiting current, IL/A, during the
electrolysis at the constant potential on the rotating disc
electrode of glassy carbon (GC-RDE) was used. To shorten the
time of electrolysis, the electrode of large surface (0.287 cm2)
was used. The current of the reduction of CoQ10 and CoQ0


was recorded at the constant potential −300 mV that corre-
sponds to the limiting currents of the reduction of these







Fig. 4. Cyclic voltammetric curves obtained on GC electrode in solutions
containing 0.5 mM CoQ10. Other components of the solutions as in Fig. 2.
Directions of electrode polarization were reversed from cathodic to anodic at
potentials Eλ: −400, −300, −200, −50 and 50 mV. Scan rate 100 mV s−1.


Fig. 3. (A) Cyclic voltammetric curves obtained at GC electrode in solutions
containing 0.5 mM CoQ10 at different scan rates: a) 10, b) 20, c) 50 and
d) 100 mV s−1. Other components of the test solutions as in Fig. 2. (B) Rela-
tionship between cathodic (C) and anodic (A) peak currents (Ip) and square root
of scan rate, ν1/2.


Fig. 5. Semi-logarithmic plots of the limiting currents against time during the
cathodic reduction of 0.2 mM CoQ10 and CoQ0 at a GC-RDE in CH3COOH and
AN (20% v/v) mixture containing 0.5 M CH3COONa. Limiting currents were
measured at −300 mV vs Ag/AgCl. Rotation frequency 8 Hz; solution volume
15 ml.
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compounds. The results obtained were analysed using the
following dependence [27]:


logðIL=AÞ ¼ logðIL;0=AÞ−IL;0t½2:303 nappFVc0�−1 ð2Þ


where IL,0/A is the initial limiting current at bulk concentration
c0/M, F is Faraday constant, V/l is the volume of the solution and
t/s denote the time of electrolysis. Curves of the dependence of
log(IL/A) on time for the reduction of CoQ10 and CoQ0 are
shown in Fig. 5. According to the Eq. (2), slopes of the curves
obtained are inversely proportional to the number of electrons
involved, napp and are 2.2 and 2.1, respectively for the reduction
of CoQ10 and CoQ0. It is to note that napp does not significantly

deviate from the ideal value of 2. This indicates that the cathodic
peak C may be attributed to the two-electron reduction of the
coenzymes.


In order to elucidate an exact mechanism of the electrode
process, digital simulations were performed with DigiSim
program. The voltammetric and amperometric data obtained
for the CoQ10 reduction can be rationalized under assumption
that the electrode process consist of two one-electron transfer
reactions and occurs with the inversion of formal potentials
[28–31]. The potential inversion takes place when the intro-
duction of the first electron occurs at potentials more negative







Fig. 6. Experimental (line) and simulated (circles) cyclic voltammograms of
0.5 mM CoQ10 in acetic acid+acetonitrile (20%, v/v) mixed solvent containing
0.5 M CH3COONa. Potential scan rate 100 mV s−1. The experimental curve was
obtained upon substracting the residual current from the corresponding current
in the presence of CoQ10.
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of that of the second electron transfer reaction, i.e. E1
0′bE2


0′.
Under these circumstances, only a single cathodic peak, C,
situated on the potential axis between the two formal potentials
is observed during the negative-going potential scan [31]. Its
height and shape are consistent with an overall two-electron
reaction. On the other hand, the kinetics of the electron transfer
reactions can exert a significant effect on the current response.
Voltammograms presented in Fig. 3A correspond to the case
when addition of the second electron occurs relatively sluggish
[31].


A voltammogram (line) of 0.5 mM CoQ10 at 100 mV s−1 is
shown in Fig. 6 along with simulation (circles) according to the
ErEq mechanism. The experimental curve was obtained upon
substracting the residual current from the corresponding current
in the presence of CoQ10.


The redox potentials, the standard electron transfer rate
constants and the diffusion coefficients were optimized as
follows:


E0 V


1 ¼ −15 mV; ks1 ¼ 1 cm s−1; a ¼ 0:5;D ¼ 2� 10−6cm2 s−1;


E0 V


2 ¼ 150 mV; ks2 ¼ 7� 10−5 cm s−1; a ¼ 0:5:


Due to similarity in size of the electrode reagents, their
diffusion coefficients, D were considered to be equal. As seen
in this figure, a good fit between the simulated and experimental
data (background subtracted) was obtained. Considering the
results presented, two electrons can be assumed to take part in
the cathodic reduction as follows:


CoQ þ e− þ HAc⇄CoQH• þ Ac−ðE0
1′; ks1Þ ð3Þ


CoQH• þ e− þ HAc⇄CoQH2 þ Ac−ðE0′
2 ; ks2Þ ð4Þ

CoQ is an oxidized form of coenzyme Q10 or Q0, and HAc
denotes acetic acid. The semiubiquinone radical produced in the
reaction (3) undergoes electrochemical disproportionation:


2CoQH•→CoQ þ CoQH2 ð5Þ
The electrochemical disproportionation constant [28]:


Kdisp ¼ ½CoQ�½CoQH2�=½CoQH•�2 ð6Þ
was calculated using the formula:


ln Kdisp ¼ ðF=RTÞðE0 V


2 −E
0 V


1 Þ ð7Þ
to give a value of Kdisp=9.1 (±0.5)×10


2. The probability of the
participation of the disproportionation of the primary product of
two-electron reduction of coenzyme Q in the presence of proton
donors is confirmed by the literature data [6]. It also
accompanies the cathodic reduction of 1,4-benzoquinone in
acidified solutions of acetonitrile [32] and CoQ10 at pHb12 in
aqueous solutions [16].

4. Conclusions


The results presented show that the cathodic processes of
coenzymes Q10 and Q0 on a glassy carbon electrode in acetic acid
are two consecutive one-electron one-proton reductions giving
unstable semiquinone radicals (CoQH•) as primary products
(ErEq mechanism coupled with protonation reaction). The
existence of these radicals as a primary products of reduction of
CoQ10 was confirmed by Gordillo and Schiffrin [16] in aqueous
electrolytes at pHb12. Similar courses of CV curves for CoQ10


and CoQ0 indicate that the length of the side chain exerting no
influence on the mechanism of the electrode process. Within the
range of small scan rates of the potential, this process is reversible.
Electrode reactions occur with the potential inversion i.e.
E1


0′bE2
0′, which means that the second electron transfer is


thermodynamically more facile than the first. Nevertheless, the
kinetics of the second electron transfer is relatively sluggish.
Consequently, semiquinone radicals can undergo the electro-
chemical disproportionation. This reaction results in a decrease of
the anodic peak in comparison to the cathodic one. Possibility of
appearance of this process at pHb12 in aqueous solutions
confirm the results obtained by Gordillo and Schiffrin [16]. The
proposed mechanism of electrode reaction with CoQ10 and CoQ0


is in good agreement with that obtained from adsorbed layers in
aqueous solutions [16–18]. Similar CV behaviour of CoQ6 were
observed by Cauquis and Marbach [21] in acetonitrile containing
small quantities of water or acetic acid. They attributed the
cathodic peak to the two-electron reduction of the coenzyme
accompanied by protonation of the radical anion (ECE
mechanism). During the anodic scan one wide peak of the
oxidation of anion QH−, the final product of the reduction, was
observed. However, the authors did not give any explicit evidence
of the mechanism proposed.


The results presented show, that mixture of acetic acid and
acetonitrile can be a good medium for voltammetric determi-
nation of CoQ10 in pharmaceutical dosage forms.
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Abstract


In vivo cell electroporation is the basis of DNA electrotransfer, an efficient method for non-viral gene therapy using naked DNA. The electric
pulses have two roles, to permeabilize the target cell plasma membrane and to transport the DNA towards or across the permeabilized membrane by
electrophoresis. For efficient electrotransfer, reversible undamaging target cell permeabilization is mandatory. We report the possibility to monitor in
vivo cell electroporation during pulse delivery, and to adjust the electric field strength on real time, within a few microseconds after the beginning of
the pulse, to ensure efficacy and safety of the procedure. A control algorithm was elaborated, implemented in a prototype device and tested in
luciferase gene electrotransfer to mice muscles. Controlled pulses resulted in protection of the tissue and high levels of luciferase in gene transfer
experiments where uncorrected excessive applied voltages lead to intense muscle damage and consecutive loss of luciferase gene expression.
© 2006 Elsevier B.V. All rights reserved.

Keywords: DNA electrotransfer; Gene therapy; Electropermeabilization; Electroporation; Electrochemotherapy; Finite element modeling

1. Introduction


Biotechnological and biomedical applications of in vivo deli-
very of short high voltage pulses, like in vivo DNA electro-
transfer, also termed electrogenetherapy, are rapidly developing
[1–5]. For efficient in vivo gene transfer, it is necessary to inject
DNA into the tissue and to achieve cell plasma membrane per-
meabilization [6]. Increased membrane permeability results from
supraphysiological transmembrane voltages induced by external
electric pulses [7–9]. Mechanisms of DNA electrotransfer in vivo
have recently been described [6,10]. The two key steps are the
permeabilization of the target cells plasma membrane by electro-
poration and the electrophoresis of the DNA within the tissue.
These two effects can be obtained separately using the appropriate
sequence of electric pulses: short (100 μs) square-wave high
voltage pulses (HV) that permeabilize the cells without subs-
tantial DNA transport to the cells and long (100 ms) low voltage
pulses (LV), that are instrumental in facilitating the DNA transfer
into the cells [6]. Even though gene transfer efficacy, measured by

⁎ Corresponding author. Tel.: +33 1 42114792; fax: +33 1 42115276.
E-mail address: luismir@igr.fr (L.M. Mir).
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gene expression level, depends on the characteristics of the elec-
trophoretic long low voltage pulse, target cell permeabilization is
mandatory for efficient gene transfer. Moreover, for a safe gene
transfer, electropermeabilization, also termed electroporation,
must be reversible, that is not excessive, in order to avoid per-
manent cell damage. Optimal parameters for in vivo electropora-
tion can be determined using in vivo tests for cell permeabilization
[11] after the pulse, like the one based on 51Cr-EDTAuptake [12],
and by using mathematical modeling to determine electric field
distribution [13,14]. However, it would be much better to control
cell permeabilization during the pulse delivery in order to ascer-
tain that (reversible) cell permeabilization will be actually achie-
ved at the end of the pulse, as well as to prevent excessive
(irreversible) permeabilization [11,13,15]. Real time control of
electroporation appears thus critical for this non-viral gene trans-
fection method that has many advantages with respect to viral
methods.


Here, we report that in vivo electroporation can be precisely
computer-controlled to ascertain that permeabilization will be
achieved at the end of the pulse, while at the same time permanent
cell damage is prevented. We demonstrate that the temporal
progression of tissue electroporation can be detected in real time



mailto:luismir@igr.fr

http://dx.doi.org/10.1016/j.bioelechem.2006.11.001





502 D. Cukjati et al. / Bioelectrochemistry 70 (2007) 501–507

at the beginning of the pulse on the basis of current and voltage
measurements made during pulse delivery to tissues. Then,
adjustment of the pulse voltage in real time ensures cellmembrane
reversible permeabilization, which is necessary for efficient in
vivo DNA electrotransfer. Using optimized LV parameters, real
time control of HV, as reported here, results then in safe and
efficient gene transfer.


2. Materials and methods


Female Wistar rats (Janvier) were handled according to
recommended good practices [16] and institutional ethics rules
for animal experimentation. They were anesthetized by means
of the intraperitoneal administration of Ketamine (100 mg/kg;
Panpharma) and Xylazine (10 mg/kg; Bayer). Pulses were
directly delivered to rat skeletal muscle and liver through two
plate electrodes placed as shown in Fig. 1a. Plate electrodes
consisted of two parallel metal plates, separated by 5.7 mm for
skeletal muscles and by 4.4 mm for liver. One experiment per
rat extremity (triceps brachii muscle of the hind limb and
gastrocnemius medialismuscle of the forelimb) was performed.
Liver tissue was accessed by midventral incision in the
abdominal wall which was sewed up after pulses application.
To parallel the liver treatment, electrodes were applied directly
on the skeletal muscles after incision of the skin in the back part
of the limb. Four separate sites were exposed to the electric
pulses in each rat liver. Good contact between the electrodes and
tissue was assured by a conductive gel (EKO-GEL, Egna).


In experiments reported in Figs. 2 and 3, 8 square-wave
pulses of 100 μs duration were delivered at a repetition
frequency of 1 Hz by a PS 15 electropulsator (Jouan). Rise time
of the pulses was 0.6 to 2.1 μs while fall time was 2 μs. High
voltage probe PK 2 kV (LeCroy), coil wide band current
transformer model 5124 (Pearson Electronics) and digital

Fig. 1. Electrode positioning and electric field strength distribution. (a) Electrode po
animals are lying on the back for the surgical access to the liver). (b) Estimated e
presented in cross sections of muscle and liver tissues between the two plate electrod
electrode distance (d) ratio.

oscilloscope (Waverunner, LeCroy) were used to measure
store voltage and current for 200 μs after the beginning of each
of the eight pulses with sampling rate between 25 and
100 MSamples/s (Fig. 2a). Each current sample was divided
by the corresponding voltage sample to yield conductance (g=I/
U). Conductance was defined only when voltage was nonzero
(Fig. 2b). For muscle, amplitude of the voltage pulses was
varied from 50 to 320 V and for liver from 50 to 550 V.


The electric field strength in the tissue was estimated using a
finite element numerical model of the electric field distribution
in muscle and liver (Fig. 1b) that we have previously validated
in experiments in rabbit liver [13]. Electric field strength
calculations were made with a commercial program (EMAS,
Ansoft, USA) [17].


200 μl of 51Cr-EDTA (Amersham) with a specific activity of
3.7 MBq/ml were injected intravenously, 5 or 4 min before the
electric pulses delivery to muscle or liver respectively. The
injected 51Cr-EDTA distributes freely in the vascular and
extracellular compartments, but does not enter the intracellular
compartments unless access is provided, e.g. by electroporation.
Animals were sacrificed 24 h after 51Cr-EDTA injection.
Tissues exposed to electric pulses were taken out, weighed and
counted in a Cobra 5002 gammacounter (Packard Instruments).
The net 51Cr-EDTA uptake as a result of electropermeabiliza-
tion was calculated as the measured activity (converted to
nanomoles of 51Cr-EDTA) per gram of the tissue exposed to the
electric pulses. 51Cr-EDTA uptakes were used to calculate mean
values of uptake (± SEM) as a function of the ratio of the
applied voltage to electrodes distance, in the rat skeletal muscle
and in liver. Solid (muscle), dashed (liver) and dotted (muscle,
transcutaneous pulses) lines in Fig. 3a present linear regressions
to field intensities corresponding to low uptake values,
increasing uptake values, and decreasing uptake values. Electric
field strength threshold values of reversible and irreversible

sitioning in rat skeletal muscle and liver (left lobe appears on the right side as
lectric field strength distributions calculated by the finite elements method are
es. Electric field strength (E) is reported as percent of the applied voltage (U) to







Fig. 2. Electrical properties of tissues during the pulse. (a) Voltage and current
traces for below reversible (dashed line) and reversible electroporation settings
(solid line). (b) Conductance (g=I/U) of muscle and liver tissue during the pulse.
The electric field strength reported is the ratio of the applied voltage to
electrodes distance (U/d).


Fig. 3. Reversible and irreversible electric field strength threshold values and
parameters for detection of tissue permeabilization. (a) Mean values of 51Cr-
EDTA uptake (±SEM) as a function of electric field strength (E) reported as ratio
of the applied voltage (U) to electrodes distance (d), in the rat skeletal muscle
without the skin (closed circles) and liver (open circles). The 51Cr-EDTA uptake
results for the rat skeletal muscle with the skin are presented with closed squares.
The reversible electroporation range is graphically displayed in each of the
panels, respectively, for the liver and the rat muscle without the skin. Each
current sample was divided by the corresponding voltage sample to yield
conductance (g=I/U). Parameters for detection of tissue permeabilization are:
(b) time elapsed from pulse beginning to minimal conductance as a function of
electric field strength, for rat muscle and liver. (c) Conductance maximal slope
versus time. (d) Conductance change during the pulse (same symbols).
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electroporation were determined as the field intensities
corresponding to intersections of consecutive linear regressions.


For the demonstration of the efficacy of the proposed algo-
rithm for real time electroporation control (Fig. 4) appropriate
software was developed and installed in a Cliniporator™ (IGEA)
instrument that was then used to deliver voltage pulses (amplitude
600 V and duration 100 μs) to rabbit skeletal muscle ex-vivo
through two plate electrodes. The Cliniporator™ not only
delivers pulses but it also measures current and voltage during
the pulsewith sampling rate 10MSamples/s aswell as it processes
measured data in real time. The same instrument was then used in
DNA electrotransfer demonstration.


pCMV-Luc+ plasmid containing the cytomegalovirus
(CMV) promoter of pcDNA3 (nucleotides 229–890, Invitro-
gen) inserted upstream of the coding sequence of the firefly
luciferase (photinus pyralis) of the pGL2-Basic Vector plasmid
(pGL2-Basic Vector, Cat. E1641, Promega) was prepared using
the EndoFree Plasmid Giga Kit (QIAGEN). 10 μg of plasmid in

20 μl of PBS were locally injected in the tibial cranial muscle of
anesthetized Swiss male mice 10 to 11 weeks old. Using plate
electrodes of 5 mm distance, the following transcutaneous
electric pulses were delivered using the Cliniporator™: one
pulse of 100 μs duration and amplitude 900 V (reduced by
algorithm to 460 V) followed by one pulse of 400 ms and 40 V
(80 V/cm) [6]. Mice were sacrificed 7 days after DNA injection.
Muscles were removed, weighted, and put in one tube of lysing
matrix (Bio 101 Systems Lysing Matrix A tube, Qbiogene)
containing 1 ml of chilled cell culture lysis reagent solution.
This solution was prepared by mixing 10 ml of 5X cell culture
lysis reagent (Promega) with 40 ml distilled water supplemented







Fig. 4. Demonstration of the algorithm for safe electropermeabilization. Voltage
(a), current (b) and conductance (c) traces are presented with solid lines when the
algorithm for irreversible electropermeabilization detection was activated and
with dashed lines when the algorithm was not active.
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with one tablet of protease inhibitor cocktail (Boehringer
Mannheim). Muscles were then disrupted using a high-speed
benchtop homogenizer (FastPrep® Instrument, Qbiogene). After
the lysis the tubes were centrifugated at 12,000 rpm for 10 min.
We measured the luciferase activity on 20 μl of the supernatant,
using a Lumat LB 9507 luminometer (Berthold France S.A.), by
integration of the light produced during 10 s, starting after the
addition of 100 μl of Luciferase Assay Substrate (Promega) to the
sample lysate. We collected the results from the luminometer in
relative light units (RLU). Calibration with purified firefly
luciferase protein was used to express the final results as
picograms of luciferase per muscle. Serum levels of creatinin
kinase (CK), a marker of muscle injury, were measured in 100 μl
of blood plasma using a Synchron LX®i 725 Clinical System
(Beckman Coulter).


3. Results


Electrical properties of biological tissues are complex and
can be modeled by various equivalent electrical circuits
composed of capacitors and resistors or by finite elements
method to estimate electric field strength distribution in tissue.
Fig. 1 displays the experimental settings used on muscle and on
liver and the corresponding numerical models. Data shows that
in the tissue encompassed by the electrodes, more than 68% of
the muscle and more than 81% of the liver was exposed to an
electric field strength (± 10%) equivalent to the ratio of the
applied voltage to the electrodes distance. It is thus acceptable,

in these particular experimental conditions, to consider that
electric field strength distribution is sufficiently homogeneous
to refer to the electric field strength in the tissue by the value of
the ratio of the applied voltage to the electrodes distance.


The electrical current response to a low voltage pulse (no
electropermeabilization) applied to the tissue consists of a rapid
initial current increase followed by an exponential decrease, as
“capacitors” are charging, and a constant level of current after
“capacitors” are fully charged, suggesting that the “capacitors”
were charged in a few microseconds (Fig. 2a). When the pulse
voltage was high enough to permeabilize the tissue, the current
was found to further increase during the pulse, as the conduc-
tivity of permeabilized tissue increased [18–21] (Fig. 2a).
Indeed, unless cells are permeabilized all current passes around
the cells, while permeabilization provides additional current
paths so the total current increases. Time dynamics of the
current increase during the pulse depends on the pulse voltage;
however, at our pulse length current always reaches constant
level before the pulse ends. In order to analyze these changes
independently of pulse voltage, conductance (g), which is the
ratio current/voltage, was calculated (Fig. 2b).


Tissue permeabilization was quantified using the 51Cr–EDTA
uptake method [12] on the same samples in which current and
voltage were recorded, after we demonstrated that 51Cr–EDTA
injection did not modify the time course of g (data not shown).
Under control conditions (no electric field applied) the average
uptake in the liver was 0.073±0.010 nmol/g (mean±std.dev.),
while in muscle it was 0.003±0.002 nmol/g, indicating that
almost all molecules were washed out from the skeletal muscle in
24 h, while liver tissue was still retaining some 51Cr–EDTA. The
51Cr–EDTA enters the cells and remains entrapped inside the
cells only if cells are reversibly permeabilized (if cells are irre-
versibly permeabilized, the 51Cr–EDTA leaks out of the cells). In
rat skeletal muscle directly exposed to the electric pulses, 51Cr–
EDTA retention 24 h after the injection significantly increased at
field intensities above 220 V/cm (Fig. 3a). Uptake increased with
increasing electric field intensity until 430 V/cm. When the field
intensity was further increased, uptake was significantly reduced,
which reflects the onset of irreversible permeabilization. For
transcutaneous pulses, uptake in the skeletal muscle showed the
same pattern but at higher field strengths (Fig. 3a). Uptake results
in rat liver were much more scattered than in skeletal muscle and
statistical analysis in liver did not reveal significant uptake
changes. Nevertheless, a clear increase of uptake in liver was
found at field intensities above 350 V/cm, with maximum uptake
at 600 V/cm and decreasing uptake at higher field intensities.


Time courses of g for rat muscle and liver at various electric
field intensities are presented in Fig. 2b. At permeabilizing elec-
tric field intensities, it can be seen that, after a very fast rise and a
fast decrease (transient which is result of charging of the tissue
“capacitors”), g is then increasing during the rest of the pulse
delivery, and furthermore increases faster and reaches higher
levels at higher electric field intensities. We decided to relate
dynamics of g during the pulse to the level of tissue electro-
permeabilization and to seek for reliable parameters linking
dynamics of g to the tissue electropermeabilization level. Detailed
mathematical analysis of g time courses was performed andmany
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parameters of this curves plotted as a function of the applied field
strength. The following parameters (Fig. 3b, c and d) showed clear
relationship with permeabilization levels and could be used for
real time pulse control: (1) the time elapsed from the pulse
beginning to the minimal value of g (t(gmin) in μs) (Fig. 3b),
(2) the slope of g versus time normalized to the g value at the time
of calculation at tN t(gmin) (dg/dt in %/μs) (Fig. 3c), (3) the total
change in g values, describing the percent difference between g at
the end of pulse and the minimal g (Δg in % of g at the end of
pulse) (Fig. 3d).


As for the minimum, the following control algorithm can be
proposed: (1) if the minimum is detected at time periods shorter
than 1.8 μs and 6.2 μs after pulse application to rat skeletal
muscle and liver, respectively (Fig. 3b), the electric field
intensity is too high and should be lowered in order to assure no
irreversible tissue damages related to irreversible membrane
permeabilization; (2) if the minimum is detected at time periods
longer than 6.2 μs in muscle and 25 μs in liver after the pulse
beginning, electric field intensity has to be increased to obtain
tissue permeabilization.


If the minimum is found within the expected time interval,
the electroporation process can also be monitored later. Indeed,
the slope of g versus time calculated in real time after the
minimum can be used to verify the tissue electropermeabiliza-
tion and that the process is reversible. The algorithm should
then consider that a slope for rat skeletal muscle between 0.30
and 3.30%/μs assures that tissue will be reversibly permeabi-
lized with eight 100 μs long pulses (Fig. 3c). The slope should
fall within a range of 0.08 and 0.28%/μs for liver. If the slope is
not in the expected range, pulse delivery should be readjusted.
Thus, combinations of controls based on the time of the
minimum and on slope measurement can be used for real time
pulse adjustment.


Of course, after the first pulse is completely delivered, an
a posteriori validation could be performed as suggested by
Davalos et al. [22]. A g change during the pulse in the range
between 9.6% and 31.8% for muscle and in the range between
2.9% and 9.0% for liver assures that tissue was reversibly
electropermeabilized (Fig. 3c). Lower values indicate insuffi-
cient permeabilization whereas higher values indicate irrevers-
ible damages.


Appropriate software can determine and process t(gmin) and/
or dg/dt in μs time range. Moreover, the high voltage generator
needs just few μs to readjust the voltage. Thus no technical
barrier exists to implement this method for real time detection
and control of in vivo electropermeabilization. Our findings
were already implemented in a prototype device and demon-
strated ex-vivo on muscle tissue (Fig. 4). Using plate electrodes
with 0.6 cm distance, pulses of 600 V were delivered. The
prototype device was programmed to find minimal conduc-
tance, and when found, to calculate the conductance slope. The
algorithm was set to decrease the output voltage to a half
immediately after conductance slope exceeds 3.3%/ms. In the
ex vivo experiment the prototype found minimal conductance
at 2.4 μs after pulse beginning. With deactivated algorithm the
maximal conductance slope was 6.2%/ms. In the experiment
presented in Fig. 4, where electrodes were in direct contact with

the muscle, the slope exceeded threshold value 3.3%/ms at
t1=3.95 μs after pulse beginning. After only 0.7 μs the
microprocessor corrected the output voltage setting it to 300 V.


Even though the algorithm was determined and tested
ex vivo in the simplest experimental design (electrodes in direct
contact with the tissue, Fig. 1), we further demonstrated its use
in vivo in gene transfer experiments, where pulses are usually
delivered transcutaneously. The presence of the skin not only
introduces more complexity in the theoretical and numerical
analysis [23], but it also requires higher pulse amplitudes to
achieve permeabilization levels comparable to those achieved
with electrodes in direct contact with the muscle (the reversible
permeabilization threshold for rat muscle with the skin was
460 V/cm and the irreversible permeabilization threshold was
790 V/cm at 8 times 100 μs pulse parameters, Fig. 3a). DNA
coding for the firefly luciferase was injected in the tibialis
cranialis muscle in mice and, to permeabilize the muscle, one
900 V transcutaneous pulse was applied to the mice leg using
external electrodes 5 mm apart. This field strength was applied
as being excessive while the reduction in 50% imposed by the
algorithm is close to the optimal predicted values according to
Fig. 3a. This permeabilizing pulse was followed by one electro-
phoretic pulse of 400 ms to allow DNA uptake by the electro-
permeabilized muscle fibres [6]. In a preliminary experiment,
the muscles exposed to 900 V pulses without activation of the
algorithm (900/900 muscles, n=2) gave a luciferase expression
level (1.02±1.44 pg of luciferase/muscle) 200 times lower than
the muscles exposed to 900 V pulses with the activated algorithm
(900/460 muscles, n=3; 202±134 pg of luciferase/muscle). Data
is expressed in pg of luciferase/muscle because the muscles
exposed to uncorrected 900 V pulses were damaged and their
weight significantly (pb0.05) reduced by 46% (at an average
of 64±23 mg per muscle) with respect to the 900/460 muscles
(119±17 mg per muscle). In the second experiment (n=4 in
both groups) the luciferase expression level in the 900/900
muscles (34±21 pg of luciferase/muscle) was significantly lower
(60 times; p b 0.05) than in the 900/460 muscles (2064±1181 pg
of luciferase/muscle). The reduction of the weight of the 900/900
muscles was less severe than in the preliminary experiment (of
12% only, at 103±11 mg versus 117±14 mg in the 900/460
muscles). In this second experiment, we also measured the serum
levels of creatinin kinase (CK, a marker of muscle injury) three
days after the electric treatment: the CK levels in the 900/900mice
(183±23 IU/l) were significantly (pb0.01) higher than those of
the 900/460 mice (107±30 IU/l). Both the CK levels and muscle
weight loss show that the algorithm activation largely protected
the muscles from the damages of muscle exposure to excessive
field strength. This protection also allows maintaining high levels
of expression of the electrotransferred gene.


4. Discussion


In our study we describe and demonstrated a real time
detection method of tissue permeabilization. Current and voltage
recording during the pulse is easy and can be analyzed in real
time. To our knowledge, no other available approach can be used
to adjust the pulse voltage in real time in order to ascertain the
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achievement of reversible tissue permeabilization. Electrical
impedance tomography [22] using a single frequency record
requires calculations that can only be completed after the end of
the pulse. Tissue impedance changes at various frequencies or
even at single frequency in the range up to 100 kHz cannot be
acquired in less than 100 μs. Thus they are only interesting for
postpulse versus prepulse comparisons, provided of course that
no position changes of the electrodes occur during the pulse. At
least for muscle electroporation, it is very difficult to avoid such
changes due to muscle contraction during pulse delivery.


Analysis of electrical parameters was performed on the first
pulse only, while electroporation level was determined based on
a train of eight pulses. In fact, current/voltage changes were
recorded for the eight pulses using the segmentation function of
the oscilloscope and similar variations were observed in the
eight pulses of a given train of pulses (data not shown). Thus, to
achieve the expected electroporation level it is sufficient to
measure the parameters of the first pulse, to adjust them in real
time as proposed above and then to administer seven additional
pulses [21]. Alternatively the high voltage pulse can be followed
by low voltage electrophoretic pulses for DNA transfection [6].
One of the advantages of being able to check electropermeabi-
lization level after one pulse instead of after a full sequence is
that it could minimize discomfort to a patient.


The electric field strength threshold values for reversible and
irreversible permeabilization are in agreement with previously
reported knowledge. In a previous study [13], we used needle
electrodes in rabbit liver and calculated the electric field
strength distribution in the tissue by numerical modeling. Based
on biological observations of drug delivery in in vivo experiments
we determined the reversible (362±21 V/cm) and irreversible
(637±43 V/cm) electric field strength threshold values for rabbit
liver. These values are almost identical to our present measure-
ments in rat liver. Threshold values are considerably lower in rat
muscle than in rat liver (Fig. 3a). This can be explained by the fact
that the liver cells, smaller, must be exposed to a higher electric
field intensity than the skeletal muscle cells, larger, to induce the
same transmembrane voltage in agreement with Schwan's equa-
tion [24] as well as with more recent determinations of the
transmembrane potential changes on spheroidal cells [25,26].
Previous threshold determinations in skeletal muscle were
performed in mice, using transcutaneous pulses [11,12]. In fact
our parallel determinations in rats using transcutaneous pulses
(data not shown) demonstrate that thresholds in skeletal muscle
with skin are almost identical in rats (550 V/cm) and in mice
(530 V/cm).We can conclude that differences between tissues are
much larger than differences between species, at least among the
common laboratory animals. Thus it can be speculated that the
algorithm, with minor adaptations, could also operate in larger
animals and even in humans.


In summary, as we demonstrated, it is possible to achieve
electric pulses safe delivery by real time voltage control. Safer
(controlled) electropermeabilizing pulses actually resulted in the
protection of the tissue in gene transfer experiments where
excessive applied voltages lead to intensemuscle damage and loss
of the efficacy of the gene transfer. Thus safe gene electrotransfer
can be achievedwithout the need of previous precise tuning of the

experimental conditions, a situation that can be very useful in the
clinical settings.


Electrogenetherapy is one of the most efficient non-viral
approaches for gene therapy [3–5]. It was already considered a
safe method because naked DNA is not immunogenic (unlike
adenoviruses in particular) and plasmid DNA does not need to
contain insertion promoting sequences (like the retroviral and
lentiviral vectors) which can result in deleterious insertional
mutagenesis [27]. Moreover, DNA electrotransfer can be
accomplished using devices that are already used on human
cancer patients to deliver cytotoxic molecules like bleomycin
and cisplatin to solid tumors by electrochemotherapy [28–31].
Thus all elements are available for safe and widespread use of
this efficient technology and for implementing the use of genes
for biomedical purposes in the post human genomic era [32].
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Abstract


We utilized liquid chromatography coupled with electrochemical detector (HPLC–ED) for analyzing of silver ions. The optimization of basic
chromatographic parameters has been done. The detection limit (3 S/N) obtained were 20 nmol/dm3. Influence of different interferences (anions
and cations) on current response of silver ions has been described. Moreover, we used HPLC–ED to analyze waters of different purity including
photographic emulsion, which naturally contained silver ions. We found out that content of silver ions in the emulsion was 1.57×0.03 mmol/dm3.
Moreover, we investigated influence of silver ions on early somatic embryos of Blue Spruce. We were interested in the issue how much silver ions
can embryos uptake during four days long treatment. For this purpose, we used optimized HPLC–ED technique. The content increased with
increasing treatment time and applied concentration. We also studied how silver ions can influence thiols content in the treated embryos. For these
purposes we used adsorptive transfer stripping voltammetry in connection with differential pulse voltammetry — Brdicka reaction. It clearly
follows from the obtained results that content of thiols increased with increasing treatment time and applied concentration.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Glassy carbon electrode; Carbon paste electrode; Silver ions; Somatic embryos; Liquid chromatography; Brdicka reaction

1. Introduction


The impacts of silver ions in the environment have been
intensively studying. The existence of International researches
organisation such as Silver Coalition (1991–1995) and The Silver
Council (from 1996 up to present; http://www.silvercouncil.org/
html/default.htm) proves this fact. These organisations also es-
tablish International Conference on Transport, Fate and Effects of
Silver in the Environment [1].


Silvers ions come to the environment, first of all, from industry
[2]. The highest amounts of silver ions have been used in
photographical industry (about 40% from the worldwide usage),

⁎ Corresponding author. Fax: +420 5 4521 1128.
E-mail address: kizek@sci.muni.cz (R. Kizek).
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following electrochemistry, medicine and others. Because silver
is both a valuable resource and a danger waste, most processing
facilities recover it using various techniques and equipment.
Combinations of these techniques can recover between 90 and
99% of the silver on site. Silver that remains in solution is
discharged in thewastewater from the facility [3,4]. Inwater silver
(I) exists as various inorganic and organic compounds. Most of
these are nonsoluble, but hydrated silver ions, Ag+, may be also
present in surface waters due to competing equilibria and kinetics,
which, in turn, are dependent on the conditions of the water such
as pH, hardness and many others. This concern relates to the fact
that Ag+ has been shown to be highly toxic to aquatic life, while
other species of silver(I) are much less toxic [5–12]. On the other
hand, the mechanism of the toxic effect is still unclear in spite of
that Ag(I) has been used for centuries as an antimicrobial agent
that could affect more than 650 microbes.



http://www.silvercouncil.org/html/default.htm

http://www.silvercouncil.org/html/default.htm

mailto:kizek@sci.muni.cz
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The commonly used techniques for the silver ions determi-
nation in biological samples are atomic absorption spectrom-
etry, inductively coupled plasma mass spectrometry, stripping
voltammetry and others [4,13–17]. An exception to this is
the use of potentiometry or ion selective electrodes [18–22]. A
very sensitive technique for determination of silver ions based
on PVC-membrane ion-selective bulk optode has been pub-
lished [23]. Besides that, there have been shown number of
different modifications working electrode to determine silver
ions sensitively [24–32].


In this work, we utilized flow and stationary electrochemical
techniques for determining of silver ions and for observing their
influence on early somatic embryos of Blue Spruce. Primarily we
focused on optimization of determination of silver ions by flow
injection analysis with electrochemical detection, which has not
been used for this purpose yet. After that we adopted the optimized
technique on determination of silver ions in different waters and
spruce embryos treated by 0, 250, 500 and 1000 μmol/dm3


AgNO3 for four days, where we also determined content of thiols.


2. Experimental


2.1. Chemicals


Reduced glutathione (GSH), S-nitrosoglutathione (GSNO),
silver nitrate and sodium acetate were purchased from Sigma
Aldrich (St. Louis, USA). Phytochelatin (γ-Glu-Cys)2-Gly (PC2)
was synthesized in Clonestar Biotech; purity over 90% (Brno,
Czech Republic). Acetic acid was purchased from Fluka (USA).
All reagents used were ACS purity. Stock standard solutions were
prepared by ACS water (Sigma-Aldrich, USA) and stored in the
dark at the temperature of −20 °C. Working standard solutions
were prepared daily by dilution of the stock solutions. All
solutions were filtered through a 0.45 μm Nylon filter discs
(Millipore, Billerica, Mass., USA) prior to HPLC analysis. The
pH value was measured using WTW inoLab Level 3 with
terminal Level 3 (Weilheim,Germany), controlled by the personal
computer program (MultiLab Pilot; Weilheim, Germany). The
pH-electrode (SenTix-H, pH 0–14/3mol/dm3 KCl) was regularly
calibrated by set of WTW buffers (Weilheim, Germany).


2.2. Stationary electrochemical measurement


Electrochemical measurements were performed using an
AUTOLAB analyser (EcoChemie, The Netherlands). The three-
electrode system consisted of the carbon paste working
electrode, an Ag/AgCl/3 mol/dm3 KCl reference electrode and
a carbon counter electrode. The differential pulse voltammetry
parameters were as follows: initial potential −0.4 V, end
potential 0.8 V, modulation amplitude 25 mVand step potential
0.5 mV. All experiments were carried out at laboratory
temperature. Acetate buffer (0.2 mol/dm3, pH 5.0) was used as
the supporting electrolyte. The raw data were treated using the
Savitzky and Golay filter (level 2) and the moving average
baseline correction (peak width 0.03) of the GPES software. The
carbon paste was made of 70% graphite powder (Aldrich, USA)
and 30% mineral oil (Sigma-Aldrich, USA; free of DNase,

RNase and protease). The carbon paste was housed in a Teflon
body having a 2.5 mm diameter of active disk surface. The
electrode surface was polished before each determination with a
soft filter paper prior to measurement; for more details see our
previous published papers [33,34].


2.2.1. Adsorptive transfer stripping technique (AdTS) coupled
with differential pulse voltammetry (DPV) Brdicka reaction


Electrochemical measurements were performed using an
AUTOLAB analyser (EcoChemie, The Netherlands) connected
to VA-Stand 663 (Metrohm, Switzerland), using a standard
cell with three electrodes. The three-electrode system consisted
of hanging mercury drop electrode as working electrode, an Ag/
AgCl/3 mol/dm3 KCl reference electrode and a carbon counter
electrode. The Brdicka supporting electrolyte containing
1 mmol/dm3 Co(NH3)6Cl3 and 1 mol/dm3 ammonia buffer
(NH3(aq)+NH4Cl, pH=9.6) was used; surface-active agent was
not added. AdTS DPV Brdicka reaction parameters were as
follows: an initial potential of−0.6 V, an end potential of−1.6 V,
a modulation time of 0.057 s, a time interval of 0.2 s, a step
potential of 1.05 mV/s, and a modulation amplitude of 250 mV,
Eads=0 V. Temperature of supporting electrolyte was 0 °C [35].


2.3. Flow electrochemical measurement


An FIA–ED and/or HPLC–ED system consisted of solvent
delivery pump operating in range of 0.001–9.999 mL/min
(Model 583 ESA Inc., Chelmsford, MA, USA), a guard cell
(Model 5020 ESA, USA), a reaction coil (1 m) and/or a
chromatographic column (Polaris C18-A, 4.6 mm, 5 μm particle
size), and an electrochemical detector. The electrochemical
detector (ED) includes one low volume flow-through analytical
cells (Model 5040, ESA, USA), which is consisted of glassy
carbon working electrode, palladium electrode as reference
electrode and auxiliary carbon electrode, and Coulochem III as
a control module. The sample (5 μL) was injected manually.
The obtained data were treated by CSW 32 software. The
experiments were carried out at room temperature. Guard cell
potential was 0 V.


A glassy carbon electrode was polished mechanically by
0.1 μm of alumina (ESA Inc., USA) and sonicated at the
laboratory temperature for 5 min using a Sonorex Digital 10 P
Sonicator (Bandelin, Berlin, Germany) at 40 W.


2.4. Used water


Different water samples (ACS water, Milli Q water —
18 MΩ, Distilled water — Aqua osmotic system 1 μS, Tap
water from the city of Brno, Ponávka stream, Puddle from the
city of Brno) were filtered through a 0.45 μm Nylon filter discs
(Millipore, Billerica, Mass., USA) prior to HPLC analysis.
Photographic emulsion was bought in Tesco store.


2.5. Plant material and cultivation conditions


Early somatic embryos (ESEs) clone of the Blue Spruce
(Picea pungens Engelm.) designated as PE 14 were used in our
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experiments. The cultures were maintained on a semisolid
(Gelrite Gellan Gum, Merck, Germany) half-strength LP
medium [36] with modifications [37]. The concentration of
2,4-dichlorofenoxyacetic acid and N6-benzyladenine was 4.4
and 9 μmol/dm3, respectively. The pH value was adjusted to
5.7–5.8 before autoclaving (121 °C, 100 kPa, 20 min). The
organic part of the medium, excluding saccharose, was
sterilized by filtration through a 0.2 μm polyethylensulfone
membrane (Whatman, Puradisc 25 AS). Ten ESEs clusters were
cultivated in one plastic Petri dish (100 mm in diameter)
containing 30 mL of the medium. Sub-cultivation of stock
cultures was made at 2-week intervals. The stock and
experimental cultures were maintained in a cultivation box in
the dark at a temperature of 23±2 °C.


2.6. Ag–EDTA LP modified medium


Cultivation medium was modified with an addition of silver
chelate (Ag–EDTA) in concentrations of 0, 250, 500 and
1000 μmol/dm3. A stock solution of Ag–EDTA was prepared
by mixing AgNO3 with ethylene diamine tetra-acetic acid
(EDTA) in a 1:1 molar ratio and stirred at 50 °C for 1 h. The
filter-sterilized Ag–EDTA complex was added to the auto-
claved culture medium.


2.7. Sample preparation


2.7.1. Preparation of ESEs samples for silver determination
Samples (ESEs) were washed with 1 mol/dm3 EDTA in


0.2 mol/dm3 phosphate buffer (pH 7.0) to remove their
cultivation media, and centrifuged for 5 min at 3000 ×g
(Eppendorf 5402, USA). Then they were transferred to a test
tube and frozen by immersion in liquid nitrogen to disrupt the
ESE. Due to disrupting of the cell membranes the cytoplasm has
been obtained. The cytoplasm was added to 1 mL of 0.2 mol/
dm3 phosphate buffer (pH 7.0), homogenised by vortexing for
15 min (Scientific Industries, Vortex-2 Genie, USA), and finally
sonicated for 5 min at 200 W (Bandelin, Germany). The
homogenate was then centrifuged at 14,000 ×g, 30 min at 4 °C
(Eppendorf 5402, USA). The supernatant (1 mL) was mixed
with HCl (35%) for 30 min. After mixing, the deproteinized
solution was neutralized by 13 mol/dm3 NaOH. The samples
were filtered through a 0.45 μm Nylon filter discs (Millipore,
Billerica, Mass., USA) prior to HPLC analysis.


2.7.2. Preparation of ESEs samples for thiols determination
ESEs were washed with 1 mol/dm3 EDTA in 0.2 mol/dm3


phosphate buffer (pH 7.0) and centrifuged for 5 min at 3000 ×g
(Eppendorf 5402, USA). ESEs (about 20 mg) washed of their
cultivation media were frozen three times in liquid nitrogen to
disrupt the cells and then transferred to a test tube. The frozen
samples were homogenised by vortexing on a Vortex-2 Genie
for 5 min at 4 °C (Scientific Industries, USA) and sonicated
using a Bandelin Sonopuls HD 2070 for 10 s at 7 W (Germany).
The homogenate was centrifuged (14000 ×g) for 15 min at 4 °C
using a Universal 32 R centrifuge (Hettich-Zentrifugen,
Germany). The supernatant was filtered through a 0.45 μm

Nylon filter discs (Millipore, Billerica, Mass., USA) before
electrochemical analysis using stationary electrochemical
system.


2.8. Computer image analysis


We used a charge-coupled device (CCD) camera for
observation of growth of spruce ESEs culture. The images of
ESEs clusters were recorded at the beginning of the cultivation
and in certain intervals according to the end of the cultivation.
The data were converted to digital image in the Grab-IT
(version 1.3) program. The area size of ESEs clusters in digital
images was calculated by program Image-Pro Plus, (Sony, ver.
1.3). The data were processed in Microsoft Excel, version 2000
(Microsoft, Silicon Valley, USA).


2.9. Accuracy, precision and recovery


Accuracy, precision and recovery of silver ions were
evaluated with filtrate (different water samples) and/or
homogenate (plant embryos) spiked with standard. Before
filtration and/or extraction it was carried out, that 100 μL silver
ions standard and 100 μL water were added to water samples.
Filtrates and/or homogenates were assayed blindly and silver
ion concentration was derived from the calibration curve.
Accuracy was evaluated by comparing the estimated concen-
tration with the known concentrations of silver ions. Calculation
of accuracy (%Bias), precision (%C.V.) and recovery was
expressed according to [38–40].


2.10. Statistical analysis


STATGRAPHICS® (Statistical Graphics Corp®, USA)
was used for statistical analyses. Results are expressed as
mean±S.D. unless noted otherwise. Value of pb0.05 was
considered significant.


3. Results and discussion


3.1. Stationary electrochemical system


A few authors described using glassy carbon electrode as
working electrode due to determination of silver, but carbon
paste electrode (CPE) has not been used yet. Thus, we utilized
differential pulse voltammetry and CPE for silver ion
determination. Electrochemical measurements were performed
in the presence of 0.2 mol/dm3 acetate buffer (pH 5.0) at room
temperature. The obtained voltammograms, which are shown in
Fig. 1A, were well reproducible (R.S.D. about 5%). We
observed two signals called peak 1 about 160 mV and peak 2
about 190 mV (Fig. 1A). Due to obtaining higher current
response and better sensitivity we selected peak 2 instead of
peak 1 for constructing a calibration curve. The curve obtained
in the range from 0 to 400 μmol/dm3 of silver ions is shown in
Fig. 1B. The height of peak 2 was proportional to concentration
of silver ions up to 300 μmol/dm3, and then did not change
much. This phenomenon probably relates with the saturation of







Fig. 1. Stationary electrochemical system. (A) DPV voltammograms of AgNO3


measured on the surface of CPE, dashed line— supporting electrolyte (0.2 mol/
dm3 acetate buffer, pH 5.0). (B) Dependence of current response on silver ion
concentrations (0–400 μmol/dm3; in inset 0–100 μmol/dm3). The differential
pulse voltammetry parameters were as follows: initial potential −0.4 V, end
potential 0.8 V, modulation amplitude 25 mV, step potential 0.5 mV and
supporting electrolyte −0.2 mol/dm3 acetate buffer (pH 5.0). All experiments
were carried out at laboratory temperature.
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the electrode surface. In addition, we obtained strictly linear
calibration curve (y(peak height/μA)=0.0147×(silver concen-
tration/μM)−0.0448, R2 =0.997) in the range from 0 to 100 μM
silver ions (inset in Fig. 1B). The detection limit obtained was
0.5 μmol/dm3 (n=3, R.S.D. 6.5%). In addition, the reproduc-
ibility of the results obtained with several carbon paste
electrodes was about 95±4% according to paste used for the
filling the body of the electrode.

3.2. Flow injection analysis coupled with electrochemical
detector


3.2.1. Hydrodynamic voltammogram
After that we have studied basic behaviour of silver ions on


the surface of CPE by stationary electrochemical system, we
were interested in the issue on how silver ions behave on the
surface of glassy carbon electrode coupled with flow injection
analysis (FIA–ED, for more details, please, see Fig. 2 and/or
Experimental section). Primarily we studied influence of dif-
ferent potentials on current response of silver ions in the presence
of 0.2 mol/dm3 acetate buffer (pH 5.0) as mobile phase. The
obtained hydrodynamic voltammogram (HDV) is shown in
Fig. 3A. If we determined silver ions on the surface of CPE by
DPV, we obtained two peaks called peak 1 about 160 mV and
peak 2 about 190 mV (Fig. 1). Thus, we expected the same
behaviour in this case. We observed two peaks on the HDV
obtained; first peak at potential of 120 mV and second one at
200 mV. The shift of the peak potentials in comparison with
Stationary electrochemical measurements is due to using of
different working electrode. In the following experiments we
applied 200 mV as the most suitable potential for determination
of silver ions by flow injection analysis coupled with glassy
carbon electrode.


3.2.2. Effect of current R, flow rate, composition and pH of
mobile phase, and time filter


In addition, we explored the effect of the current R on height
of peak of 250 μmol/dm3 AgNO3. The obtained chromatograms
are shown in Fig. 3Ba. The height of silver ions peak decreased
steeply with the increasing current R (Fig. 3Ba,b). If we applied
current 10 μA, silver ions peak height decreased about 80% in
comparison with ones obtained at 1 μA. Thus, we choose
current 1 μA as the most suitable due to highest current response
obtained and well reproducibility with R.S.D. 1% (Fig. 3Bb).


Composition of mobile phase and its flow rate is one of the
most important parameters of flow analysis with electrochemical
detection which can influence a height of response of compounds
of interest. Thus, we changed composition of the mobile phase
(Britton Robinson (BR) buffer, Acetate buffer, Phosphate buffer
and Borate buffer), and we found out that the highest response of
silver ions was obtained in the presence of acetate buffer (inset in
Fig. 3C). As we mentioned, we also attempted to study the
influence of flow rate (from 0.1 to 1.6 mL/min) of the mobile
phase on a current response of silver ions. A height of silver ions
signal increased up to flow rate of 0.5 mL/min, and then did not
change much (Fig. 3C). We also tested different pH of acetate
buffer and their influence on current response of silver ions
(Fig. 4A). The highest current response of silver ions was
observed at pH 4.0. The response markedly decreased with
increasing pH (decrease more than 30% at pH 5.5 in comparison
with the highest response). In addition, data obtained from our
flow analyser could be treated by time filter. If we treated data
obtained by time filter, we found out that time filter of 2 s is the
most suitable for determination of silver ions (Fig. 4B).


It clearly follows from the obtained results that the most
suitable parameters for the determination of silver ions were as







Fig. 2. Scheme of flow injection (FIA) and/or HPLC system with amperometric detection.
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follows — flow rate: 0.5 mL/min, guard cell potential: 0 mV,
working electrode potential: 200 mV, current R: 1 μA, time
filter: 2 s. The optimal mobile phase was 0.2 mol/dm3 acetate
buffer (pH 4.0).


3.2.3. Influence of methanol and silver ions concentration
We have previously published that organic part of mobile


phase (e.g. methanol, acetonitrile) negatively influence analysis
of compounds of interest [33,40–45], but is needed, if we apply
the optimized technique on analysis of real samples. Here, we
investigated the influence of methanol content in mobile phase on
silver ions current response.Methanol content up to 10% (v/v) did

Fig. 3. Flow electrochemical measurement. Influence of (A) potential, (Bb) current R,
silver ions. (Ba) FIA–ED chromatograms of silver ions measured at different curr
concentration of 250 μmol/dm3; isocratic mobile phase — 0.2 mol/dm3 acetate bu
temperature 25 °C, guard cell potential 0 V.

not influence the response much, and then the response decreased
markedly (Fig. 4C). Thus, we choose mobile phase containing
methanol and 0.2 mol/dm3 acetate buffer pH 4.0 (10:90, v/v) as
the most suitable mobile phase for determination of silver ions in
real samples.


After that we optimized all chromatographic parameters
above mentioned, we studied dependence of silver ion peak
height on its concentration (0–1000 μmol/dm3). The peak
height is proportional to silver ion concentration, particularly;
the height markedly increased up to 200 μmol/dm3, and then
increased more slightly (Fig. 4D). We obtained strictly linear
calibration curve in the range of 0–31 μmol/dm3 (y(peak height/

(C) flow rate and (inset in C) composition of mobile phase on current response of
ents R (1, 2, 10 and 20 μA). FIA–ED conditions were as follows: silver ion
ffer, pH 5.0 (except inset in C); injected volume 5 μL; column and detector







Table 1
Influence of different ions on height of current response silver ions, AgNO3


(n=3)


Interference
(anion)


Concentration
(μmol/dm3)


Change
of peak
current
(%) a


Interference
(cation)


Concentration
(μmol/dm3)


Change
of peak
current
(%) a


NO3
− 20 −1.2 Cu2+ 10 −1.2


CO3
2− 10 4.9 Na+ 20 4.9


SO4
2− 10 −0.4 Zn2+ 10 −0.4


MoO4
2− 10 0.8 NH4


+ 20 0.8
SO4


2− 30 −1.8 Al3+ 20 −1.8
SO4


2− 10 −5.7 K+ 20 −5.7
Cr2O7


2− 10 −1.0 K+ 20 −1.0
MnO4


2− 10 −6.5 K+ 10 −6.5
SO4


2− 20 −5.7 NH4
+ 20 −5.7


Fe2+ 10 −5.7
a Concentration of silver ions was 250 μmol/dm3 and its current response was


1120 nA, for other details, please, see Results and discussion section.


Fig. 4. Effect of (A) different pH values of 0.2 mol/dm3 acetate buffer, (B) time filter and (C) methanol content on current responses of silver ions. (D) Dependence of
current response on silver ion concentrations (0–1000 μmol/dm3; in inset 0–31 μmol/dm3). Effect of interferences. (E) Influence of different concentrations of
chlorides, on current responses of silver ions. Chromatographic conditions were as follows — flow rate: 0.5 mL/min, guard cell potential: 0 mV, working electrode
potential: 200 mV, current R: 1 μA, time filter: 2 s, guard cell potential: 0 V, chromatographic column Polaris C18-A, 4.6 mm, 5 μm particle size (except A and B),
mobile phase: methanol and 0.2 mol/dm3 acetate buffer pH 4.0 (10:90, v/v, except A, B and C).
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nA)=19.986× (silver concentration/μM)+20.9, R2 =0.996;
inset in Fig. 4D). The detection limit (3 S/N) obtained were
20 nmol/dm3, if we measured silver ions in the presence of ACS
water (n=3, R.S.D. about 5%).


3.2.4. Interferences
Hg(II) and Au(III) ions represent the most critical elements


in the framework of interference studies within the electro-
chemistry of Ag(I) ions, but we attempted to study influence of
more commonly occurring ions in waters. An interaction
between silver and chloride ions is the well-known and
described interaction of silver ions. Thus, we added different
concentration of chloride ions to 250 μmol/dm3 of silver ions,
shaken the mixture for 2 min and measured by optimized
HPLC–ED technique. The obtained dependence of silver ions
peak height on chloride concentration is shown in Fig. 4E. If we
added chlorides below 1 μmol/dm3, we observed decrease of
silver ion peak height about 15–20%, and then the height
decreased more slightly. The phenomenon relates with an
interaction proceeding between silver and chlorides ions:
Ag++Cl−⇒AgCl. Moreover, we were interested in the issue

how other ions can influence the silver ions current response.
We found out that other tested anions and cations (concentration
10–30 μmol/dm3) did not influence the response much (about







Table 2
Recovery of silver ions (AgNO3) measured in the presence of different type of
waters (n=5)


Compound
of interest


Sample
matrix


Filtrate
(nA) a


Spiking
(nA) a, b


Filtrate+spiking
(nA) a


Recovery
(%)


Silver ions Milli Q
water


nd c 935.1±22.1
(2.4)


905.5±23.5 (2.6) 97


Distilled
water


895.8±24.3 (2.7) 96


Tap water 874.6±29.9 (3.4) 94
Ponávka
stream


860.2±31.5 (3.7) 92


Puddle 834.1±33.8 (4.1) 89


a Silver ions current response; expressed as mean±S.D. (C.V.%).
b Silver ions current response (165μmol/dm3); expressed asmean±S.D. (C.V.%).
c Not detected.
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7%, Table 1). It clearly follows from the obtained results that
different combination of anions and cations influence the signal
variously. A studying of the interaction is needed and will be
published elsewhere.


3.3. High performance liquid chromatography coupled with
electrochemical detector


3.3.1. A determination of content of silver ions in waters
We applied the HPLC–ED technique to analyze waters of


different purities (ACS water, Milli Q water — 18 MΩ,
Distilled water — Aqua osmotic system 1 μS, Tap water from
the city of Brno, Ponávka stream, Puddle from the city of Brno).
We added different concentrations of AgNO3 to water samples
and measured a current response of silver ions. The responses
measured in the presence of ACS water were used as reference
value (R.S.D. about 0.5%), because ACS water was the purest
one. We found out that waters decreased the current response in
the range of 3–11% in comparison with the signal obtained in
the presence of ACS water (Table 2). The observed decrease
relates with purity of the water samples.


It is a common knowledge that silver ions come to environment
from, first of all, photographic industry [2]. Thus, we determined
silver ions in commonly used photographic emulsion. We diluted
(minimally 500×) the emulsion before HPLC–ED analysis by
ACS water. We found out that content of silver ions in the
emulsion was 1.57±0.03mmol/dm3. In addition, we attempted to

Table 3
Simulation of wasting of different types of waters by photographic emulsion, which


Sample matrix Filtrate (mmol/dm3) a Spiking of photographic
emulsion (mmol/dm3) a


ACS water nd d 1.57±0.03 (1.9)
Tap water
Ponávka stream
Puddle
a Silver ions concentration; expressed as mean±S.D. (C.V.%).
b pH of “filtrate+spike” solution.
c Limit of detection expressed as 3 S/N.
d Not detected.

simulate wasting of different types of waters (ACS, Tap water and
Puddle) by photographic emulsion. If we compared signals of
silver ions after addition of photographic emulsion to different
waters, as we mentioned, we found out that silver ions signal
decreased about 10% in comparison with the signal measured in
the presence ofACSwater (Table 3). The detection limits obtained
in different matrices are shown in Table 3. We were able to
determined tens of nmol/dm3 of silver ions in different wasted
waters.


3.4. Influence of silver ions on growth and thiols content in
somatic embryos of Blue Spruce


Pollutants containing heavy metals and toxic organic
substances enter the ecosystem especially from applications of
fertilizers, pesticides and other industrial products [46,47].
Studies of plant responses to heavy metal stress are especially
important for the understanding of a number of biological
processes [48–52]. On the other hand, study of influence of
heavy metals on a tree is rather difficult, sometimes, almost
impossible. Thus, possibilities on how to simplify this kind of
study are needed. Using cell cultures for the above mentioned
purposes is one of these possibilities [53]. Thus, we investigated
influence of silver ions on early somatic embryos of Blue
Spruce clone PE 14. Photography of an early somatic embryo in
bright field consisted from (a) embryonic group, (b) embryonic
tubes and (c) embryonic suspensor is shown in Fig. 5A. The
single embryos form clusters in the cultivation medium
(Fig. 5B). The embryos were treated by silver ions (0, 250,
500 and 1000 μmol/dm3) for four days. We aimed primarily on
determination of growth of the embryos. Recently, we published
that the most suitable technique for this purpose is image
analysis (IA), where we observe increase in cluster area
according to time, for more details see [53]. Thus we used IA
for determination of the growth and found out that growth of the
embryos treated by the highest concentration of silver was
higher in comparison with control ones. Nevertheless, we
observed decrease in the growth of the treated embryos with
increasing time of treatment in comparison with control ones
(Fig. 5C). Thus, we were interested in the issue how much silver
ions can embryos uptake during four days long treatment. For
this purpose, we used optimized HPLC–ED technique. The
determined content of silver ions in treated ESEs with
increasing time of treatment is shown in Fig. 5D. The content

contained naturally silver ions (n=3)


Filtrate+spiking
(mmol/dm3) a


Recovery (%) pHb LOD (nmol/dm3) c


1.57±0.03 (1.9) 100 7.50 20
1.47±0.04 (2.6) 94 7.12 40
1.45±0.05 (3.4) 92 7.60 61
1.46±0.07 (4.8) 93 7.33 67







Table 4
Recovery of silver ions (AgNO3) for spruce embryos sample analysis (n=5)


Compound
of interest


Homogenate
(μmol/dm3) a


Spiking
(μmol/dm3) a


Homogenate+spiking
(μmol/dm3) a


Recovery
(%)


Silver ions 94.5±7.9
(8.4)


25.4±1.0 (3.9) 116.8±8.4 (7.2) 97
98.5±3.4 (3.5) 185.6±14.7 (7.9) 96


a Expressed as mean±S.D. (C.V.%).


Fig. 5. ESEs culture of Blue Spruce clone PE 14. (A) Images of an early somatic embryo in bright field: (a) embryonic group, (b) embryonic tubes and (c) embryonic
suspensor and (B) ESE clusters. ESEs (about 0.1 mg) were harvested by a scalpel and transferred on slide microscopic. The ESEs were spread and superimposed by
cover glass. Then, the sample was placed to microscope (Olympus AX 70, Japan). The images were forty times magnified by digital camera Olympus 4040 and
converted to digital image in the Grab-IT (version 1.3) program. Influence of AgNO3 (0, 250, 500 and 1000 μmol/dm3) on (C) growth of ESEs and (D) silver content.
For other details see Fig. 4, and Experimental section.
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increased with increasing treatment time and applied concen-
tration (Fig. 5D). Recovery was checked for the compound of
interest by addition of known amounts of working standard to
homogenates (Table 4). Recovery of silver ions was from 96 to
97% (Table 4).


The presence of heavy metals in the plant cell activates
protective mechanisms. They initiate the synthesis of cysteine-
containing compounds (e.g. phytochelatins and glutathione)
used in detoxification processes [40,50–57]. Phytochelatins
(PCs) represent a group of short non-protein heavy metal-
binding peptides with the general formula (γ-Glu-Cys)nGly,
where n=2–11. PCs are synthesized by enzyme PC synthase
from different isoforms of glutathione: γ-Glu-Cys-Gly. Gluta-
thione (GSH) is the most abundant non-protein thiol, and which
plays important roles in antioxidant defence, protein folding and
signal transduction [58–60]. Moreover, recently it was
discovered that GSH is connected to the nitric oxide (NO)
metabolism by means of S-nitrosoglutathione, which could
serve as a donor of NO [61–64]. Thus, we wanted to know how

silver ions can influence thiols content in the treated embryos.
Recently we found out that Brdicka reaction could be used for
sensitive determination of thiols [35]. On the base of these
results, we attempted to use Brdicka reaction to determination
of glutathione (GSH), S-nitrosoglutathione (GSNO), phytoche-
latin 2 (PC2) and phytochelatin 5 (PC5).


The fact, that the traditional Brdicka's Polarographic catalytic
“double wave” of proteins containing cysteine (which are also
thiol compounds) is formed of the partial superposition of three
voltammetric catalytic maxima (designated A, B and C),which
can be generated by one and the same cysteinyl residue in the







Fig. 6. Electrochemical determination of thiols. (A)Typical DPV voltammograms of different thiols (glutathione, S-nitrosoglutathione, phytochelatin 2 and
phytochelatin 5) concentrations measured in the presence of supporting electrolyte contained 1 mmol/dm3 Co(NH3)6Cl3 and 1 mol/dm3 NH3(aq)+NH4Cl, pH=9.6.
(B) Influence of AgNO3 (0, 250, 500 and 1000 μmol/dm3) on thiols content in ESEs treated for four days; inset: the dependence of total content of thiols in the treated
embryos on treatment time. AdTS DPV Brdicka reaction parameters were as follows: an initial potential of −0.6 V, an end potential of −1.6 V, a modulation time of
0.057 s, a time interval of 0.2 s, a step potential of 1.05 mV/s, a modulation amplitude of 250 mV, Eads=0 V. Temperature of supporting electrolyte was 0 °C [35]. For
other details see Experimental section.


516 R. Mikelova et al. / Bioelectrochemistry 70 (2007) 508–518

protein, complexed with cobalt, was published for the first time
already in 1967 [65] and since then it has been repeatedly
confirmed [35,51,57,66–75]. DP voltammograms obtained are
shown in Fig. 6A.We observed five thiols signals—Co1, RS2Co,
Cat1, Cat2 and Cat3 during analysis of GSH, GSNO, PC2 and
PC5 by modified AdTS DPV Brdicka reaction. Signals of Cat1,
Cat2 and Cat3 correspond to the reduction of hydrogen at the
mercury electrode [76]. Another signal, which is appeared at the
potential about −1.0 V, relates with the reduction of the RS2Co
complex [76]. In addition the signal called Co1 could result from
reduction of [Co(H2O)6]


2+ [76]. It clearly follows from the figure
that character of the mentioned thiol signals change with their
different amount.We used signal sum of heights ofCat3 signals of
the single thiols for determination of total content of thiols in the
treated embryos. The height was proportional to their concentra-
tion: y(peak height/μA)=10.404(thiols concentration/μM)+
1.5517, R2=0.997 (inset in Fig. 6B). The dependence total
content of thiols in the treated embryos on treatment time is shown
in Fig. 6B. It clearly follows from the obtained results that content
of thiols increased with increasing treatment time and applied
concentration of silver ions. Content of thiols in untreated
(control) embryos did not change much in comparison with the
highest silver concentration, where content of thiols was almost
two times higher. The concern relates to the fact that embryos
protect themselves against toxic heavy metal from the beginning
of the treatment.

4. Conclusion


A low cost and sensitive technique for determination of silver
ions in environment is needed not only due to high toxicity of
these ions but also due to investigating of silver effects on
organisms. Here, we suggest the technique for determination of
this compound of interest both in environmental samples and
plant embryos. Moreover, we also observed effect of the silver
ions on growth and thiols content at the treated embryos.
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Abstract


The changes of the stainless-steel electrode surface morphology occurring due to dissolution of the anode under the action of electric pulses
which are commonly utilized in cell electromanipulation procedures, have been studied by using atomic force microscopy. The surface of the
polished electrode was rather smooth — the average roughness was 13–17 nm and the total roughness 140–180 nm. After the treatment of the
chamber filled with 154 mM NaCl solution to a series of short (about 20 μs), high-voltage (4 kV) pulses, the roughness of the surface of the anode
has increased, depending on the total amount of the electric charge that has passed through the unit area of the electrode, and exceeded 400 nm for
the dissolution charge of 0.24 A s/cm2. No changes of the cathode surface were detected. Well-defined peaks with the width of 1–2 μm and the
height of over 400 nm have appeared. These peaks create local enhancements of the electric field at the interface between the solution and the
electrode surface which can lead to the non-homogeneity treatment of cells by electric pulses and can facilitate the occurrence of the electrical
breakdown of the liquid samples.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Surface topography; Electrolysis; Electroporation; Arcing; PEF food processing

1. Introduction


A temporary increase of cell membrane conductivity and
permeability (electroporation) is achieved by the exposure of
cells suspended in an electrolyte solution to pulses of strong
electric field (up to 100 kV/cm) [1]. This phenomenon is widely
used for cell electromanipulations in biomedicine, cell biology,
biotechnology, and food processing [2,3].


However, when a high enough voltage is applied to the
electrolyte solution, besides a permeabilization of the cell
membrane, a variety of electrolysis reactions occur at the
electrode–solution interfaces [4]. These reactions cause changes
of the various parameters of the experimental medium, such as
the chemical composition [5–7] or pH [8]. When a non-inert
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anode is utilized, the dissolution of the anode material might
occur due to the oxidation of the metal of the electrode at the
anode–solution interface [4].


Studying the processes of electrolysis occurring during cell
electroporation procedures became especially important when
electroporation was recently started to be used in vivo for
electrochemotherapy [9], transdermal drug delivery [10], gene
therapy [11], as well as nonthermal pasteurization of liquid foods
[3,12] as the interaction between electrodematerials and tissues or
food products during electric treatment should be minimized [3].


One of the problems that sometimes arise when using the
pulses of as high electric field as possible for food pasteuriza-
tion or other applications, is so called “arcing”, that is, the
dielectric breakdown of the liquid samples which is observed as
a spark [13–16]. This can lead to dramatic effects from just
ejection of the sample from the cuvette [14] or the reduction of
the transfection efficiency [17] to irreversible damage of elec-
troporation cuvettes, power supplies or electroporators [16,18].
Reducing the risk of dielectric breakdown of foods during
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pulsed-electric-field application is a key issue to success of
pulsed-electric-field pasteurization technology [13].


Meanwhile, when using electroporation for the electropora-
tive gene DNA transfer [19], microbial inactivation by pulsed
electric fields [12], or other applications, it is often necessary to
apply the pulses of as high electric field as possible [20]. In
addition, the ultimate goal in some applications, such as
electrochemotherapy and food pasteurization by pulsed electric
fields, is to kill as many tumor cells or microorganisms as
possible [21]. To achieve this, each cell has to be exposed to an
electric treatment of sufficient intensity and any inhomogeneity
of an electric field is undesirable [21,22]. So, for preventing
dielectric breakdown inside the treatment chamber and assuring
the homogeneity of an electric treatment of each cell, the
variations of the local electric field strength in the treatment
chamber must be avoided [21–23]. For example, changing
electrode orientation in the case of solid tumors or agitation of
the liquid samples allows to achieve more homogeneous electric
treatment and improves the efficacy of electrochemotherapy
and microorganism inactivation procedures [21,22].


Parallel plates produce the most uniform distribution of elec-
tric field [24]. However, long time pulsing and repeatable usage
of the electrodes can increase their roughness to such an extent
which might create local enhancements of the electric field at the
interface between the solution and the electrode surface. This, in
some cases, could increase the chance of electrical breakdown of
the liquid samples and thus limits the intensity of the electric
pulses that could be applied to the treatment chamber [25].


Studying the process of the electrode dissolution is also
important in respect to the ability to predict durability of the
electrodes utilized in continuous-flow channel chambers
[12,20,26,27]. In such systems, electrodes carry a huge load
because of repetitive pulsing during the process. To electroporate
several tens of millilitres of the cell suspension, it often needs to
apply several tens [20] or hundreds [27] of high-voltage electric
pulses. Even in the case of the ‘static’ chambers, pulse cycles
consisting of up to several thousands of electric pulses are
sometimes required to electroporate the cells successfully [28].


Although, there were evidences that cell electromanipulation
procedures can result in a substantial release of metal ions from
the anode [5–7,29–31] and, in some cases, the cathode [8] and
that polishing of the electrodes, which decreases the roughness of
their surface, helps to avoid arcing at high voltages [15], no study
on the changes of the electrode surface morphology occurring
during these procedures has been carried out to date. This study is
the first attempt to investigate the changes of the stainless-steel
anode surface morphology occurring due to its dissolution under
conditions close to those which are used during cell electropora-
tion experiments. The topography of the electrode surface was
investigated by means of atomic force microscopy (AFM) — a
powerful technique capable of determining the surface topogra-
phy at a nanometer resolution [32].


2. Experimental


A home-made discharge chamber consisting of two round,
flat, parallel electrodes mounted in a well of Teflon was

used. The inter-electrode distance was 1 cm and the chamber
volume — 2 ml. The only metal parts of the chamber that were
in a contact with the solution were the stainless-steel electrodes.
The working area (the one through which the electric current
was passing) was equal to 2 cm2.


Prior to the electric treatment, the surfaces of the electrodes
were thoroughly polished to get as smooth surface as possible:
first, with emery paper (grade 1000 and 1200), then, with
diamond paste of decreasing grade (6, 3, 1, and 0.25 μm) till the
mirror-like surfaces were obtained. After polishing, the working
surfaces of the electrodes were rinsed with alcohol and distilled
water.


The dissolution of the electrodes was obtained by dischar-
ging several times a high-voltage 1 μF-capacitor (charged to
4 kV) through the chamber filled with a 154 mM NaCl solution.
Experiments were done at room temperature (19–20 °C).


The intensity of electrotreatment was characterized by the
total amount of electrical charge that has passed through the
square unit of the electrode (“dissolution charge”) calculated
according to


Qdiss ¼ nCU=S


Here n is the number of electric pulses, C is the capacity of a
capacitor (1 μF), U is the voltage to which the capacitor is
charged (4 kV), and S is the electrode area (2 cm2).


Surfaces of the electrodeswere examined in air by atomic force
microscope Quesant Qscope-250 (Ambios Technology Compa-
ny, Santa Cruz, CA, USA). Microfabricated contact mode silicon
V-shaped cantilevers with a spring constant of approximately
0.28 N/m were utilized. All images were obtained in a contact
mode with the scan rates ranging from 1 to 3 Hz. Repeated
scanning of the same place on the electrode surface confirmed that
no physical damage had occurred due to measurements.


AFM images were processed and surface roughness para-
meters were obtained with software SPIP v. 2.3206 (Image
Metrology A/S, Lyngby, Denmark). Height profiles were
obtained with a Quesant ScanAtomic Control Panel v. 3.20
(Ambios Technology Company, Santa Cruz, CA, USA).


3. Results and discussion


We studied the effect of the short (about 20 μs), high-voltage
(4 kV) pulses of high-density electric current (up to 5 ·105 A/
m2), which are commonly utilized in cell electromanipulation
procedures, on the surface morphology of the electrodes. Using
AFM technology we investigated the morphology of the surface
of the electrodes prior to and after the exposure by a series of
high-voltage electric pulses.


Despite that the diverse electrode materials are utilized in
commercially available and home-made electrodes which are
used in cell electromanipulation procedures [33], one of the
most popular is still stainless-steel [7,33–35]. Due to this, the
electrodes made from stainless steel were chosen as an object of
this study.


First, the morphology of the surface of the ‘intact’ electrodes,
which were thoroughly polished prior to the electric treatment to
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get as smooth surface as possible, was investigated. Fig. 1A
shows a typical three-dimensional image of the surface of the
freshly polished stainless-steel electrode. The scanning area was

Fig. 1. Typical three-dimensional AFM images of the surface of the stainless-
steel anode: (A) polished anode prior to the exposure by high-voltage electric
pulses and after the exposure to (B) 60 and (C) 120 exponential pulses with the
duration of about 20 μs (dissolution charge Qdiss=0.12 and 0.24 A s/cm2


respectively). Scanning area 30×30 μm2; z range: (A) 157, (B) 274, and
(C) 410 nm.


Fig. 2. Height profiles of the stainless-steel anode surface along white lines A in
Fig. 1: (A) polished anode prior to the exposure by high-voltage electric pulses
and (B) after the exposure to 120 exponential pulses with the amplitude of 4 kV
and the duration of about 20 μs (dissolution charge Qdiss=0.24 A s/cm2).

30×30 μm2. The height profile of the electrode surface along
the white line is shown in Fig. 2A.


It can be seen from these figures, that the surface of the
polished stainless-steel electrode is rather smooth. Long straight
narrow (width in the range of 1 μm) not deep (10–50 nm)
scratches seen on the electrode surface are most likely a result of
the mechanical polishing process. The average roughness, Ra,
calculated for the anode surface three-dimensional image shown
in Fig. 1A is 15 nm and the total roughness which is the vertical
distance from the deepest valley to the highest peak, Rt, is
157 nm (Fig. 1A). Three-dimensional AFM images of the
surface obtained in different electrode spots, give the total
roughness of the surface in the range of 140–180 nm.


Then a series of the short exponential (time constant of about
20 μs) high-voltage (4 kV) electric pulses were applied to the
chamber filled with the 154mM sodium chloride solution and the
surfaces of both electrodes (anode and cathode) were scanned by
the atomic force microscope. A three-dimensional image of
Fig. 1B provides quantitative information on the anode surface
topography after the exposure to a series of 60 exponential electric
pulses giving the total dissolution charge Qdiss=0.12 A s/cm2.
As in the previous case, the scanning area was 30×30 μm2.
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It can be seen from Fig. 1B that the anode surface became
much rougher. The average roughness of the anode surface, Ra,
increased to 21 nm and the total roughness, Rt, to 274 nm
(Fig. 1B). Three-dimensional AFM images of the surface
obtained in different spots on the electrode, give the total
roughness in the range of 250–300 nm. So, the roughness of the
anode after the exposure to a series of 60 electric pulses has
increased by 40–80%. These changes of the surface roughness
were the result of the release of ions from the stainless-steel
anode due to oxidation of the metals from which the anode was
made (mainly iron, chromium, nickel, and manganese [29]). At
the same time, no noticeable changes in the morphology of the
cathode surface were detected (data not shown).


A great variety of the types and intensities of electric
treatments is utilized in cell electromanipulation experiments. In
the case of a single-pulse exposure, the dissolution charge varies
from less than 0.001 A s/cm2 [35] up to 0.2–0.3 A s/cm2 [36–
38]. To get closer to the upper limit of this range of a single-
pulse dissolution charges, 120 exponential electric pulses with
the amplitude of 4 kV, giving the total dissolution chargeQdiss=
0.24 A s/cm2, were used. Because, in the case of a multi-pulse
treatment, the release of metal ions from the anode proceeds in a
cumulative manner [26], the use of a series of the pulses to get
the required level of a dissolution charge is acceptable.


Then, the surface morphology of the anode was investi-
gated. A three-dimensional image of the surface of the anode
(Fig. 1C) shows that the total roughness of the surface, Rt,
remarkably increased and reached 410 nm. The average
roughness, Ra, increased to 47 nm. Three-dimensional AFM
images of the surface obtained in different spots on the elec-
trode, give the total roughness of the surface in the range of
380–450 nm.


The results presented here show that, under the anode
dissolution conditions used here, the topography of the
stainless-steel surface has been altered. Well-defined peaks
(and valleys) with the width of 1–2 μm and the height of over
400 nm (Fig. 1C) have appeared. These peaks create local
enhancements of the electric field at the interface between the
solution and the electrode surface and can facilitate the
occurrence of the electrical breakdown of the liquid samples.
This reduces the maximum intensity of the electric field pulses
that could be applied to the treatment chamber. Meanwhile,
when using electroporation for the electroporative gene DNA
transfer [19], microbial inactivation by pulsed electric fields
[12], or other applications, often it is necessary to apply the
pulses of as high electric field as possible [20]. As one of the
possible solutions of this problem, polishing of the electrodes
before use could be recommended. It was noticed earlier that
this helps to avoid arcing at high voltages [15].


Our results reveal one more source of the possible
inhomogeneity of an electric treatment of each cell — local
electric field variations due to the roughness of the electrode
surface created by strong electric pulses. Because the ultimate
goal of some applications, such as electrochemotherapy and
food pasteurization by pulsed electric fields, is to kill as many
cells (tumor cells or microorganisms) as possible [21], each cell
has to be exposed to an electric treatment of sufficient intensity

and any inhomogeneity of an electric field is undesirable
[21,22]. So, for preventing dielectric breakdown inside the
treatment chamber and assuring the homogeneity of an electric
treatment of each cell, the variations of the local electric field
strength in the treatment chamber must be avoided [21–23]. It
has been demonstrated that changing electrode orientation in the
case of electrochemotherapy of solid tumors [21] or agitation of
the liquid samples during microorganism inactivation by pulsed
electric fields [22] allows to achieve more homogeneous electric
treatment and improves the efficacy of electrochemotherapy
and microorganism inactivation procedures [21,22].


The present work is the first demonstration that the use of
the high-voltage electric pulses commonly utilized in cell
electroporation procedures leads to the increase of the surface
roughness of the stainless-steel anode, due to the dissolution of
the anode material. This, in turn, can create local enhancements
of the electric field which lead to the inhomogeneity of an
electric treatment of each cell and facilitate the occurrence of
the electrical breakdown of the liquid samples.


The authors hope, that the approach to study the changes of
the surface morphology by using an AFM technique, utilized
here and the results obtained can be helpful in finding the
solutions for increasing the longevity of the electrodes as well as
avoiding the problems arising due to the anodic half-reactions,
such as ‘arcing’ and contamination of the solution by the release
of metal ions from the electrodes.
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Abstract


The interaction between molecular oxygen and bile salts, previously observed using chemiluminescence techniques, is studied in this paper by
electrochemical techniques to further highlight the nature of the interaction. A shift of half-wave potential of the first polarographic wave for the
reduction of molecular oxygen was observed in solutions in the presence of bile salts. The shift could be related to different phenomena, such as
adsorption of bile salt molecules on the mercury electrode, irreversibility of the oxygen reduction reaction, pH of the solution. Experimental results
suggest the exclusion of the above mentioned processes and outline the occurrence of a direct interaction between oxygen and bile salts, where the
hydrophobic face of bile salt monomers and/or small aggregates are involved, enhancing so dismutation of superoxide ion produced at the
electrode. The presence of bile salts in solutions containing triphenylphosphine oxide, a hydrophobic surfactant, increases also the wave of
reduction of molecular oxygen. As a consequence bile salts, beside the well-assessed physiological roles, can behave as oxygen carrier and as
antioxidant, preventing the oxidation of biological compounds by superoxide ion.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Oxygen; Bile salts; Polarography; Electro-generated superoxide ion; Antioxidant

1. Introduction


Bile acids are hydroxy steroids, biosynthesized from
cholesterol in the liver. The molecule of a bile acid contains a
steroid ring system and a branched short side chain. The chain
terminates in a carboxyl group, which, in the physiological
terms, can be conjugated with glycine or taurine through an
amido moiety (Fig. 1F). Steroid rings carry hydroxyl groups and
common bile acids differentiate for their number, position and
orientation (Fig. 1A–E). In the ionized form (also widely
reported with the term “bile salt”, BS) they behave as
physiological surfactants and form micelle-like aggregate
above a narrow concentration range (critical micelle concen-
tration, CMC). Their surface activity originates from a structural
dissimilarity, because of the distribution of hydrophilic
(hydroxy groups and the acidic side chain) and hydrophobic
moieties in different faces of the steroid ring system. A
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hydrocarbon backbone builds up the so-called beta face that is
unable to form H-bonds with water molecules, but represents a
privileged site for the interaction with the hydrophobic portions
of dissolved molecules [1]. For instance self-aggregation of BS
above CMC involves the beta face [2].


Recently an unexpected role of bile salt towards the oxygen
molecule was described by De Lange et al. [3]. They reported
that glycocholic acid could behave as antioxidant or promoter of
lipid peroxidation, according to the lipid substrate concentra-
tion. Afterwards other authors reported about ability of BS to
scavenge superoxide anion generated by xanthine-xanthine
oxidase [4], or their effects on the free radical generation, lipid
peroxidation and the antioxidant defense system in the liver of
rat [5], or as protective against oxidative injury induced by
reactive oxygen species [6].


Moreover in previous papers [7,8], using a chemilumines-
cent technique, based on horse radish peroxidases and a
luminol-oxidant enhancer reagent, we too observed that a
representative series of free, glycine and taurine conjugated BS
inhibit the steady state of a chemiluminescent reaction, where
oxygen is involved. The extent of enhanced luminescence
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Fig. 1. Molecolar structure of the bile acids examined: the common name is shown together with the position and orientation of the steroid hydroxyl groups. The last
window shows possible structures of the side chain.
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inhibition is higher for BS with a large hydrophobic surface area
and when hydroxy are replaced by keto groups. Also hepatic
chemiluminescence in normal and oxidative-stressed rats was
found influenced by bile acids [9].


Therefore to highlight this unforeseen role of the bile salts on
the mechanism of inhibition of light emission or as antioxidants,
we examined the interaction between oxygen molecule and BS
by means of polarography, successfully used in these systems
[10–14]. Sodium cholate molecule, with three alpha-oriented
hydroxy groups in the 3, 7 and 12 positions of the steroid rings
(Fig. 1A), was used for preliminary studies, while other BS were
chosen for their different structural parameters (Fig. 1A–F).


Oxygen is an electroactive molecule and for this property it
is a probe particularly suitable for polarographic measurements.


2. Experimental


2.1. Reagents


The following bile acids (as sodium salt, when commercially
available): cholic (C) chenodeoxycholic (CDC), ursodeoxy-

cholic (UDC), deoxycholic (DC), tauroursodeoxycholic
(TUDC), taurocholic (TC), glycocholic (GC), glycodeoxycholic
(GDC), dehydrocholic (DHC) acid were obtained from Sigma
(St. Louis, Mo, USA): their structure is reported in Fig. 1A–F.


Sodium nitrate, sodium acetate, thallium (I) nitrate, sodium
hydroxide, buffer solutions, and triphenylphosphine oxide
(TPO) were analytical grade chemicals from Merck (Darmstadt,
Germany). All the compounds were used as delivered.


Stock solutions were freshly prepared before the experi-
ments, dissolving BS at increasing concentrations in 0.15 mol/L
sodium nitrate, to avoid possible interferences with other ions;
equivalent amount of NaOH was added in the case of free bile
acid (CDC); sodium cholate (C) was also prepared in 0.1 mol/L
NaOH or in buffer solution at pH 10 (boric acid/KCl/NaOH:
Merck, Darmstadt, Germany). All the solutions were prepared
using bidistilled water.


2.2. Apparatus


Polarographic current-voltage (DCP) and differential pulsed
polarographic (DPP) curves were recorded by a polarograph
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Amel, Model 466, using an electrolytic cell with a saturated
calomel electrode as reference electrode (SCE) and all the
potentials are referred to it. A dropping mercury electrode was
used as a working electrode, at controlled time t=2.0 s, and a
wired platinum was used as counter electrode. Measurements
were carried out at 25.0±0.1 °C at atmospheric pressure that
can be considered constant during the time of measurements.


2.3. Procedures


The polarographic current-voltage curves for the first
reduction step of molecular oxygen (see below) were recorded
in solutions, in the absence or in the presence of increasing BS
concentration, saturated by air. To measure the relative oxygen
concentration, we used the ratio (īl/īd) of the mean limiting
current (īl) of reduction of molecular oxygen in the presence of
BS to the mean limiting current diffusion controlled (īd), re-
corded in the absence of BS. To measure the extent of the
interaction between oxygen and BS we used the shift of the half-
wave potential for the reduction of oxygen, in terms of dif-
ference (ΔE1/2 /V ) between the values measured in the absence
and in the presence of increasing BS concentration. The
electrode potential is measured versus SCE.


To follow the reaction between superoxide ion and BS,
polarograms of reduction of the oxygen dissolved at atmosphere
pressure were carried out at different pH, in the presence of
TPO, a hydrophobic surfactant, at increasing BS concentrations.


3. Results and discussion


3.1. The polarographic reduction of O2


Oxygen molecule is naturally present in the solutions kept in
contact with atmosphere and solubility ranges from 2.10−4 mol/
L in water to 1.1.10−3 mol/L in an aprotic solvent, such as
dimethylformamide (DMF) [15].


It is well known [16] that in aqueous solutions the electro-
reduction of molecular oxygen occurs at the mercury electrode, by
two bi-electronic consecutive electrode processes, leading toH2O2


(or its parent anion O2H
−) and to H2O (or OH−) respectively.


The first step is the formation of the superoxide ion O2
− by


reduction of molecular oxygen [13]:


O2 þ e−→O−
2 fast ð1Þ


This reaction becomes reversible at pHN12.
Since the direct reduction of superoxide ion O2


− to O2
2− is


energetically forbidden, a further reduction of O2
− can occur


after its transformation into O2H•, by the reaction with water
molecules, adsorbed at the mercury electrode, acting as proton
donor:


O−
2 þ H2O↔O2H• þ OH− slow ð2Þ


The species O2H• can undergo dismutation:


2O2H•↔H2O2 þ O2: ð3Þ

The overall post-electron transfer reaction (Eq. (2)+Eq. (3))
is described by the following equation:


2O−
2 þ 2H2O↔H2O2 þ O2 þ 2OH− ð4Þ


The dismutation reaction (Eq. (3)) is known to be very slow
at high pH.


The net electrochemical process (Eq. (1)+Eq. (2)+Eq. (3)),
relative to the first polarographic wave for the reduction of
molecular oxygen, is given by:


O2 þ 2H2O þ 2e−→H2O2 þ 2OH−ð1st polarographic waveÞ
ð5Þ


In aprotic solvents (such as DMF) the only species formed
during the first electron transfer is O2


−: this reaction is known to
be reversible in these media (Eq. (6)). A chemical reaction
involving the superoxide ion in these media could be
protonation by a weak acid (e.g. a phenol, HB):


O2 þ e↔O−
2 ð6Þ


O−
2 þ HB↔O2H• þ B ð7Þ


2O2H•↔O2 þ H2O2 ð8Þ
or even by a supporting electrolyte, such as tetraethyl
ammonium ion (TEAP), which, in the absence of stronger
acids, acts as proton donor and it was reported [11] that it
converts into ethylene and triethylamine: but this last reaction is
very slow.


The first polarographic wave, relative to the first electro-
chemical process for the reduction of oxygen, can be used in
both cases to follow the behavior of the oxygen in the presence
of interacting substrates, such as, in present paper, a bile salt.


The second electrode process occurs at more electronegative
potential and it is not important for present purposes.


3.2. The reduction of O2 in the presence of sodium cholate


Mean limiting current (īd) and half-wave potential (E1/2 /V )
related only to the first wave of the oxygen reduction in aqueous
solution were recorded in the presence of increasing concentra-
tions of sodium cholate (īl).


The dependence of mean current, as īl/īd, and of the half-
wave potential, as ΔE1/2 /V, on sodium cholate concentrations
for aqueous solutions, previously stirred for 18 h, is shown in
Fig. 2A. Since half-wave potentials shift to more negative
values, ΔE1/2 /V, as defined, is always negative. According to
the results, the plot can be divided into three parts.


ΔE1/2 /V for oxygen reduction increases with sodium cholate
concentration, starting from the lowest value examined;
whereas īl/īd shows a slight decrease as sodium cholate
concentration increases: this was observed up to 8.10−3 mol/L
(Range I). At this value the current reaches a constant value.
ΔE1/2 /V remains constant from 8.10−3 to 3.10−2 mol/L (Range
II) and then increases again (Range III). No examination was
carried at concentrationN0.1 mol/L for solubility problems.







Fig. 2. Dependence of the limiting current īl/īd (○, left scale) and of the half-wave potential ΔE1/2 /V (●, right scale) for the reduction of the dissolved oxygen on the
logarithm of the concentration of sodium cholate: A— in NaNO3 0.15 mol/L aqueous solution; B— in NaOH 0.1 mol/L aqueous solution; C— in buffer solution pH
10; D— for the reduction of 2.10−4 mol/LTl+ in NaNO3 0.15 mol/L aqueous solution. Range I, II and III are indicated in A together with CMC values (9.10−3 mol/L).
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Because these effects could be generated either by adsorption
phenomena, or by the irreversibility of the O2 reduction or by
change of pH or by some interaction between O2 and cholate
anions, we carried out a series of supplementary tests.


We repeated the measurements in 0.1 mol/L NaOH solution,
where the reduction of the oxygen is reported to be reversible
[12] and where the pH of the solution can be considered
constant and independent of the electrode process. In this case
(Fig. 2B) current linearly decreases with increasing cholate
concentration; while half-wave potential shifts, as previously
observed, up to 1.2.10−3 mol/L and then remains constant.


Polarograms were also carried out in the presence of
increasing cholate concentrations in buffer solution at pH 10.
Fig. 2C shows that electrochemical parameters are similar as
those in 0.1 mol/L NaOH solution.


As a result it appears that the shift of the half-wave potential
towards more negative values for the reduction of oxygen, in the
presence of increasing cholate concentrations, does not change
when the reaction occurs reversibly or not, as it occurs at lower
pH values; and when pH remains constant, as in 0.1 mol/L
NaOH or in solution buffered at pH 10 (Fig. 2B,C), or not, as in
0.15 mol/L NaNO3 solution (Fig. 2A).


To check that the shift is not related to passivation of the
electrode by adsorbed cholate, we examined the reduction of
Tl+ ion as depolarizer, at increasing cholate concentrations in
the absence of O2. In fact Tl


+ ions, which are reversibly reduced
at the electrode, are known not to form complexes with sodium

cholate [6]. Measurements were carried out in de-aerated
solutions containing 2.10−4 mol/L Tl+ and 0.15 mol/L NaNO3


solution indicated that both polarographic currents and half-
wave potential for the reduction of Tl+ ions are not affected in
the whole cholate concentration range (Fig. 2D). This proves
that the electrode is not passivated by the presence of the bile
salt, as also previously demonstrated [6] and that the reduction
of oxygen in the presence of cholate is not affected by this
phenomenon.


Measurement of oxygen reduction was also carried out in
solutions at increasing concentration of sodium acetate to
control the effect of the carboxylate group and of the change of
the pH near the electrode by the electrode process, since acetate
anions do not form micelle aggregates. The measurements (not
reported here) indicate that the process of reduction of oxygen is
not affected by the presence of sodium acetate.


From these tests it can be reasonably assumed that the shift
observed in Range I of Fig. 2A is related to a possible
interaction in the aqueous solution between the cholate anion
and the oxygen molecule and cannot be attributed to side
effects, such as adsorption of the bile salt to mercury electrode,
pH of the solution or irreversibility of the electrode process.


Polarograms for the oxygen reduction in different media
(NaNO3 0.15 mol/L; TPO 10−3 mol/L, pH 10 buffer; NaOH
0.1 mol/L aqueous solutions; in the absence and in the presence
of increasing concentration of sodium cholate) are shown in
Fig. 3A–C.







Fig. 3. Envelop of imax of polarographic curves associated to oxygen reduction:
A, in NaNO3 0.15 mol/L aqueous solution; B, idem, in the presence of 10−2 mol/
L sodium cholate; C idem, in the presence of 10−1 mol/L sodium cholate.
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3.3. The reduction of O2 in the presence of different BS


Measurements were also carried out on solutions of
increasing BS concentrations differing from cholate for the
number, position, orientation of hydroxy groups and nature of
the side chain; also a semi-synthetic tri-keto compound was
tested: CDC, UDC, DC, TUDC, TC, GC, GDC, DHC.

Plots obtained of īl/īd and the ΔE1/2 /V values vs the
increasing concentrations of the different BS are reported in
Figs. 4 and 5.


All the salts examined show an E1/2 /V shift to more
negative values at increasing BS concentrations. The shift
stops around the CMC value (indicated by an arrow in the
figures) and ΔE1/2 /V afterwards remains constant. It can be
appreciated that all BS behave similarly, even though at range
III it is not always well defined. The passage from range I to
range II (corresponding to CMC) is made quite evident by the
change of the slope: as a consequence this technique could be
proposed as a simple and non-invasive method to determine
CMC values for BS (Table 1). This is not true for the
dehydrocholic (DHC), which is known to self-aggregate only
at much higher concentration [1]. Because of problems of
solubility the measurements were stopped at concentration
1.10−2 mol/L. In this case the shift is constant for the whole
range of DHC concentrations examined. Table 1 shows the īl/
īd values for all BS examined at 5.10−2 mol/L concentration.
Also CMC values are reported in Eq. (1) and compared with
the values graphically obtained from the plots in Figs. 4 and 5.


3.4. The effect of bile salts on O2
− reactivity


To further examine the effect of sodium cholate on the
oxygen reduction we repeated measurements in the presence of
triphenylphosphine oxide (TPO), a hydrophobic surfactant
strongly adsorbed on the electrode surface.


In the presence of TPO, the reduction of the superoxide ionO2
−,


produced at the electrode, is inhibited, since adsorbed protogenic
water is absent. As a consequence hydration of the superoxide ion
O2
− on the electrode surface (Eq. (2)) does not occur, preventing


the formation of the hydroperoxide radical [17–19].
In these conditions the limiting current should drop to a


half of the value measured in the absence of TPO, because the
only reaction possible is described by Eq. (1) and the
reduction of O2


− to H2O2 (Eq. (3)) does not occur. This
could be also observed provided that pH is high enough to
make negligible the effect of the disproportion reaction (Eq.
(3)), which is known to be pH dependent. Otherwise due to
the occurring disproportion reaction, the current ranges
between 1/2 and 1 of the limiting value, depending on the
pH of the solution. The stability of O2


− ions in fact increases
with pH, half-life values t1/2 range from 0.2 s at pH=10.2 to
2 s at pH 12 and 50 s at pH 14 [12]. This means that at high
pH values, the species O2


− can be considered stable, at least
with respect to the polarographic dropping period.


We therefore measured the mean limiting polarographic
currents in these conditions, that is in buffer at pH 10.0 and in
0.1 mol/L NaOH solution, and repeated the measurements in the
presence and in the absence of 10−3 mol/L TPO and in the
presence of increasing concentrations of sodium cholate.


As expected in 0.1 mol/L NaOH solution in the absence of
cholate, we found: īl = īd, while in the presence of TPO: īl = īd /2,
where īl and īd are the mean current values in the presence and
in the absence of TPO respectively. At pH 10 an intermediate
value was found: īl =0.60īd (Fig. 6A).







Fig. 4. Dependence of the limiting current īl/īd (○, left scale) and of the half-wave potential ΔE1/2 /V (●, right scale) for the reduction of the dissolved oxygen in
NaNO3 0.15 mol/L aqueous solution, on the logarithm of the concentration of: A — DHC; B — GC; C — TC; D — DC. The arrow indicates the CMC value.


Fig. 5. Dependence of the limiting current īl/īd (○, left scale) and of the half-wave potential ΔE1/2 /V (●, right scale) for the reduction of the dissolved oxygen in
NaNO3 0.15 mol/L aqueous solution, on the logarithm of the concentration of: A— TUDC; B— GDC; C—CDC; D— UDC. The arrow indicates the CMC value.
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Table 1
īl/īd values for the disproportion of the superoxide ion O2


− in the presence of
5.10−2 mol/L bile salt


Bile Salt (īl/īd) range I/range II
(mM)


CMC (in NaCl 0.15 M)
(mM)


Cholate 1.3 11
Glycocholate 1.6 3 40
Taurocholate 1.5 5 4
Chenodeoxycholate 1.2 5 3
Ursodeoxycholate 1.2 7 15
Tauroursodeoxycholate 1.3 3 2
Deoxycholate 1.2 3 3
Glycodeoxycholate 1.2 3 2
Dehydrocholate 1.1 -


Fig. 6. Envelop of imax of polarographic curves associated to oxygen reduction:
A — (A) in buffer solution at pH 10; (B) idem, in the presence of 10−3 mol/L
TPO; (C) idem, in the presence of 10−3 mol/L TPO and 10−2 mol/L sodium
cholate. B — (A) in NaOH 0.1 mol/L aqueous solution; (B) idem, in the
presence of 10−3 mol/L TPO; (C) idem, in the presence of 10−3 mol/L TPO and
10−2 mol/L sodium cholate.
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Addition of increasing concentrations of sodium cholate up
to 5.10−2 mol/L did not give rise to any change in 0.1 mol/L
NaOH solution in the presence of TPO (Fig. 6B). In these
conditions O2


− has much longer life time and therefore not
detectable by polarography. In buffer pH 10 (in the presence
of TPO) results are different. The addition of sodium cholate
in the range 10−3–5.10−2 mol/L increases the ratio īl/īd
(Fig. 6A).


This indicates that cholate anions are not able to increase the
dismutation reaction of O2


− at pH=13.0, but also that the bile
salt is not preferentially adsorbed with respect to the TPO. In
fact if BS would be preferentially adsorbed with respect to TPO,
the electrode would be no more passivated and the current
should increase and reach the value produced by the direct bi-
electronic reduction of O2.


To further confirm this last phenomenon, we examined the
systems in buffer at pH 10, in the presence and in the absence
of TPO, at increasing cholate concentration by Differential
Pulse Polarography (DPP). TPO shows three adsorption
peaks at +0.070, −0.010 and −1.650 V [20]. These peaks
practically are not affected by the addition of the BS in the
range 3.10− 3–1.10− 2 mol/L. This clearly excluded the
possibility of a preferential adsorption of sodium cholate
with respect to TPO.


The same polarographic measurements of reduction of
oxygen were repeated in a buffer solution at pH 10, in the
absence and in the presence of TPO and in the presence of
concentrations between 10−4 and 5.10−2 mol/L of all the BS
examined. Results agree with those previously reported [8]
and suggest that hydrophobic BS affect more the ratio īl/īd and
especially at lower concentrations; while the three hydroxy
BS show stronger effect at higher concentrations. Hydrophilic
BS increase the īl/īd ratio in the concentration range 1.10−2


and 5.10−2 mol/L, while hydrophobic BS maintain constant
this ratio in the same concentration range. In fact hydrophobic
BS are at concentrations higher than their CMC, even if the
values of the CMC in the medium around the electrode are not
necessary the same as those found in aqueous solvent.


All these results support the conclusion that all BS examined
are able to affect the behavior of the oxygen molecule in
solution, not only modifying the reduction potential of the
oxygen molecule to O2


−, but also affecting its disproportion
reaction, behaving thus as antioxidants.

3.5. Nature of the interacting species


According to the results discussed above, a general equation
can be proposed for the binding of O2 to a bile salt anion:


BS þ O2↔BS:O2 ð10Þ
where BS.O2 simply indicates the species resulting from the
interaction, without any particular meaning for the stoichiometry
or the nature of binding. As the concentration of BS increases, the
equilibrium is shifted rightwards. This is paralleled by a shift of
theΔE1/2 /V, indicating increasing difficulty for O2 to be reduced.
The decrease of īl/īd can suggest, when occurring, either that the
dissociation equilibrium is slowly established, compared to the
time of measurement, or that the diffusion coefficient of the
species in these conditions is lowered, because of higher mass of
micelles with respect to BS monomers.


In the range III, which corresponds to the micelle solution [21],
ΔE1/2 /V remains constant. Changes of the electrochemical
parameters with BS concentration indicate that BS monomers
could be responsible for the interaction. The interaction would
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occur in solutions of bile salt at sub- and pre-micelle concentrations,
whenmainlymonomers are present. In fact starting fromCMC, the
monomer concentration (also called intermicellar concentration) is
constant [22]. At concentrations higher than CMC, the added BS
does not contribute to increase the monomer concentration.
Monomers are involved into the formation of new micelle
aggregates or into increasing the aggregation number of pre-
existing micelles, a BS solution being a polydispersed system [23],
and are no more available to interact with oxygen. Furthermore,
since aggregation of BS is thought to occur back-to-back [2], this
suggests that oxygen somehow interacts with the hydrophobic
portion of the steroid nucleus present on the beta face of BS
monomer. When two BS monomers start to aggregate and form a
dimer, which represents the first step of the aggregation for these
surfactants, the hydrophobic region of the steroid nucleus is brought
far from the contact with the medium and unavailable for the
interaction with other oxygen molecules, but trapping those just
previously “bounded”. Since oxygen is a hydrophobic molecule,
whose solubility increases more than tenfold passing from water to
common organic solvents [16], some affinity of oxygen molecule
towards the hydrophobic portion of BS is expected. To support this
idea is the fact that the BS side chain appears not important with
respect to BS/oxygen interaction, since only the structure of the
steroid ring beta-face is involved to complex oxygen.


4. Conclusions


The interaction between molecular oxygen and BS, observed in
solution, makes more difficult the reduction of oxygen and leaves
this molecule less available to oxidation reactions. The interaction
not only shifts the reduction potential of the oxygen to more
negative values, but also affects the reaction pathway of the
superoxide ion, since shifts the disproportion reaction of O2


−


rightwards, according toLatimer diagram, and lowers its concentra-
tion. The presence of a third range, in cholate solutions, can be
attributed to the formation of micelles with a higher aggregation
number. The more hydrophobic are the molecules and the more
important are the phenomena showed. The shift of E1/2 is more
accentuated and stronger is the increase of themean limiting current
in the presence of TPO for BS concentrations lower than CMC.
This is consistent with bioluminescence results: luminescence is
inhibited in the presence of BS and inhibition is higher for di-
hydroxy compared to tri-hydroxy BS, i.e. with larger hydrophobic
surface area, or when hydroxy groups are replaced by keto groups.


All these results provide a confirmation of the antioxidant
and oxygen carrier behavior of bile salts and offer the
researchers in this field a possible explanation of their findings.
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Abstract


In order to investigate the origin of large intensity the α-relaxation in skeletal muscles observed in dielectric measurements with extracellular
electrode methods, effects of the interfacial polarization in the T-tubules on dielectric spectra were evaluated with the boundary-element method
using two-dimensional models in which the structure of the T-tubules were represented explicitly. Each model consisted of a circular inclusion
surrounded by a thin shell corresponding to the sarcolemma. The T-tubules were represented by simplified two types of invagination of the shell:
straight invagination along the radial directions, and branched one. Each of the models was subjected to two kinds of calculations relevant to
experiments with the extracellular and the intracellular electrode methods. Electrical interactions between the cells were omitted in the
calculations. Both calculations showed that the dielectric spectra of the models contained two relaxation terms. The low-frequency relaxation term
assigned to the α-relaxation depended on the structure of the T-tubules. Values of the relaxation frequency of the α-relaxation obtained from the
two types of calculations agreed with each other. At the low-frequency limit, the permittivity obtained from the extracellular-electrode-type
calculations varied in proportion to the capacitance obtained from the intracellular-electrode-type ones. These results were consistent with
conventional lumped and distributed circuit models for the T-tubules. This confirms that the interfacial polarization in the T-tubules in a single
muscle cell is not sufficient to explain the experimental results in which the intensity of the α-relaxation in the extracellular-electrode-type
experiments exceeded the intensity expected from the results of the intracellular-electrode-type experiments. The high-frequency relaxation term
that was assigned to the β-relaxation was also affected by the T-tubule structure in the calculations relevant to the extracellular-electrode-type
experiments.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction


Dielectric spectra of cells and tissues have been of interest in
physiology, biophysics and bioengineering because those serve
as fundamentals not only for understanding the electrical phe-
nomena including effects of electromagnetic fields, but also
for developing electromagnetic techniques for analyzing cells,
tissues and bodies [1–9]. According to Schwan's survey [1], the
dielectric spectra have three types of dielectric relaxation that
appear in different frequency regions of the applied ac electric
fields: α-relaxation below a few kHz, β-relaxation between
1 kHz and 1 GHz, and γ-relaxation above 1 GHz. The γ-
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relaxation is due to orientation of water molecules. The β-
relaxation is attributed to interfacial polarization caused by
accumulation of charges at boundaries between the membranes
and the aqueous phases. For the α-relaxation, several possible
polarization mechanisms have been proposed, which are due to
(1) displacement of counterions surrounding charged mem-
branes [1,5], (2) interfacial polarization related to peculiar cell
structures such as the T-tubules in skeletal muscles [10,11], gap
junctions between cells [12,13], and small holes in the cell
membrane [14], and (3) gating of ion permeation in excitable
membranes [15,16]. As an extended view, Dissado reexamined
the mechanism of the three relaxation terms based on fractal
structures in tissues [17]. At this stage, the mechanism of the α-
relaxation has not been made clear because of difficulties in
measurements in the low frequency region chiefly due to
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interference from electrode polarization [18,19], and the
structural complexities of cells and tissues.


The electrical properties of skeletal muscles have been
investigated by the extracellular electrode (EE) [1–10] and the
intracellular electrode (IE) [2,4,11,20,21] methods. The EE
method, which is commonly used for dielectric spectroscopy,
measures the whole cells between electrodes, whereas, in the
IE method, one of the electrodes is placed inside of the cell to
make measurements across the cell membrane. In 1954,
Schwan [22] reported the dielectric spectra of skeletal muscles
measured by the EE method between 20 Hz and 200 kHz, and
showed that these included two relaxation terms located near
100 Hz (α-relaxation) and above 100 kHz (β-relaxation). In
his review paper in 1957 [1], he analyzed the α-relaxation
following O'Konski's theory [23] and, from analogy with the
α-relaxation found for lysed erythrocytes and polystyrene
spheres, concluded that the α-relaxation was attributed to the
counterion polarization. The β-relaxation was reasonably
explained by the interfacial polarization related to the
membrane at the outer surface of the muscle cells (the
sarcolemma). Subsequently in 1964, Fatt and Falk carried out
the measurements by the EE [10] and by the IE [11] methods
and found two relaxation terms in both of the experiments.
Based on these results, they proposed that these relaxation
terms were both caused by the interfacial polarization in
which the effects of the tubular system in the skeletal muscles
were represented by circuits consisting of capacitors and
resistors connected in series. The simplest circuit is the
lumped circuit model (LCM) for the T-tubules [20,21]. This is
a serial combination of a capacitor due to the whole T-tubule
membrane and a resistor representing the access resistance. A
parallel combination of the LCM for the T-tubules and a
capacitor corresponding to the sarcolemma provides the
apparent electrical properties of the cell membrane. According
to this model, the α- and the β-relaxation are attributable to
the T-tubules and the sarcolemma, respectively.


Arguments about the mechanism of the α-relaxation of the
skeletal muscles arise from the disagreement about its intensity
between the results of the IE-type experiments and those of the
EE-type ones. According to the discussion by Foster and
Schwan [5], the relaxation frequency of the α-relaxation in the
EE-type experiments agrees with that for the apparent
capacitance of the cell membrane derived from the IE-type
experiments, on the other hand, the intensity of the α-relaxation
is much larger than that expected from the increase in the
apparent capacitance of the cell membrane due to the T-tubules.
Because of the disagreement about the relaxation intensity, they
argued that, in addition to the interfacial polarization in the T-
tubules, the counterion polarization mechanism is required to
explain the behavior of the α-relaxation. However, validity of
this discussion should be examined because it is based on
conventional theoretical formulas in which the morphological
effects are considered implicitly. It is accepted to be reasonable
to derive theoretical formulas for the interfacial polarization in
cell suspensions by solving Laplace's equation by taking
account of the morphology and electrical properties of cells
[24–27]. In the conventional theoretical formulas for the

skeletal muscles, however, a cell was assumed to be covered
with a smooth membrane whose electrical properties were
determined from the LCM for T-tubules to incorporate their
contributions [10,28]. This approach is a kind of expedients
caused by the complex cell morphology for which Laplace's
equation cannot be solved analytically. In recent theoretical
studies of composites and cell suspensions [29,30], Laplace's
equation was solved numerically to show the morphological
effects explicitly. This approach provided information that was
not obtained with the conventional analytical methods. The
morphology of the skeletal muscles subjected to the EE-type
experiments is characterized by the network of the T-tubules in
each of the cells and the anisotropic structure of the tissue
consisting of bundles of the elongated cells. To derive the
conclusion of the mechanism of the α-relaxation in the EE-type
experiments, it is necessary to examine the validity of the
conventional analytical formulas from the comparison with the
results of numerical calculations in which the morphology of
the skeletal muscles is represented explicitly.


As the first stage of investigations based on the numerical
calculations for the skeletal muscles, we examined whether the
interfacial polarization in the T-tubules causes the same effects
in the EE- and the IE-type experiments, using two-dimensional
models in which the T-tubules were represented by simplified
local deformation of the cell membrane. The use of the two-
dimensional models in the calculations relevant to the EE-type
experiments is the same approach as that adopted by Fatt [10],
and corresponds to experimental conditions in which the
external electric fields are directed perpendicular to the muscle
fibers. Electrical interaction between the cells due to the bundle
structure was omitted. In addition to the comparison between
the EE- and the IE-type calculations, validity of the conven-
tional equivalent electric circuit models for the T-tubules was
examined.


2. Models and methods of calculations


2.1. Cell models


From the three-dimensional viewpoint, the muscle fiber and
the T-tubules were modeled, respectively, by a cylinder and
trenches on the side of the cylinder, where the external electric
fields were directed perpendicular to the cylinder. Figs. 1 and 2
show the two-dimensional view of the models. The muscle fiber
is represented as a circular inclusion 10 μm in radius, as,
surrounded by a thin shell 10 nm in thickness, Ts. Although the
value of as (as=10 μm) is somewhat smaller than those used in
previous theoretical simulations [28,31], it is still realistic. The
Ts value (Ts=10 nm) was chosen for a practical reason to
simplify the calculations, and is larger than the thickness of the
hydrophobic region in cell membranes ranging from 4 to 5 nm
[2–4]. The T-tubules are arranged symmetrically. The number
of the tubules, NT, is two in models A2 and B2, four in models
A4, B4 and C4, and eight in model A8. Width of the tubules,
WT, is made uniform. As shown in Fig. 2, the tubules are straight
invaginations of depth DT directed toward the center of the
circle in A-type models (A2, A4 and A8). In B-type models (B2







Table 1
Values of morphological parameters for the T-tubules to examine effects of
tubular structure on dielectric spectra


Parameters changed NT WT/nm DT/μm θT/(π/16)


Models A2, A4, A8 (straight T-tubules)
NT 4, 8 50 8 0
NT 2, 4 50 9.5 a 0
WT 4 50, 100, 200 8 0
DT 4 50 4, 6, 8 0
DT 8 50 4, 6, 8 0


Models B2, B4 (branched T-tubules)
NT 2, 4 50 2 3.8
DT 4 50 1, 2, 3 3.8
θT 4 50 2 1, 2, 3, 3.8
a Used only in EE-type calculations.


Fig. 1. Two-dimensional models for the cross section of a skeletal muscle fiber.
Circles in bold lines are shells corresponding to sarcolemma. Bold lines in the
circles represent the invaginations of the shell representing the T-tubules.
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and B4), each tubule is divided into two branches of azimuth θT.
Effects of the tubule structure on the dielectric spectra were
examined by changing NT, WT, DT, and θT systematically, as
shown in Table 1. The values of WT from 50 to 200 nm are of
the same order as the T-tubule diameter [32]. Model C4 relevant
to a detubulated muscle fiber [4,21] consists of the straight
tubules (NT=4, WT=50 nm, DT=8 μm) that are disconnected
from the surface membrane by a space of 1 μm. Model S
without tubules was used for control calculations.


We adopted the following values for relative permittivity ε
and conductivity κ of the inner (subscript i), outer (a), and shell
(s) phases: εi =εa=80, κi =κa=1 S/m, εs=2, and κs=0. Effects
of proteins and DNA on these electrical parameters [3–5] were
omitted for simplicity. The values for εi and εa (εi =εa=80), and
that for εs (εs=2) are compared to the permittivity of water and
that of insulating non-polar materials, respectively [33]. The
values for κi and κa are the same order as the conductivity of

Fig. 2. Models for the structure of the T-tubules.

physiological saline solutions [34]. The tubular lumen was
assumed to be filled with the external medium, to simplify the
problems.


The assumptions about the parameter values adopted to
simplify the calculations may provide some difficulties in
comparing between the present theoretical study and previous
experimental studies, however, are allowed in the comparison
between the two types of calculations, which mimic the EE- and
the IE-type experiments.


2.2. Calculation of dielectric spectra


Dielectric spectra relevant to the EE-type experiments were
calculated with a method similar to that used for three-
dimensional models in our previous papers [35–38]. The
procedure of the calculation consists of three steps. First, the
electric potential ϕEE induced at r(x,y) around the model by an
uniform external ac field EEE0(EEE0x, EEE0y) was evaluated by
solving Laplace's equation using BEM with the Green function
and the cubic shape functions for two-dimensional systems
[39,40]. Second, the complex polarization factors BEEx and
BEEy for the model in x and y directions were evaluated by
analyzing the resulting ϕEE using the relation


/EE ¼ S
2kðx2 þ y2Þ ðxEEE0xBEEx þ yEEE0yBEEyÞ; ð1Þ


where S denotes the area of the model approximated as S=πas
2.


Third, the complex permittivity for the two-dimensional
suspension of the model was calculated from the Wagner-type
mixture equations [26] that were derived assuming no
interaction between the models. If the models are randomly
oriented, the complex permittivity of the suspension εEE⁎ is
represented as


ðe⁎EE−e⁎aÞ=ðe⁎EE þ e⁎aÞ ¼ PðBEEx þ BEEyÞ=4; ð2Þ


where εa⁎ is the complex permittivity of the outer phase, and P
is the area fraction of the models in the two-dimensional
suspension. The complex permittivity is defined as ε⁎=ε+κ /
(iωε0) with ε, κ, imaginary unit i, angular frequency ω
represented as ω=2πf using frequency f of the external ac
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electric field, and the permittivity of vacuum ε0. When P≪1,
Eq. (2) is simplified, and, for convenience, is represented using
new quantity εEED⁎ that is an increment in the complex
permittivity of the suspension due to the models in the
randomly oriented suspensions normalized by P, in the
following way:


e⁎EEDuðe⁎EE−e⁎aÞ=P ¼ e⁎EEDx þ e⁎EEDy; ð3Þ


e⁎EEDx ¼ e⁎aBEEx=2; ð4Þ


e⁎EEDy ¼ e⁎aBEEy=2; ð5Þ
where εEEDx⁎ and εEEDy⁎ correspond to the normalized in-
crements in the complex permittivity by the models oriented
along x- and y-axis. The εEED⁎ can be expressed as εEED⁎ =εEED′ −
iεEED″ +κEED


L / (iωε0), where εEED′ is the real part of εEED⁎ . The
imaginary part of εEED⁎ includes two terms, εEED″ and κEED


L /
(ωε0), where κEED


L is the dc conductivity.
In the experiments with the IE method, the electrodes are


placed inside and outside of the cell, and are connected to a
generator and to the ground, respectively. To simulate this
situation, we placed two concentric circles of radii aIEH and
aIEG centered at (0, 0) representing the electrode in the cell and
the ground, respectively. The values of aIEH and aIEG were
made to be 1 μm and 20 μm, respectively, so that the shell phase
of the models was placed between these circles. Under the
boundary conditions that the potential VIEH at the inner circle
and that VIEG at the outer one are fixed to be 1 VPP and 0 VPP,
respectively, Laplace's equation was solved to obtain the
normal components of the electric fields at the surfaces of the
circles with conventional BEM procedures [39,40]. Using εi⁎
and the normal components of the electric fields at the inner
circle, value of IIEH, which is electric current per unit length
along z-axis through the internal electrode, was obtained.
Finally, complex capacitance CIE


⁎ for the model of unit length
along z-axis was evaluated from CIE


⁎ = IIEH / [iω(VIEH−VIEG)],
and was represented using capacitance CIE and conductance
GIE given by a relation CIE


⁎ =CIE+GIE / (iω).
The calculations for model S were carried out with analytical


methods using the cylindrical coordinate system [2,41]. The
BEEx and BEEy in the EE-type calculations for model S are
represented as


BEEx ¼ BEEy ¼ 2
e⁎q−e


⁎
a


e⁎q þ e⁎a
; ð6Þ


e⁎q ¼ e⁎s
ð1þ vÞe⁎i þ ð1−vÞe⁎s
ð1−vÞe⁎i þ ð1þ vÞe⁎s


; ð7Þ


v ¼ ð1−Ts=asÞ2; ð8Þ
where εq⁎ and v are, respectively, the equivalent complex
permittivity of the shelled circle and the area fraction of inner
phase within the shelled circle for model S. Fatt represented the
impedance the two-dimensional suspensions with circuit models
[10]; one of these was a parallel combination of the outer medium
and a composite circuit that was a series combination of the outer

medium and an equivalent element for the cell. Using a similar
circuit model, εEED⁎ for model S given by Eqs. (3)–(6) can be
represented as


e⁎EED
2


¼ 2
1=e⁎a þ 1=e⁎q


−e⁎a : ð9Þ


Since Eq. (7) can be modified into 1/εq⁎=Ts / (asεs)+ iωε0 /κa
under the conditions εi=εa, κi =κa, κs=0, and Ts /as≪1 which
are relevant to the present study, Eq. (9) can be represented by the
following approximate relation:


e⁎EED
2


¼ 1
ixe0=ja þ Ts=ð2asesÞ−


ja
ixe0


: ð10Þ


This relation shows that model S exhibits one relaxation term
attributable to the β-relaxation due to [iωε0 /κa+Ts / (2asεs)]


−1 in
the right side of Eq. (10). In the case of the IE-type,


1
C⁎
IE


¼ 1
2ke0


loge½aIEG=ðas þ TsÞ�
e⁎a


þ loge½ðas þ TsÞ=as�
e⁎s


�


þ logeðas=aIEHÞ
e⁎i


�
: ð11Þ


Similarly to the case of εEED⁎ , this relation can be modified into
the following approximate form representing the β-relaxation:


1
C⁎
IE


¼ 1
2ke0


ixe0logeðaIEG=aIEHÞ
ja


þ Ts
ases


� �
: ð12Þ


2.3. Equivalent circuit models for T-tubules


As an alternative approach to evaluate the effects of the T-
tubules, the calculations were carried out using Eqs. (3)–(8)
for model S, where εs⁎ was replaced by the equivalent
complex permittivity Pes⁎ of the shell phase including the
effects of the T-tubules represented by equivalent circuit
models shown in Fig. 3. The Pes⁎ can be represented by
Pes⁎ ¼ es þ NTYTTs=ðix2kase0Þ, where YT is the admittance of
each T-tubule per unit length along z-axis. The equivalent
relative permittivity Pes and conductivity Pjs of the shell
phase are defined as Pes⁎ ¼ Pes þ Pjs=ðixe0Þ, and are repre-
sented by the imaginary YT″ and the real YT′ parts of YT as
follows:


Pes ¼ es 1þ Ts
2kasese0


NTYTW
x


� �
; ð13Þ


Pjs ¼ Ts
2kas


NTYT V: ð14Þ


In the case of the limped-circuit model (LCM, Fig. 3(A)),
where the capacitance CT


LCM of the T-tubule membrane and
the access resistance RA


LCM are connected in series, YT becomes
1 /YT=RA


LCM+1 / (iωCT
LCM). Hence,


YTV¼ ðxCLCM
T Þ2RLCM


A =½1þ ðxsLCMT Þ2�; ð15Þ

YTW ¼ xCLCM
T =½1þ ðxsLCMT Þ2�; ð16Þ







Fig. 3. Equivalent circuit models for the T-tubules. (A) Lumped circuit model
(LCM): CT


LCM, the capacitance of the T-tubule membrane; RA
LCM, the access


resistance. (B) Distributed circuit model (DCM): cT
DCM, the capacitance of the


T-tubule membrane; rL
DCM, the resistance of the T-tubule lumen per unit length.
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where τT
LCM is the relaxation time for the T-tubule represented


as


sLCMT ¼ 1=ð2kf LCMT Þ ¼ CLCM
T RLCM


A : ð17Þ


The fT
LCM in this relation is the relaxation frequency for the T-


tubule. The CT
LCM corresponds to the membrane of the T-tubule,


and is considered to be proportional to the tubule membrane
area. Using the length of the each T-tubule in xy-plane, LTC,
which is given by LTC=DT in A-type models and by LTC=DT+
2(as−DT)θT in B-type ones, CT


LCM is represented by


CLCM
T ¼ 2LTCe0es=Ts: ð18Þ


For the distributed-circuit model (DCM, Fig. 3(B)), we can
derive formulas for YT following the transmission line theory
[2,4,41] as described briefly in Appendix A. In the derivation,
we assumed that the voltage and the current waves were
perfectly reflected at the bottom of the tubules. In the case of
the A-type models with straight T-tubules, YT is represented
as


YT ¼ YDCM
0


1−expð−2γDCMDTÞ
1þ expð−2γDCMDTÞ ; ð19Þ


where Y0
DCM is the reciprocal of the characteristic impedance


Z0
DCM, and γDCM is the propagation constant. The Y0


DCM and
γDCM are dependent on the specific capacitance cT


DCM of the
T-tubule membrane and the specific resistance rL


DCM of the
lumen per unit length of the T-tubules as follows:


ðγDCMÞ2 ¼ ixcDCMT rDCML ; ð20Þ


ð1=YDCM
0 Þ2 ¼ ðZDCM


0 Þ2 ¼ rDCML =ðixcDCMT Þ; ð21Þ

with


cDCMT ¼ 2e0es=Ts; ð22Þ


rDCML ¼ 1=ðWTjaÞ: ð23Þ
In the case of the B-type models with branched tubules,


YT ¼ YDCM
0


3þ expð−2γDCMDTÞ−expð−2γDCMLTBÞ−3exp½−2γDCMðDT þ LTBÞ�
3−expð−2γDCMDTÞ−expð−2γDCMLTBÞ þ 3exp½−2γDCMðDT þ LTBÞ� ;


(24)


where LTB is the length of the each branch given by LTB=
(as−DT)θT. Eq. (24) is reduced to Eq. (19) under the condition
LTB=0 relevant to the A-type models.


From Eqs. (13)–(24), we can obtain the low-frequency limits
of Pes and


Pjs for both the LCM and DCM as


Pes
L ¼ es½1þ NTLTC=ðkasÞ�; ð25Þ


Pjs
L ¼ 0: ð26Þ


3. Results and discussion


3.1. Comparison between the EE- and the IE-type calculations


Fig. 4 shows results of the EE- and the IE-type calculations
for models S, C4, and A4-0580 that is the A-type model
characterized by the following parameter values: NT=4,
WT=50 nm, and DT=8 μm. In both types of the calculations,
the dielectric spectrum for model A4-0580 includes two
relaxation terms located around 100 kHz and 3 MHz. The
high-frequency relaxation can be assigned to the β-relaxation
due to the sarcolemma, because it coincides mostly with the
relaxation exhibited by model S, in which the β-relaxation is
expected from the approximate relations Eqs. (10) and (12). The
low-frequency relaxation was affected by the structure of the T-
tubules, as will be described in the following parts of this paper.
Hence, this is attributable to the interfacial polarization in the T-
tubules, and is assigned to the α-relaxation. These assignments
are consistent with those adopted by Fatt and Falk [10,11]. Only
the β-relaxation is found in the dielectric spectrum for model
C4. This agrees with the results of the IE-type experiments for
detubulated muscle fibers in which the connections between the
sarcolemma and the T-tubules were disrupted [4,21].


The two-step relaxation similar to that found in the dielectric
spectra for model A4-0580 shown in Fig. 4 was provided by all
the models examined in the present study, irrespective of the
branching structure of the T-tubules in the B-type models. For
further analyses of the effects of the T-tubules on the dielectric
spectra, the α- and the β-relaxation were characterized by
assuming the Cole–Cole type relaxation [42] as below:


e⁎EED ¼ jLEED
ixe0


þ eLEED−eMEED
1þ ðixsEEaÞmEEa


þ eMEED−eHEED
1þ ðixsEEhÞmEEh


þ eHEED;


ð27Þ

C⁎
IE ¼ CL


IE−CM
IE


1þ ðixsIEaÞmIEa
þ CM


IE−CH
IE


1þ ðixsIEhÞmIEh
þ CH


IE; ð28Þ







Fig. 4. Dielectric spectra for models S, C4, and A4-0580 (A-type in which
NT=4, WT=50 nm, and DT=8 μm) obtained from the calculations relevant to
experiments with (A) extracellular electrode (EE) method and (B) intracellular
electrode (EE) method. Open (○) and filled (●) circles are data points for
models A4-0580 and C4, respectively, calculated with BEM. Three solid lines
refer to the curves obtained analytically for model S, and for model A4-0580
with the circuit models, LCM and DCM, as indicated in the figure.


Fig. 5. Relation between the relaxation frequencies of the α-relaxation obtained
from the IE-type BEM calculations, fIEα, and those obtained from the EE-type
ones, fEEα. The solid line represents the relation fEEα/fIEα=1.


Fig. 6. Relation between the low-frequency limit CIE
L obtained from the IE-type


BEM calculations and that εEED
L obtained from the EE-type ones. The solid line


represents the relation εEED
L /CIE


L =2 / (πε0).
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wherem is the Cole–Cole parameter, the subscripts α and β refer
to the α- and the β-relaxation, and the superscripts L, M, and H
refer to the values at the low-frequency limit, between the α- and
theβ-relaxation, and at the high-frequency limit, respectively. The
relaxation times τEEα, τEEβ, τIEα, and τIEβ are, respectively,
related to the relaxation frequencies fEEα, fEEβ, fIEα, and fIEβ by
relations of the following form: τ=1/ (2πf0), where τ and f0 are
the relaxation time and the relaxation frequency, respectively.


To compare the behavior of the α-relaxation obtained from
the EE-type calculations with that obtained from the IE-type
ones, fEEα is plotted against fIEα in Fig. 5, and εEED


L is plotted
against CIE


L in Fig. 6. As seen from Fig. 5, the relation between
fEEα and fIEα can be represented as fEEα= fIEα. Fig. 6 shows that
εEED
L varies in proportion to CIE


L .


3.2. Comparisons between BEM and circuit model calculations


In addition to the numerical calculations with BEM, the
calculations were carried out with the analytical relations for

model S, in which εs⁎ was replaced by its equivalent quantity
Pes⁎, which is given by a relation


Pes⁎ ¼ Pes þ Pjs=ðixe0Þ, and Eqs.
(13) and (14). The YT′ and YT″ in Eqs. (13) and (14) were
derived from the LCM or the DCM for the T-tubules described
in Section 2.3.


According to the approximate relations, Eqs. (10) and (12),
for model S, εEED′ and CIE for this model at frequencies much
lower than the β-relaxation are represented as εEED′ =4asεs /Ts
and CIE=2πε0(asεs /Ts), respectively. From these relations and
Eq. (25) that is valid in both the LCM and the DCM, εEED


L and
CIE
L are, respectively, represented by the relations eLEED ¼


4as
PesL=Ts and CL


IE ¼ 2ke0 as
PesL=Ts


� 	
. Hence, the relation


between εEED
L and CIE


L is expected to be represented as εEED
L /


CIE
L =2 / (πε0). This relation is shown in Fig. 6 by a solid line,







Fig. 7. The fEEα compared with the relaxation frequency f T
LCM for the T-tubule


obtained from the LCM. The f T
LCM values were calculated assuming that the


access resistance RA
LCM was attributed to the whole tubule in A-type models, and


to the tubule between the mouth and the branch point in B-type models.
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which agrees with the plots obtained from the BEM calcula-
tions. This result suggests the validity of the circuit models in
explaining the behavior of the α-relaxation at the low-frequency
limit.


Calculations of εEED⁎ and CIE
⁎ with the DCM were carried out


using Eqs. (3–8), (13), and (14), where YT was evaluated from
Eq. (19) in the case of the A-type models, and from Eq. (24) in
the case of the B-type ones. Frequency dependence of εEED′ and
that of CIE for model A4-0580 obtained with DCM following
this procedure are shown in Fig. 4. It is seen from Fig. 4(A) that
the DCM was successful in explaining the behavior of εEED⁎
for model A4-0580 evaluated with BEM at frequencies around
fEEα. However, the DCM provided a slight deviation from the
results of the BEM calculations at frequencies around fEEβ; this
is attributable to the T-tubules perpendicular to the external
electric fields, as will be discussed in Section 3.3. In the case of
CIE
⁎ shown in Fig. 4(B), the DCM was successful in the whole


frequency region examined in the present study. Similar results
were obtained in the case of the B-type models with the
branched T-tubules (data are not shown).


In the calculations with the LCM, it is required to determine
reasonable values of the access resistance RA


LCM of the T-
tubules. As a trial, RA


LCM was represented as follows under the

Table 2
Effects of the direction k of the external electric field on the relaxation parameters for
and B4-238 (DT=2 μm, WT=50 nm, θT=3.8 π/16), parameter values for model S b


Model k −κEEDL /(S/m) εEED
L /104 εEED


M /103


A4-0595 x, y 1.00 0.87 4.87
A2-0595 x 1.00 0.87 4.44
A2-0595 y 1.00 – 3.20
B4-238 x, y 1.00 1.10 4.53
B2-238 x 1.00 1.10 4.38
B2-238 y 1.00 – 3.20
S x, y 1.00 – 3.92

assumption that RA
LCM is attributed to the whole T-tubule in the


A-type models, and to the part of the T-tubule between the
mouth and the branch point in the B-type models:


RLCM
A ¼ DT=ðWTjaÞ: ð29Þ


Using Eqs. (18) and (29), Eq. (17) can be rewritten as:


f LCMT ¼ TsWTja=ð4kLTCDTese0Þ: ð30Þ


Fig. 7 shows the relations between fEEα and f T
LCM. In the case of


the A-type models, there was a linear relation between fEEα and
f T
LCM represented as fEEα=2.3 f T


LCM. This suggests that fEEα is
essentially explained by the LCM with the morphological
parameters of the T-tubule although RA is overestimated. The
relation fEEα=2.3 f T


LCM leads to a relation


RLCM
A ¼ DT=ðWTjaÞ=2:3 ¼ 0:43DT=ðWTjaÞ: ð31Þ


In the case of the B-type models, most of the data points are
located near the solid line representing the relation fEEα= f T


LCM.
This suggests that the RA


LCM for the branched T-tubules is
attributable to the part of the T-tubules between the mouth and
the branch point. Since fIEα= fEEα as shown in Fig. 5, the same
relations for the A- and the B-type models are expected to be
valid in the results of the IE-type calculations. The frequency
dependence of εEED′ and that of CIE for model A4-0580
obtained with the LCM are also shown in Fig. 4.


3.3. Results of the EE-type calculations for models A2 and B2


In the models with four or eight T-tubules (models A4, A8,
B4 and C4), the components of εEED⁎ along the x- and the y-axis
are equal to each other, i.e., εEEDx⁎ =εEEDy⁎ . In addition to these
models, we examined the case of εEEDx⁎ ≠εEEDy⁎ using models
with only two T-tubules along the x-axis (models A2 and B2).
In this case, εEEDx⁎ contained both the α- and the β-relaxation,
whereas εEEDy⁎ did only the β-relaxation. Table 2 shows the
relaxation parameters specified in Eq. (27) for εEEDx⁎ and εEEDy⁎


of models A2-0595 (NT=2, WT=50 nm, and DT=9.5 μm) and
those of B2-238 (NT=2, WT=50 nm, DT=2 μm, and
θT=3.8 π/16). For comparison, this table includes the parameter
values for model S without the T-tubules, and those for models
A4-0595 and B4-238 that have four T-tubules of the same
morphology as in A2-0595 and B2-238, respectively. The

εEEDk⁎ for models A2-0595 and A4-0595 (DT=9.5 μm,WT=50 nm), and B2-238
eing shown for comparison


−εEEDH fEEα /kHz fEEβ /MHz mEEα mEEβ


3.24 60 1.70 1.00 0.78
1.55 66 3.49 0.97 0.94
3.26 – 2.70 – 0.86
3.98 58 1.68 1.00 0.79
3.31 59 2.43 1.00 0.87
2.19 – 3.88 – 0.94
1.57 – 4.41 – 1.00
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relaxation parameters related to the α-relaxation (εEED
L , εEED


M ,
fEEα, and mEEα) suggest that the behavior of the α-relaxation
in εEEDx⁎ of models A2-0595 and B2-238 is the same as that in
εEEDx⁎ and εEEDy⁎ (εEEDx⁎ =εEEDy⁎ ) of models A4-0595 and B4-
238. This indicates that the occurrence of the α-dispersion
depends on the direction of the T-tubules, and that its
relaxation intensity has the maximum when the T-tubules are
connected to the surface at right angles to the external fields.
In addition, values of the relaxation parameters for the β-
relaxation (εEED


M , εEED
H , fEEβ, and mEEβ) suggest that the T-


tubules affect the β-relaxation, and that the effects are also
dependent on the direction. The effects of the field direction
on the β-relaxation are more complicated than those on the α-
relaxation. For example, fEEβ, and mEEβ along the y-axis are
smaller than those along the x-axis in the case of model A2-
0595, whereas the opposite relations are found in model B2-
238. In model A2-0595, the T-tubules are straight and are
placed along the x-axis. On the other hand, the T-tubules in
model B2-238 have long branches that are mostly directed
along the y-axis. These indicate that the portions of the T-
tubules perpendicular to the external fields cause the decreases
in fEEβ and mEEβ.


3.4. Comparison with experimental results


Fig. 5 has shown that the relation fEEα= fIEα holds between
the relaxation frequencies of the α-relaxation fEEα and fIEα
obtained, respectively, from the EE- and the IE-type calcula-
tions. This result is consistent with the observations that the α-
relaxation is found at frequencies near 100 Hz in both types of
the experiments [4,5]. However, the values of fEEα and fIEα
obtained in the present study are much larger than the observed
values. In the EE-type experiments [1,5], the relaxation
frequencies of the α- and the β-relaxation are about 100 Hz
and 300 kHz, respectively. As seen from Fig. 4(A), values of
these relaxation frequencies obtained in the present study are
estimated as follows: fEEα=85 kHz in the case of model A4-
0580, and fEEβ=4.4 MHz in model S. The discrepancy between
the experimental and the theoretical values is attributable, in
part, to the values of Ts (Ts=10 nm) and εs (εs=2) used in the
present study. The membrane capacitance CM for the shell
phase in the present study is evaluated as CM= ε0εs /
Ts=1.8 ·10


−3 F/m2. This value is about 1/15 of the CM-values
accepted for the cell membrane of the skeletal muscles [4,5,21].
This means that the values of εs /Ts in the real cells are about 15
times as large as that in the present study. According to Eqs.
(10), (12), (20)–(22), effects of εs /Ts on the dielectric spectra
can be represented by a term that includes the frequency as ωεs /
Ts. This suggests that the increase in εs /Ts causes the same
effects as the decrease in frequency. Hence, the following values
are expected in the calculations using the realistic values of εs /
Ts: fIEα= fEEα=85 kHz /15=5.7 kHz for model A4-0580, and
fEEβ=4.4 MHz/15=290 kHz for model S. The corrected value
of fEEβ ( fEEβ=290 kHz) is in good agreement with experi-
mental results. On the other hand, the corrected value of fEEα
( fEEα=5.7 kHz) is still much larger than the experimental
results. Since fEEα is significantly affected by the T-tubule

structure, as shown in the present study, the unsuccessful
estimation of fEEα is attributable to the oversimplified structure
of the T-tubules examined in the present study.


Fig. 6 has shown that εEED
L varies in proportion with CIE


L


with the proportional coefficient independent of the cell
structure. This result is consistent with the conventional
assumption about the relation between the results of the EE-
type experiments and those of the IE-type ones, derived from
the circuit models for the T-tubules. This suggests that the
deformation of the cell membrane due to the T-tubule structure
in a single skeletal muscle cell is not helpful in explaining the
excess in the intensity of the α-relaxation observed in the EE-
type experiments over that expected from the IE-type ones.
Besides the counterion polarization proposed by Schwan [1,5],
modification of the interfacial polarization due to electrical
interactions between the muscle fibers is expected to be one of
the candidates for the mechanism available to explain the
disagreements between the observations and the theoretical
results in the present study, and is needed to be examined in
future studies.


4. Symbols in the text


Structure and electrical properties of models


as radius of circular region in models
cT
DCM specific capacitance of T-tubule membrane in dis-


tributed-circuit model (DCM)
CM membrane capacitance for the shell phase, CM=ε0εs /Ts
CT
LCM capacitance of T-tubule membrane in lumped-circuit


model (LCM)
dT space between shell phase and T-tubule in model C4
DT depth of T-tubule toward the circle center
f frequency of external field and applied voltage
f T
LCM relaxation frequency for T-tubule in LCM


i imaginary unit
LTC length of T-tubule in xy-plane, LTC=DT+2(as−DT)θT
LTB length of each branch of T-tubule, LTB=(as−DT)θT
rL
DCM specific resistance of tubular lumen
RA
LCM access resistance of T-tubule in LCM


S area of model
Ts thickness of shell phase
WT width of T-tubule
Y0
DCM =1/Z0


DCM


YT admittance of T-tubule
Z0
DCM characteristic impedance of T-tubule in DCM


γ DCM propagation constant of T-tubule in DCM
ε0 permittivity of vacuum
εa, εi, and εs


relative permittivity of outer, inner, and shell phases
εa⁎, εi⁎, and εs⁎


complex permittivity of outer, inner, and shell phases
Pes equivalent permittivity of shell phase
Pes⁎ equivalent complex permittivity of shell phase
PesL low-frequency limit of Pes
κa, κi, and κs


conductivity of outer, inner, and shell phases
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Pjs equivalent conductivity of shell phase
PjsL low-frequency limit of Pjs
θT azimuth of branch of T-tubule in models B2 and B4
τT
LCM relaxation time for T-tubule in LCM
ω angular frequency; ω=2πf


Calculations relevant to extracellular electrode (EE) method


BEEx and BEEy


complex polarization factors of model along x- and y-
axis


EEE0(EEE0x,EEE0y)
external electric field


fEEα and fEEβ
relaxation frequencies of α- and β-relaxation


mEEα and mEEβ


Cole–Cole parameters of α- and β-relaxation
P area fraction of two-dimensional suspension of models
r(x,y) position around the model where ϕEE is examined
v area fraction of inner phase within shelled circle for


model S
εEE⁎ complex permittivity of two-dimensional suspension


of models
εEED′ and εEED″


real part of εEED⁎ and imaginary part of εEED⁎ except


for contribution of κEED


L


εEED
L , εEED


M and εEED
H


εEED′ at low-frequency limit, between α- and β-
relaxation, and at high-frequency limit


εEED⁎ normalized increment in complex permittivity due to
models in suspension


εEEDx⁎ and εEEDy⁎


εEED⁎ due to oriented models along x- and y-axis
εq⁎ equivalent complex permittivity of shelled circle for


model S
κEED
L dc conductivity in εEED⁎


τEEα and τEEβ
relaxation times of α- and β-relaxation


ϕEE induced potential at r(x,y)


Calculations relevant to intracellular electrode (IE) method


aIEH and aIEG
radius of circles corresponding to internal electrode
and ground


CIE and GIE


capacitance and conductance for model of unit length
along z-axis


CIE
L , CIE


M and CIE
H


CIE at low-frequency limit, between α- and β-
relaxation, and at high-frequency limit


CIE
⁎ complex capacitance for model of unit length along


z-axis
fIEα and fIEβ


relaxation frequencies of α- and β-relaxation
IIEH electric current per unit length along z-axis through


internal electrode

mIEα and mIEβ


Cole–Cole parameters of α- and β-relaxation
VIEH and VIEG


external voltage at circles corresponding to internal
electrode and ground

Appendix A. Admittance of T-tubules derived from the
distributed circuit model


According to the transmission line theory, the propagation of
the voltage and the current waves in the T-tubules in the A-type
models is represented by the following relations:


VTðlÞ ¼ VFexpð−γDCMlÞ þ VBexpðγDCMlÞ; ðA1Þ


ITðlÞ ¼ YDCM
0 ½VFexpð−γDCMlÞ−VBexpðγDCMlÞ�; ðA2Þ


where γDCM and Y0
DCM are represented by Eqs. (20) and (21) in


the text, respectively, and l is the distance from the cell surface.
In the calculations of YT, we assumed that the waves are
perfectly reflected at the bottom of the tubules, namely,


VTðDTÞ ¼ 0: ðA3Þ
Since the current that flows through each of the T-tubules causes
the difference between IT(0) and IT(DT), the YT for the T-
tubules is given by the following relation using the difference in
IT and the voltage difference across the T-tubule membrane at
the cell surface, VT(0):


YT ¼ ½ITð0Þ−ITðDTÞ�=VTð0Þ: ðA4Þ
From Eqs. (A1)–(A4), we obtain Eq. (19).


In the case of the B-type, the voltage and the current waves
from the cell surface to the branch point (0≤ l≤DT), VT1 and
IT1, and those in the branches (DT≤ l≤DT+LTB), VT2 and IT2,
are represented as


VT1ðlÞ ¼ VF1expð−γDCMlÞ þ VB1expðγDCMlÞ; ðA5Þ


IT1ðlÞ ¼ YDCM
0 ½VF1expð−γDCMlÞ−VB1expðγDCMlÞ�; ðA6Þ


VT2ðlÞ ¼ VF2expð−γDCMlÞ þ VB2expðγDCMlÞ; ðA7Þ


IT2ðlÞ ¼ YDCM
0 ½VF2expð−γDCMlÞ−VB2expðγDCMlÞ�: ðA8Þ


The following conditions are required for the continuity of the
voltage and the current at the branch point (l=DT):


VT1ðDTÞ ¼ VT2ðDTÞ; ðA9Þ
IT1ðDTÞ ¼ 2IT2ðDTÞ: ðA10Þ
Similarly to Eq. (A3), at the bottom of the T-tubules,


VT2ðDT þ LTBÞ ¼ 0: ðA11Þ
The YT for the B-type models is given as


YT ¼ f½IT1ð0Þ−IT1ðDTÞ� þ 2½IT2ðDTÞ−IT2ðDT þ LTBÞ�g=VT1ð0Þ
¼ ½IT1ð0Þ−2IT2ðDT þ LTBÞ�=VT1ð0Þ:


ðA12Þ
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Using Eqs. (A5)–(A11), Eq. (A12) is modified into Eq. (24) in
the text.
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Abstract


We have investigated the origin of the dielectric response of the plasma membrane of living yeast cells (Saccharomyces cerevisiae) by using
radiofrequency dielectric spectroscopy. The cells were genetically engineered to overexpress in the membrane of yeast cells a G protein-coupled
receptor – the Sterile2-α factor receptor protein (Ste2p) – fused to the green fluorescent protein (GFP). Presence of the Ste2-GFP proteins in the
plasma membrane was confirmed by exciting the cells at 476 nm and observing with a confocal microscope the emission characteristic of the GFP
from individual cells. The dielectric behavior of cells suspended in KCl solution was analyzed over the frequency range 40 Hz–110 MHz and
compared to the behavior of control cells that lacked the ability to express Ste2p. A two-shell electrical cell model was used to fit the data starting
from known structural parameters and adjustable electrical phase parameters. The best-fit value for the relative permittivity of the plasma
membrane showed no significant difference between cells expressing Ste2p (1.63±0.11) and the control cells (1.75±0.16). This result confirmed
earlier predictions that the dielectric properties of the plasma membrane in the radiofrequency range mostly reflect the properties of the
hydrophobic layer of the membrane, which is populated by the hydrocarbon tails of the phospholipids and hydrophobic segments of integral
membrane proteins. We discuss ways by which dielectric spectroscopy can be improved to be used for tag-free detection of proteins on the
membrane.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Permittivity; Conductivity; Yeast; Cell suspension; Tag-free detection; Fluorescence

1. Introduction


Dielectric spectroscopy has been used as a technique to
probe biological systems since the early twentieth century, but
large-scale studies with high accuracy have been only facilitated
by the advent of fast impedance analyzers in late 1980s. As
early as 1925, at a time when microscopy techniques were not
developed sufficiently to study the plasma membrane, Fricke
determined its thickness using dielectric measurements of red
blood cells [1,2]. Ensuing studies using dielectric spectroscopy
have reported on the structures of numerous types of cell
suspensions and tissues, and also time-dependent processes
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involving them, such as cell sedimentation [3], cell aggregation
[4], cell division [5], and tissue viability after excision [6].


The underlying principles of dielectric spectroscopy are
rather simple. When a direct current is applied to a dielectrically
inhomogeneous material, charge is built up at the interfaces
between different dielectric phases, causing the equivalent
dielectric constant of the whole material to increase. If the
applied current is alternating with variable frequency, the
accumulation of charge will transiently follow the change in
polarity of the applied current, and will eventually lose the pace
at high enough frequencies; this leads to frequency dependence
(or dispersion) of the permittivity, causing the permittivity to
decrease at high frequencies. On the other hand, losses in the
system follow an opposite tendency, leading to an increase in
conductivity (or the inverse of resistivity) as the frequency
increases.


Three major dispersions have been defined in the literature,
each characterized by a different frequency range and due to a
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specific mechanism. Alpha dispersion occurs at low frequencies
(∼100 Hz) and is due to the presence of counterions [7].
Gamma dispersion, which occurs at ultrahigh frequencies
(10 GHz), is attributed to the relaxation of water. The final
major dispersion is termed the Beta dispersion, which occurs at
radiofrequencies and is due the effect of interfacial polarization
of cellular membranes, such as the plasma membrane. By
analyzing the beta dispersion, one can determine the dielectric
properties of the plasma membrane and of organellar mem-
branes, as well as the properties of intracellular fluids, such as
the cytosol.


Fluorescence imaging is a widespread and well developed
biological tool of investigation, which provides useful infor-
mation in many areas of research [8–13]. One specific area of
great importance is the study of protein localization, activity,
and interactions in living cells by using fluorescent tags attached
to the protein of interest. The gene responsible for expression of
a protein of interest can be fused to the gene of a naturally
fluorescing protein, such as the green fluorescent protein (GFP),
so that the host cell synthesizes the protein of interest with
fluorescent tags attached to it. By optically exciting individual
cells containing these proteins in a microscope or a suspension
of cells in a spectrofluorometer, one detects emission of light
characteristic of the fluorescent molecules fused to the proteins.
In this manner, the localization of proteins in the cell can be
verified and quantified to varying degrees.


Despite their widespread use and incontestable usefulness,
fluorescence microscopy techniques require tagging, which
may perturb the activity of the protein under study. On the other
hand, it has been proposed recently [14,15] that detection of
linear and nonlinear dielectric properties of the cell may
eventually lead to noninvasive methods for detection of receptor
proteins on the plasma membrane and for monitoring their
activity and interactions in vivo, without recourse to tagging.
This program is very appealing and deserves careful consider-
ation. To this end, it is very important to investigate possible
strengths and also challenges that need to be addressed before
viable methods and theoretical models can be developed that
directly relate protein localization and activity to measurable
dielectric parameters. An important avenue of research in this
area is investigation of the connection between the dielectric
properties of the proteins and the overall properties of the cell
suspension, the cell, or the different cell compartments (such as
plasma membrane).


The goals of this paper are (a) to investigate the contributions
of the main molecular components of the membrane to the
measured membrane permittivity, and (b) to contribute to the
experimental and theoretical foundations of the above research
program by using linear dielectric spectroscopy in the audio/
radiofrequency range to detect the presence of receptor proteins
in the plasma membrane of the yeast Saccharomyces cerevisiae.
Using DNA manipulation techniques, yeast cells were prepared
expressing Ste2 receptor proteins — a widely investigated
receptor that belongs to the G protein-coupled receptor family
of proteins and is responsible for the signaling response that
leads to mating in yeast cells [16–18]. The gene encoding Ste2p
was inserted into a plasmid with a high copy number (typically,

50–200 copies per cell, each able to generate hundreds of
receptor molecules in the cell). Therefore, high amounts of
proteins were expressed in the cells. Ste2 receptors were tagged
with green fluorescent protein (GFP), allowing their presence
on the membrane of the cells to be confirmed by laser scanning
confocal microscopy. Also prepared was a “control” sample
with all of the properties found in the previously described
strain, except for the presence of Ste2p. Comparisons between
the dielectric properties, specifically the parameter describing
the complex permittivity of the plasma membrane, of the cells
expressing Ste2p and the control cells lacking Ste2p were
performed to clarify the contribution of the proteins to the
plasma membrane dielectric properties.


2. Theory


Dielectric properties of cell suspensions in the radio-
frequency range are dominated by interfacial polarization, i.e.,
the accumulation of charge at the interface between conducting
and insulating layers of the cell and its internal organelles
[19,20]. Conducting compartments are, for example, the outer
medium and the cytoplasm, which are rich in electrolyte, while
insulating layers are represented by the membranes of the cell
(plasma membrane) and its organelles. Various electrical
models have been developed to describe different structural
features of the cells, which are generally referred to in terms of
shells (i.e., membranes). Yeast cells covered with a plasma
membrane and possessing a vacuole have been described by the
spherical or spheroidal two-shell model [21]. After a set of
carefully designed experiments, Asami and Yonezawa [22]
concluded that the cell wall, which is the outermost layer around
the cell, can also contribute slightly to the high-frequency tail of
the beta dielectric dispersion. The introduction of an additional
layer into the model will carry with it two additional phase
parameters — a conductivity and a permittivity term. Because
in this paper we focus our attention to the dielectric constant of
the plasma membrane, which contributes mostly to the low-
frequency plateau (i.e., in the sub-MHz range) of the beta
dispersion, the two-shell model constitutes an excellent
approximation, while allowing us to keep the number of
adjustable parameters to a minimum. The following paragraphs
summarize the theory associated with the two-shell model, both
for dilute and for concentrated suspensions of cells.


According to the Maxwell–Wagner mixture theory [23,24],
the dielectric properties of a suspension of homogeneous
spherical particles suspended in a medium with complex
permittivity, e⁎a= ea+ jωκa (with ea the true permittivity, ka the
conductivity, and j=(−1)1/2), and subjected to an external
alternating electrical field of angular frequencyω can be expressed
as:


es⁎ ¼ ea⁎d
1þ 2d vð Þd ep⁎þ 2d 1−vð Þd ea⁎
1−vð Þd ep⁎þ 2þ vð Þd ea⁎ : ð1Þ


Here es⁎= es+ jωκs and ep⁎= ep+ jωκp are the equivalent
complex permittivity of the suspension of particles and of the
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individual particles, respectively, while v ¼ volume of cells
volume of suspension is


the volume fraction of the suspension. If the cells are covered by
a thin, insulating membrane, ep⁎ presents frequency dependence
and is given by:


ep⁎ ¼ emc⁎ d
1þ 2d vmcð Þd ei⁎þ 2d 1−vmcð Þd emc⁎


1−vmcð Þd ei⁎þ 2þ vmcð Þd emc⁎
; ð2Þ


where vmc ¼ 1− dmc
R


� �3
.


The complex permittivity of the plasma membrane, which,
as we shall see, is the parameter of main interest in this study, is
represented by e⁎mc= emc+ jωκmc. The parameter ei⁎ represents
the complex permittivity of the interior region of the cells.
Because the interior of the yeast cell contains membrane bound
organelles, ei⁎ also depends on frequency. To account for the
presence of (more or less concentric) organelles, such as the
vacuole in the case of yeast, ei⁎ is written as:


ei⁎ ¼ ecp⁎ d
1þ 2d voð Þd e0⁎þ 2d 1−voð Þd ecp⁎


1−voð Þd eo⁎þ 2þ voð Þd ecp⁎ ð3Þ


where ecp⁎= ecp+ jωκcp represents the complex permittivity of the
cytoplasm, and vo, given by Ro


R−dmc


h i3
, stands for the fractional


volume the organelle occupies inside the cell. Because the
organelle is covered by a membrane (and is thereby inhomo-
geneous), eo⁎ is frequency dependent as expressed by:


eo⁎ ¼ eom⁎d
1þ 2d vomð Þd eio⁎þ 2d 1−vomð Þd eom⁎
1−vomð Þd eio⁎þ 2þ vomð Þd eom⁎


: ð4Þ


where eom⁎ = eom+ jωκom and eio⁎= eio+ jωκio are the complex
permittivity of the organelle membrane and interior of the
organelle, respectively, and vom ¼ 1− dom


Ro


� �
3
.


For volume fractions of the particles higher than ∼20%,
the electric field sensed by a cell can no longer be considered
homogeneous, due to the disturbances introduced by the other
cells. Therefore, interactions between individual particles
must be taken into account. Bruggeman [25], followed by
Hanai [26,27], developed the effective medium theory
(EMT), which achieves this goal; for volume fractions
between 0.2 and 0.7 Bruggeman–Hanai theory has been
confirmed to improve upon simulations obtained from
Wagner's mixture equation [22,28,29]. Bruggeman–Hanai
model starts from a dilute suspension of particles in which
Eq. (1) describes the complex permittivity. Infinitesimal
amounts of particles are added in small increments to the
dilute suspension, resulting in a differential equation for the
equivalent permittivity and volume fraction. The differential
equation can be integrated numerically or, in some cases,
analytically to provide the complex permittivity of the
concentrated suspension of spherical cells [30,31]. The result
of analytical integration is given by:


es⁎−ep⁎
ea⁎−ep⁎


� �
d


ea⁎


es⁎


� �1
3


¼ 1−v; ð5Þ

which provides means for estimation of the volume fraction
(see Section 4), but it is rather difficult to solve for es.
Therefore, in this paper we used the numerical integration
method described previously [30].


In the analysis presented in Section 4, we have tested both
the Maxwell–Wagner, Eq. (1), and the Bruggeman–Hanai
models (in its numerical form). The difference between the
predictions of the two theories was small, due to the low cell
volume fractions used; however, to avoid any ambiguity, we
decided to use the Bruggeman–Hanai model.


3. Materials and methods


3.1. Sample preparation


Yeast cells (S. cerevisiae), engineered genetically to express
a membrane receptor with a fluorescent tag attached to it, were
prepared following a method described previously [11,32].
Briefly, one cell sample contained a plasmid, pYF2023, which
contained a gene encoding the Sterile2-α factor receptor protein
(Ste2p); this receptor is involved in cellular mating and is the
protein of interest in this study. A gene encoding green
fluorescent protein (GFP) – a widely used biologically
compatible fluorescent tag which can be conveniently synthe-
sized by the cell [33] – was fused inframe to the STE2 gene.
Another plasmid (pYF2052), which contains all DNA from the
first plasmid except those coding for STE2-GFP, was the
control. Both types of cells were grown on plates containing
synthetic medium lacking the vital amino acid uracil, which
required the cells to maintain selection for the plasmid of
interest (otherwise, the cells tend to loose the plasmid of
interest). Plates were incubated at 30 °C for 2–3 days, and then
small amounts were inoculated and cultured in yeast synthetic
complete medium, containing 2% glucose and lacking uracil.
The cultures were monitored by taking small batches period-
ically and testing for their optical absorption at 600 nm. After
12–20 h, the cells reached mid- to late-log phase and were
harvested.


Approximately 32 ml of cell culture, with an optical density
in the range of 1–3, were separated and centrifuged for 2 min at
5000 rpm. The supernatant was removed and the remaining
pellet was initially suspended in 10 mM KCl for 45 min to wash
out excess of electrolyte. Then, the cells were again separated
from suspending medium by centrifugation, and resuspended in
20 mM KCl for 45 min. The cells were pelleted for a third time
and suspended in 20 mM KCl. At this point the cells were well
equilibrated with the KCl solution and ready for measurements.


All sample preparation procedures described above were
performed at room temperature (∼24 °C), unless otherwise
specified.


3.2. Dielectric measurements


Equivalent parallel capacitance and conductance measure-
ments of the yeast cell suspensions were carried out over a
frequency range of 1 kHz–100MHz (with 20 points per decade)
using an Agilent 4294A precision impedance analyzer equipped







Fig. 2. Equivalent circuit of the cell after correction for inductance effects, where
Cs and Gs are the capacitance and conductance of the sample, and Co is the stray
capacitance. Using measurements made on solutions with known dielectric
properties, the stray capacitance was calculated and then subtracted from the
measured capacitance, Cm, to obtain the capacitance of the suspension, Cs.
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with a 16047E test clip fixture (Hewlett-Packard Company, Palo
Alto, California) and a USB interface for computer control. The
cell suspension was placed in a parallel plate capacitor (see
Fig. 1) which was mounted in the test clip fixture for the whole
duration of the experiment. Sample loading/unloading as well
as rinsing of measuring cell with distilled water or KCl solution
were done by using sterile syringes and an aspirator so as to
avoid any changes in the lead inductances and capacitances that
may occur due to mounting and unmounting the measuring cell.


At the beginning of each day of experiment, the measuring
system was calibrated to compensate for inductance effects in the
test leads by performing open/short measurements in accordance
with the 16047E test fixture compensation procedure [34]. There
is an electric field distribution outside of the sample chamber,
leading to a capacitance in parallel with the admittance of the
sample. To account for these fringe field effects, the two platinum
electrodes are separated by a plexiglass spacer that extended
radially past the platinum electrodes. The equivalent capacitance
of the measuring cell (see Fig. 2) can be written as Cm=Co+Cs,
where Cm is measured capacitance, Co is a stray capacitance (due
to the field lines that close through the plastic spacer around the
central hole that contains the sample), and Cs is cell suspension
capacitance. The measured conductance, Gm (see Fig. 2), is the
same as the suspension conductance, Gs, because the stray
conductance is negligible due to the very low conductivity of the
spacer material. The capacitance of a cylindrical suspension with
electrodes capping the end of the cylinder is given byCs=εs·ε0·k,
where εs is the relative permittivity of the suspension,
ε0 (=8.854×10


−12 F/m) is the permittivity of free space, and k
is the geometrical cell constant [35] (which is approximately
equal to the ratio between electrode surface area and the distance
between the electrodes). The conductance of such a cylindrical
suspension is given by Gs=k·σs. The cell constant and the stray
capacitance were calculated using measurements on samples with
known electrical properties (distilled water and 20 mM KCl).

Fig. 1. Schematic of the measuring cell. (A) Main parts: 1— copper leads; 2—
plexiglass spacer; 3 — sample chamber; 4 — platinized platinum disks; 5 —
sample inlet. (B) Side view of the cell. The solid circle represents the area of the
platinum disks (0.785 cm2) and the dashed circle shows the size of the sample
chamber (0.095 cm3). The dashed lines represent pathways to sample chamber,
one for filling the chamber with cell suspension, the other for removal of air.

To reduce effects due to electrode polarization – an
ubiquitous artifact in dielectric measurements in the audio/
radiofrequency range –, the platinum electrodes were coated
with a layer of platinum black using a method employed by
Schwan [36]. This treatment increases the effective surface area
of the electrodes, thereby reducing the polarization capacitance.
Further corrections were performed for the remaining electrode
polarization contributions as explained in Section 4. After
dielectric measurements were performed on yeast cell samples,
the suspension was immediately removed from the measuring
cell and centrifuged. The equivalent capacitance and conduc-
tance of the supernatant were then determined by using the same
procedure used for suspension.


3.3. Confocal laser scanning microscopy


Small amounts of sample were taken before starting
dielectric measurements, and differential interference contrast
(DIC) and fluorescence images of yeast cells were taken
concomitantly with dielectric measurements by a different
experimenter. A Leica™ confocal laser scanning microscope
(Leica, IL) with an oil-immersion objective (magnification,
100×and NA=1.3) was used to image the cells. The DIC
images were used to determine the radii of the cells and
vacuoles. Approximately 8 transmission images were taken for
each sample, each containing several (∼10) cells. The diameter
of each cell was measured along two perpendicular directions,
and the total volume of each spheroidal cell was calculated from
these dimensions. The volume, averaged over all cells, was then
used to determine the average cell radius. The cell radius used in
the dielectric simulations was finally obtained by subtracting
the cell wall thickness from the above radius. The value of the
cell wall thickness (0.25 μm) was taken from the literature [37].
The same procedure was used to determine the average vacuole
radius, except that no cell wall correction was necessary.


Fluorescence emission from GFP-tagged Ste2p was used to
determine the presence of the Ste2p in the samples genetically
engineered to overexpress the protein. The 476 nm line of an
Argon-ion laser was used to excite the GFP fluorophore and the
emission was separated by a dichroic mirror and recorded over a
broad bandwidth (490–580 nm).
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4. Results


Fig. 3 shows typical spectra for a cell suspension's relative
permittivity and conductivity spectra of frequency. The sharp
increase in permittivity and slight decrease in conductivity as the
frequency decreases is due to electrode polarization (EP). This
common artifact, observed at low-radio and audio frequency
measurements, is due to the buildup of charge at the interface
between electrode and electrolyte, which induces frequency-
dependent contributions to the measured permittivity and
conductivity. EP contribution overshadows the effect of the
aforementioned alpha dispersion and any possible dielectric
dispersions of the plasma membrane (see Discussion Section). In
our experiments, it has been minimized by covering the platinum
electrodes with a rough deposit of platinum black (see Section
3.2), but it cannot be removed completely. Electrode polarization
has a long and interesting history. It has been usually modeled
by dielectric spectroscopists with an equivalent circuit con-
sisting of series combination of frequency-dependent capacitance,
Cp=Aω


−m, and resistance,Rp=Bω
−n, connected in series with the


sample [38]. This type of circuit has been used successfully to
implement an EP correction method [39] appropriate for the case
when the dielectric properties of the sample are constant at
frequencies where frequency-dependent EP are observed (usually
under∼1MHz for physiological solutions).While this effectively
takes into account the EP contributions to the measured
permittivity and conductivity, it has been shown by Bordi et al.
[40] that the four adjustable parameters (Cp and Rp) in the R–C
series combination can be reduced to only two, if the following
complex form is used for the following equivalent EP permittivity:


epol⁎ ¼ ieo
x
fe


� �−m−1


ð6Þ


where m and fe are two adjustable parameters. Eq. (6) is the well
known constant-phase-angle law introduced by Jonscher [41] and

Fig. 3. Typical plots of relative permittivity (circles) and conductivity (squares)
versus frequency for yeast cells expressing Ste2p (see text for details). The solid
lines represent theoretical best fit predicted by the two-shell model described in
the text, while the dashed lines correspond to the theoretical fit with the effect
of electrode polarization subtracted off. Related parameters: dmc=2.40 nm,
dom=2.40 nm, R=2.05 μm, R0=1.16 μm, v=0.15, εmc=1.61, κmc=0 S/m,
εa=78.1, κa=0.28 S/m, εcp=125, κcp=0.275 S/m, εom=2.36, κom=0 S/m,
εio=60, κio=2.20 S/m, fe=4.53·10


−5, m=0.755.

it can be separated numerically, by using a computer, into a real
and an imaginary part, corresponding to an equivalent parallel
combination of permittivity and conductivity. The two EP com-
ponents are thus related through the Kramers–Krönig relationship
[19], which explains the collapse of the four adjustable parameters
into only two. The graphs shown in Fig. 3 show the theoretical
curves with and without the electrode polarization effect added to
the model for the cell suspension (see Fig. 3 for details).


The experimental data were fitted to the two-shell model
described in Section 2. There are several parameters that effect
the dispersion curves in the β dispersion range, all of which
cannot be determined from fittings of experimental data with the
theoretical model. Therefore, independent experimental deter-
minations provided three of these parameters, as follows. The
average radius of the yeast cells was measured as described in
Section 3.3. The outer medium conductivity and permittivity
were determined by performing dielectric measurements on the
supernatant resulting from centrifugation of the cell suspension.
Once the outer medium conductivity was determined, the
suspension's low-frequency conductivity together with the
outer medium conductivity fixed the value of the volume
fraction of the suspension, which is given in an approximate
form by the equation [3]:


v ¼ 1−
rl
ra


� �2
3


: ð7Þ


Because the goal of this study has been to determine the
extent to which membrane proteins are reflected in the per-
mittivity of the plasma membrane, εmc, fixing three of the four
major parameters in the fitting process leaves εmc as the only
major fitting parameter to be determined. The permittivity and
conductivity spectra of frequency were first fitted by visually
comparing them to the theoretical model. Once the best visual fit
was obtained, all the fitting parameters, excluding those that
were pre-set according to the procedure described, were adjusted
to minimize the fitting residual, given by:


Residual ¼


X
i


log et;i− log ed;i
� �2
X
i


log ed;i
� �2 þ


X
i


rt;i−rd;i
� �2


X
i


rd;i
� �2


2
664


3
775


1
2


:100


ð8Þ


where the summation is over all frequencies (indexed by i), εt,i
and σt ,i are the theoretical suspension permittivity and conduc-
tivity for each frequency, and εd,i and σd,i are the experimental
suspension permittivity and conductivity, respectively.


To confirm that the minimum value of the residual was the
global minimum, the following process was employed: after a
best fit between model predictions and experimental data was
achieved, εmc was set to a value ∼5% lower than what resulted
from the global fit, and then a fitting was done by tuning all
adjustable parameters except for εmc, so as to minimize the
residual. Then, the value of εmc was increased by 0.5–1%, and
the fitting process involving the other parameters was repeated.
This process was repeated several times, and the minimum







Fig. 4. Plot showing the fitting residual corresponding to best-fit values for the
electrical phase parameters, for a typical suspension of cells expressing Ste2p
receptors on their membrane. The parameter εmc was held fixed and all other
parameters altered until the lowest residual was achieved. Each point in the plot
represents the residual value plotted against the corresponding value for εmc


used to achieve it. The minimum of the curve corresponds to the set of
parameters that gives the overall best fit of the data.


Fig. 5. Fluorescence image displaying visual evidence of yeast cells expressing
Ste2 protein. Detection of light is done at 516 nm (±2.5 nm) for excitation with
the 476-nm line of an Argon-ion laser.
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values of the Residual corresponding to each fixed εmc value
were recorded. A typical plot of the minimum residual values
vs. εmc is shown in Fig. 4 for a suspension of cells expressing
Ste2p receptors on their membrane. As can be seen, a distinct
minimum occurs as a result of the process. The existence of the
minimum in the plot clearly shows that the number of
parameters used in data fitting in this paper is not larger than
necessary. If that were not the case (i.e., if the number of
adjustable parameters were too large) different values for, e.g.,
εmc would have led to the same value of the residual, which
would indicate that the theoretical model is not appropriate for
the cellular system used. It is therefore safe to choose the values
of εmc for which the fitting residual reaches a minimum as most
probable value of the membrane permittivity in the radio-
frequency range.


The experiments described in Section 3 and the data analysis
were repeated eight times for both types of cells, and the
averages and standard deviations of the best-fit values for the
electrical phase parameters corresponding to different cell
compartments were calculated (see Table 1). Asami and
Yonezawa [22] reported previously that the yeast cell wall
contributes slightly to the β dispersion of the permittivity in the
frequency range 10 to 100 MHz. We note that this contribution
occurs far from the low-frequency plateau in permittivity, which

Table 1
Average electrical phase parameters for wild type and control yeast cells plus or
minus one standard deviation (n=8 experiments)


Sample Relative membrane
permittivity, εmc


Cytoplasm
conductivity,
κcp (S/m)


Relative vacuole
membrane
permittivity, εom


Ste2p-
expressing


1.63±0.11 0.264±0.019 2.30±0.60


Wild type (no
Ste2p)


1.75±0.16 0.307±0.041 2.25±0.55

we used to determine the values of εmc. This observation,
together with the foreseen difficulties for the case when too
many adjustable model parameters were included in the data
analysis, determined us not to include the cell wall in the
dielectric model of the cell. However, due to this simplification
of the cell dielectric model, the values of those parameters
contributing to the high frequency tail of the β dispersion (such
as those corresponding to the interior of the vacuole, and even
the permittivity of the vacuole membrane) were not analyzed
and interpreted any further in this paper, because the cell wall
might have contaminated their values.


The dominant parameter in the fitting process was the
permittivity of the plasma membrane, εmc. The plasma
membrane of eukaryotic cells has been extensively studied for
years. At the beginning of our experiment, we hypothesized that
in the cells expressing Ste2p, εmc would be significantly different
from that of the control cells, because of the experimentally
induced abundance of membrane proteins (see Fig. 5). Data in
Table 1 indicate that this hypothesis is untenable. While the
average values obtained for εmc do show a slight difference, it is
not enough to overcome the spread in the data. A paired
Student's t-test (two-tailed) returned a t value of 2.09, cor-
responding to a probability of 0.074 for the difference in the
means to be statistically not significant (confidence level=0.05).
This is because the difference between the two values is within
the standard deviation for each of the two sets, as seen in Table 1.


We therefore conclude that the permittivity of the plasma
membrane in the radiofrequency range mainly reflects the
properties of the phospholipids tails (see Section 5). Raicu and
co-workers have speculated previously that plasma membrane
permittivity in the radiofrequency range should only reflect the
properties of the hydrophobic layer [21], but this paper provides
the most direct evidence so far that addition of large numbers of
proteins to the plasma membrane results in no noticeable
changes in the dielectric constant of the membrane.
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5. Discussion


Given the presence of high numbers of Ste2 proteins, in
addition to other proteins normally present in the plasma
membrane, one could legitimately ask the question, “why the
presence of the proteins is not reflected in the value of εmc?” In
this section, we attempt to answer this question and then suggest
a few new possible directions of research that may eventually
lead to the ability to detect the presence of receptor proteins on
the plasma membrane, and, possibly their activity.


Previous studies on artificial as well as natural membranes
have identified several structural regions of the plasma
membrane, each characterized by different dielectric properties
[42]. The regions include: a hydrophilic layer containing the
polar heads of the phosphatidylcholine molecules making up
the membrane, the hydrophobic region composed of the
hydrocarbon chains of the molecules, and the region lying
between these two labeled the acetyl region. Because of this
configuration, the plasma membrane can be modeled as an
electric circuit consisting of a series combination of parallel
capacitances and conductances, each parallel combination
corresponding to a layer of the membrane. This electrical
circuit model, first proposed by Ashcroft et al. [43] is shown in
Fig. 6. From this model, one can easily deduce that the
equivalent capacitance and conductance of the membrane is
frequency dependent, and presents three dispersion regions (i.e.,
n−1=3, corresponding to n=4 layers of the membrane,
including the outer medium). Ashcroft et al. [7] showed that
the interfacial polarization between the outer medium and the
outermost layer of the membrane occurs at ∼10 Hz [44].
Similarly, the interfacial polarization between subsequent layers
occurs in the low-frequency regime, under 1000 Hz.


To be precise, Ashcroft et al [7] showed that more than four
distinct layers can be actually inferred from dielectric measure-
ments of pure phospholipid bilayers. This observation does not
impact on our discussion in this paper, though it should have
important implications for studies at lower frequencies than
those used in this paper.


The Ste2 protein is an integral protein whose transmembrane
domains span the membrane seven times [18]. The proteins
might have a significant effect on the capacitance of the polar
head region, but this effect isn't visible in the dielectric experi-
ments that were carried out for this reason; the contribution to
the equivalent capacitance of the membrane from the polar head
regions is seen at low frequencies. Unfortunately, in the range of
frequencies where the polar head region should contribute, the

Fig. 6. Equivalent circuit describing the plasma membrane (according to
Ashcroft, 1981). The series of parallel capacitances and conductances gives rise
to a frequency dependent equivalent capacitance and conductance of the
membrane. The subscripts used are as follows: “E” — surrounding electrolyte,
“P” — polar head region, “A” — acetyl region, “H” — hydrophobic region.

data are affected by the electrode polarization effect mentioned
in Section 4. For higher frequencies, the capacitance of the
membrane can be approximated by the equation [45]:


Ci
CH


1þ 2d CH
CP


;


in which CH represents the capacitance of the hydrophobic
layer. The acetyl and hydrophilic regions were pooled together
to form an equivalent capacitance, CP. The capacitance of the
polar head region is generally two orders of magnitude larger
than that of the hydrophobic region, therefore any significant
change (e.g., 20%) in Cp brought by the presence of the proteins
will only contribute a fraction of a percent to the equivalent
capacitance of the membrane.


To observe any effect caused by the presence of the proteins
in the beta dispersion range, attention must be turned to the
hydrophobic portion of the plasma membrane, composed of a
fluid-like matrix of lipids in which the hydrophobic portions of
proteins are immersed. In this layer, the dielectric constant has
been historically noted to depend strongly upon the hydrocar-
bon chains composing it [46]. The hydrophobic portion of the
proteins present in this layer should alter the properties of these
chains, but studies have shown that only the first few neighbors
surrounding the proteins are affected. Marcelja [47] performed
numeric simulations and estimated the disturbance caused by
the presence of a nearby protein of an order parameter
describing the orientations of hydrocarbon chains falls off
rapidly after the first neighbor. Therefore, lipids, which largely
contribute to the dielectric constant of the hydrophobic layer
and thereby to εmc, are not altered enough to detect a change
using linear dielectric spectroscopy.


Recent studies by Miller et al [14] using linear and nonlinear
dielectric spectroscopy to study yeast cell cultures expressing
the motor protein Prestin seem to confirm our observation
above that little, if any, difference can be seen between the linear
dielectric properties of suspensions of cells over-expressing and
those not expressing the protein. Specifically, the Miller group
developed a technique [48] that permits determination of the
real and imaginary part of the complex permittivity at
frequencies in the range of 10–105 Hz. To quantify the
difference between cells expressing Prestin and those not
expressing it an index was defined as:


D fð Þ ¼ ep fð Þ
ep foð Þ−


ec fð Þ
ec foð Þ ;


where the subscripts p and c stand for the Prestin yeast cell
suspension and the control suspension, respectively. A plot of
delta vs. frequency shows a peak around 25 kHz when fo is
equal to 10 kHz. The value given for Δ( f ) at the peak fre-
quency of 25 kHz was 0.5%, which seems to be even lower than
our detected changes in plasma membrane permittivity. Slight
variations in cell concentration could account for this small
difference that might not be corrected for by the process of
normalization described (because other contributions, such as
electrode polarization might also be present). The permittivity
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measured at all frequencies depends on the volume fraction of
the cells and on the conductivity of the suspending medium,
which are susceptible to significant variability when using
genetically engineered cells that overexpress proteins, such as
those used in this work, since alterations in the cell metabolism
are easily induced. It is precisely for this reason that in this work
we took a different approach to data analysis. Our method,
based on extraction of the relevant electrical parameters from
the data, avoided the dependence of the results on parameters
that bear no particular significance, while allowing us to
determine the properties of the plasma membrane, where the
proteins of interest in this work are located. Also, our method
includes an analysis of the conductivity spectrum, which
introduces further constraints to the possible values that the
fitting parameters can take, increasing precision. Unfortunately,
even after reducing such experimental errors, we were unable to
detect significant alterations of the linear dielectric constant of
the plasma membrane by the Ste2 proteins.


By contrast, we feel that the study using nonlinear dielectric
spectroscopy performed by the same group is promising in its
ability to detect the motor protein Prestin [14,49]. In the early
1990s, Woodward and Kell performed several studies [50–52] to
show that systems perceived to be linear under an applied electric
field can exhibit distinctive nonlinear properties, specifically the
production of harmonics. In attempting to describe the ability of a
system under linear conditions to demonstrate nonlinear
capabilities, Woodward points to a description of the interesting
features of protein interactions with electric fields as a potential
source of these nonlinear occurrences. Miller and co-workers
studied the generation of third harmonics from yeast cell
suspensions with and without the ability to express Prestin, and
found an astonishingly 40% difference between the two samples.
If confirmed, this technique definitely promises to be an able
method for detection of the presence of receptor proteins in the
membrane and possibly their activity.


To return to the linear dielectric study described in this paper,
we conclude that the permittivity of the plasma membrane in the
radiofrequency range is dominated by the hydrophobic layer of
the membrane, to which proteins might not make contributions
large enough to be detectable. This observation in itself is
important and may explain a previous finding that thermal
treatment of the cells (which should induce protein denatur-
ation), does not seem to affect the capacitance of the plasma
membrane [53]. We believe that, if further research could
lead to methods for reduction or even elimination of the
electrode polarization contribution to the dielectric properties
of cell suspension, it may become possible to probe the presence
of proteins in the plasma membrane from linear dielectric
studies.
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Abstract


Electroporation, cell membrane permeabilization with short electrical field pulses, is used in tissue for in vivo gene therapy, drug therapy and
minimally invasive tissue ablation. For the electroporation to be successful, the electrical field that develops during the application of the pulses
needs to be precisely controlled. In this study we investigate the use of electrolytic and non-electrolytic gels to generate the precise electrical fields
required for controlled electroporation, in heterogeneous and irregular tissues, in vivo. Finite element computer simulations are used to illustrate
various applications, such as the treatment of irregularly shaped organs and interior cavities. The feasibility of the concept is demonstrated
experimentally in vivo with a rat liver subjected to irreversible electroporation.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction


Electroporation, or electropermeabilization, is the phenomenon
in which cell membrane permeability to ions and macromolecules
is increased by exposing the cell to short (microsecond to
millisecond) high electric field pulses [1]. Reversible electropora-
tion of living tissues is the basis for different therapeuticmaneuvers
on clinical use or under study [2]: in vivo introduction of genes into
cells (electrogenetherapy) [3–5], introduction of anti-cancer drugs
into undesirable cells (electro-chemotherapy) [6] and introduction
of photosensitizers into tumor cells for photodynamic therapy [7].
Irreversible electroporation has also found a use in tissues as a
minimally invasive surgical procedure to ablate undesirable tissue
without the use of adjuvant agents [8–10].


Electroporation is a dynamic phenomenon that depends on the
local transmembrane voltage at each cell membrane point. It is
generally accepted that for a given pulse duration and shape, a
specific transmembrane voltage threshold exists for the manifes-
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tation of the electroporation phenomenon (from 0.5 V to 1 V).
This leads to the definition of an electric fieldmagnitude threshold
for electroporation (Eth). That is, only the cells within areas where
E ≥ Eth are electroporated. If a second threshold (Eth_ irr) is
reached or surpassed, electroporation will compromise the
viability of the cells, i.e., irreversible electroporation.


It is obvious, from the above, that precise control over the
electric field that develops in tissues is important for
electroporation therapies [11–14]. For instance, in reversible
electroporation it is desirable to generate a homogeneous
electric field (Eth ≤ E b Eth_irr) in the region of interest and a
null electric field in the regions not to be treated. Currently,
optimization of the electric field distribution during electro-
poration is done through design of optimal electrode setups
[15]. However, there are situations in which an electrode setup
alone is not sufficient for obtaining an optimal electrical field,
particularly in situations such as the electroporation of
irregularly shaped tissues or when the protection of specific
tissue regions is required.


Here we propose and investigate the use of additives for
modulating the electric properties of the treated tissues or for
modifying the geometry of tissues or electrodes as a means of
optimizing the electric field during tissue electroporation. As an
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Fig. 1.Non-conducive gels can be used to protect specific tissues fromelectroporation.
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example of additives, in this paper we will explore the use of
fluids with various conductivities and, more specifically, the use
of gels with various ionic contents. We found gels particularly
interesting because they can behave as solids but they can also
be injected easily with a syringe.


There are numerous uses of this concept, some of which are
listed below. As reported in the following subsection, it should
be emphasized that the use of additives for modulating the
electric field is not new. What we show in this paper is the wide
range of additional possible applications of the concept. We will
discuss the different applications in the introduction section and
then illustrate the concepts with analysis and experimentation in
the following sections.


The layout of the paper is as follows. Within the introduction
Section 1, Sections 1.1–1.4 introduce the basic concepts of how
additives can be employed to modulate the electric field in
different electroporation generic cases. Section 1.5 explains
why and how gels can be used for such a purpose. Section 2,
“methods”, provides details of how computer simulations have
been carried out to illustrate the cases presented in Section 1,
furthermore, it explains the procedure of an experiment in
which a rat liver lobe was irreversibly electroporated using an
electrolytic gel to show the feasibility of the strategy.Section 3,
“results and discussion”, shows the results from computer
simulations of examples related to the typical cases introduced
in Section 1. Then, it also presents the results from the in vivo
experiment and relates them to computer simulation results.


1.1. Conditioning of tissue electrical properties or of
electrode–tissue interfaces


When in electroporation a current is forced to flow across
different tissue layers, those with higher resistivity will be
subjected to higher electric fields. This implies that some tissue
layers will be more prone to electroporation than others.
Although, this is not necessarily an inconvenience, it could
imply that in order to reversibly electroporate some tissues it
would be necessary to irreversibly electroporate others, if not to
burn them because of the Joule effect [16]. Moreover, the
voltage drop at those higher resistivity layers will be significant
and, in most cases, uncontrollable. Thus, in these cases it will be
difficult to assess the required external voltage in order to have
the sufficient electric field at the region of interest.


Furthermore, the electrode–tissue interface impedance is
also inconvenient in the same sense. At the electrode surface,
electron exchange reactions occur that transform electronic
transport (electrode metal) into ionic transport (tissue). Such
transformation also implies a resistance, and a resulting voltage
drop, that will depend on different factors such as the
availability of ions and their mobility.


A case that combines both phenomena is the skin-fold
electroporation technique in which skin is folded and electro-
porated with parallel plates on opposite sides of the fold [17]. In
most cases, skin viable tissue layers are the objective of the
treatment whereas the top layer, the stratum corneum, represents
an impediment to the treatment because of its high resistivity.
Moreover, since the electrode–tissue interface in this case is rather

dry, the availability and mobility of ions is poor and the related
interface resistance is quite high. In fact, this is not only a problem
for electroporation but also for different bioelectric applications
involving electrodes such as external defibrillation. In these other
cases, electrolytic gels and pastes have been used for decades [18].
Therefore, it is not surprising that gels have also been adopted by
researches in the electroporation field in order to improve the
“contact” between the electrodes and the tissues [11,13]. These
compounds improve both the electrode–tissue interface imped-
ance and the skin top layer conductivity by supplying water and
ions, even in some cases they include abrasives to help to reduce
the resistance of the stratum corneum layer.


Hence, conductive gels are known in the electroporation
field. However, we will show that in electroporation there are
many additional valuable applications of electrolytic and non-
electrolytic additives and gels, in addition to improving the
“contact” impedance.


1.2. Insulation of tissue regions


During electroporation, it is often important to ensure that
certain regions of tissue are not affected by the applied electric
field. One possible method to achieve this is by isolating the
treated region from that to be protected with non-conductive gels,
i.e. without free ions. However, it must be taken into account that:
1) once the gel is in contact with tissues, biological ions will begin
to diffuse inwards and, consequently, its conductivity will
increase and its behavior as insulator will be compromised after
a period of time; and 2) the gel must be perfectly deposited as a
continuous layer, otherwise, any cleft or hole will lead to
conductive paths. Therefore, we believe that it is better to consider
the use of non-conductive gels as “injectable spacers” rather than
as insulation films. That is, we propose to use them to physically
separate the region to be electroporated from those to be
protected. Fig. 1 illustrates a possible application of such strategy;
the top layer, to be treated by means of irreversible electropora-
tion, could represent a skin melanoma whereas the bottom region
could represent any hypodermic tissue, such as muscle, to be
protected. In this case, the gel would be injected hypodermically
through a syringe before the application of the needle electrodes







Fig. 2. Possible uses of injectable electrodes. (a) Protection of specific tissue
regions. Gel electrode is injected beneath the top layer. When voltage pulse is
applied, only the region comprised between the gel and top electrode is
electroporated. (b) Electroporation of hollow structures. Gel electrode is injected
through a catheter that is also used to connect it to the pulse generator. The
opposite electrode can be placed on the surface of the body.
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(E1 and E2). Section 3.1.2 shows the simulation results of a
structure resembling this case.


1.3. Electric field homogenization in irregularly shaped tissues


Two parallel plate electrodes produce an almost homoge-
neous electric field distribution when a homogeneous tissue slab
is placed in between them, as in the case of the skin-fold
technique. However, as we will show inSection 3.1.2 (Fig. 4c),
plate electrodes do not produce homogeneous electric fields
when the tissue part to be treated has an irregular shape. A
possible solution to this problem, in the spirit of using additives
to modulate the electrical properties of tissue, is to fill the space
between plate electrodes with a gel whose conductivity is equal
or similar to that of the tissue to be electroporated (“matched
conductivity gel”). By doing this, the material between the plates
will become homogeneous in electrical terms and the generated
electric field distribution will also be homogeneous. Computer
simulations show that perfect matching between gel and tissue
conductivities is not required in order to obtain very significant
improvements.


Section 3.1.2 shows the simulation results of a hypothetical
case related to the above. That example could represent an
irregularly shaped hard tumor that needs to be reversibly
electroporated through external plate electrodes.


Section 3.2 shows an in vivo experimental verification of the
concept. The edge of a rat liver lobe was irreversibly
electroporated between two plate electrodes. In order to
homogenize the electric field, a “matched conductivity gel”
was employed to fill the space between the electrodes and the
liver surface.


Besides geometrical irregularities on the surface of the tissue,
large blood vessels could also have a significant impact on
electric field distribution. One would expect that due to their
higher conductivity they may cause important field hetero-
geneities. In fact, we have observed treatment heterogeneities
when applying electroporation through needle electrodes (not
reported here) that we attribute to such phenomenon. A possible
solution is the perfusion of blood vessels with fluids of similar
conductivity to that of the parenchyma to be treated.Section
3.1.3 shows the simulation results of a hypothetical case in
which reversible electroporation of a region that contains a
blood vessel in its vicinity is performed. In this case, only a thin
strip of tissue is not electroporated because of resulting field
distribution heterogeneity. However, in the case of tumor
ablation through electro-chemotherapy this could have dramatic
consequences, particularly taking into account that the surviv-
ing tumor cells would be close to a blood vessel. Another
simulation result in Section 3.1.3. shows that the effect of
replacing the blood with a tissue matched conductivity fluid has
a positive impact.


1.4. Implementation of injectable electrodes


High conductivity gels are good conductors and, therefore,
they can also serve as electrodes. This implies that it is possible to
implement electrodes that are soft, injectable, moldable and

biodegradable, among other possible interesting features. Herewe
describe two possible applications of such injectable electrodes:


1.4.1. Shielding of tissue regions
When voltage is applied between two electrodes, current


flows through the path of least resistance, which, in most cases,
coincides with the shortest path. Hence, a possible way to
guarantee that a specific tissue region will be not electroporated is
to place it behind the electrodes, that is, outside of the region
sandwiched by the electrode pair. In some cases it will be possible
to actually displace the tissues or to use spacers for separation
(Section 1.2). In other cases, the strategy depicted in Fig. 2a could
be employed. That is, to implement an embedded electrode in
such a way that the tissue region to be protected (bottom layer in
Fig. 2a) lies outside of the region between both electrodes.


The example depicted in Fig. 2a could represent a case of skin
electroporation in which the muscle and other deeper structures
need to be protected. The process would start by injecting the gel
subcutaneously through a syringe. Then, the same injection
needle with an electrical insulation on the shaft or a wire threaded
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through the skin and gel would be used for the electrical contact
between the gel region (injected electrode) and the pulse generator
terminal. In this way, roughly only the skin between the gel and
the top electrode would be electroporated. An interesting feature
of the proposed method is that the injectable electrodes could
adapt to the morphology of the region to be treated.


Section 3.1.4 contains simulation results of a hypothetical
case which shows how injected electrodes can be employed to
protect specific tissue regions. In that case, however, the
objective is to reversibly electroporate the inner tissue without
damaging the outer layers.


1.4.2. Method to electroporate hollow structures
Electroporation of blood vessel tissues is possible through


intraluminal catheters which take advantage of the conductivity
provided by blood [19]. However, in other cases, such as the
gastrointestinal or urinary tracts, there is no natural electrical
contact media between the intraluminal electrode and the organ
walls. Flexible electrodes designed to make direct contact with
walls to be treated have been proposed for these cases [20]. Here
we suggest that the additives investigated in this study, such as
conductive gels or pastes could be a much simpler and yet
effective solution. For instance, as shown in Fig. 2b, a catheter
could be used to inject the conductive gel into a vessel which
when brought in contact with a wire further connected to the
power supply could serve as an electroporation electrode. An
advantage of this strategy is that gel preparation could also
contain the therapeutic agent and there would be no need to
entrap it with balloons or other means in the region to be treated
as it is the case in intraluminal catheter for electroporation [19].


In the example in Fig. 2b one of the electrodes is the injected
gel and the other would be a large electrode on the surface of the
body. In this way, highest electric fields will be produced around
the gel, particularly if the vessel wall has lower conductivity
than surrounding parenchyma, as it will happen in most cases.
Thus, only an annular region surrounding the gel will be
electroporated. Such structure is simulated in Section 3.1.5.


1.5. Ionic gels


Gels are colloidal dispersions in which the dispersion medium
is a liquid and the continuous medium is a solid, generally a
network of polymeric chains. In the specific case that water is the
liquid medium, gels are also called hydrogels. An interesting
property ofmost gels is thixotropy, that is, they becomemore fluid
when mechanically disturbed. Thus, whereas in steady state gels
can behave like a soft solid or a high viscoity fluid, they can be
injected easily through small gauge needles thanks to the effect of
shear forces. Hydrogels are used extensively for various medical
applications such as breast implants, wound dressings materials,
drug delivery systems, electrodes and contact lenses. Features
such as biocompatibility, biodegradability and temperature and
chemical sensitivity can be achieved.


A straightforward method to generate a liquid or gel with a
desired electric conductivity is by controlling the content of free
ions. Presumably, hypoionic solutions will have no significant
effect on living tissues if they are applied for short periods and if

they are balanced with non-ionic species to achieve isotonicity.
On the other hand, high conductivity gels will almost certainly
imply hypertonicity. Hence, some damage to the tissue due to
osmotic unbalance (cytotoxicity caused by cell dehydration)
might be expected. In fact, hypertonic gels have been proposed as
an ablation method [21]. Nevertheless, although very highly
hypertonic gels (23.4% NaCl) have been tried, the observed
lesions remained small. Quite fortunately, according to the
theoretical results presented here, it seems that it will not be
necessary to employ concentrations above 15% NaCl (σ ≈
240 mS/cm). Thus, taking into account that the presence of the
hypertonic gels will only be required for a short period, we do not
foresee problems regarding the biocompatibility of the materials.


2. Methods


2.1. Electric field distribution computed by the finite element
method


In this study we use mathematical analysis to explore and
illustrate the various applications of the electrolytic and non-
electrolytic gels to control electroporation. To this end we
employ the finite element method (FEM) to compute the electric
field distribution under the assumption of constant conductiv-
ities and static currents and fields. This methodology has been
used by previous researchers in the field [22–24] and its validity
has been proven [10,12].


The key idea of the FEM is the decomposition of an arbitrary
geometry into small simple elements in which it is possible to
solve the differential equations related to the phenomena under
study. Given the appropriate boundary conditions, the solutions
are then assembled and an approximate solution for the
complete geometry is provided. In our case, the solved equation
for each element is the Poisson's equation:


�jd rjV � J eð Þ ¼ Qj ð1Þ


where σ is the conductivity, V is the voltage, J e is a vector
denoting the externally generated current density and Qj


indicates the current generated in the element (null in all the
cases presented here).


The specific FEM tool used here was COMSOL Multi-
physics 3.2 (www.comsol.com) and the mode chosen for the
simulations was “3D conductive media DC”. The boundary
conditions were all insulating on the external surfaces.
Unstructured meshes of tetrahedral elements were automatically
generated by the FEM tool.


The geometry of the analyzed cases and other details relevant
to the simulations are discussed in next sections. Unless
otherwise specified, the simulations have been performed
assuming that Eth = 500 V/cm (reversible electroporation
threshold), Eth_irr = 1000 V/cm (irreversible electroporation
threshold), and the conductivity of the tissue (σ) is 1 mS/cm. In
the resulting graphs black color indicates E b 500 V/cm (no
effect); grey color 500 V/cm ≤ E b 1000 V/cm (reversible
electroporation); and white E ≥ 1000 V/cm (irreversible
electroporation).



http://www.comsol.com





Fig. 4. Simulation of the electroporation of a semi-spherical tumor (diameter = 1 cm
magnitude from the simulation when gel is present (vertical plane across the cen
conductivity gel is not employed (vertical plane across the center of the electrodes).


Fig. 3. Simulation result of tissue region protection bymeans of non-conductive gel
used as a spacer (tissue 1 conductivity = tissue 2 conductivity = 1 mS/cm, gel
conductivity = 0.1 mS/cm; gel region diameter = 10 mm, gel region height =
0.5 mm; tissue 1 thickness = 1 mm; electrode diameter = 0.1 mm, electrode
separation distance = 2 mm). (a) Vertical plane that comprises both electrode axes.
(b) Horizontal plane at the height denoted by gray line in above figure (∼ 1/4 of
tissue 1 thickness at region of interest). Black color indicates E b 500 V/cm (no
effect); gray color 500 V/cm ≤ E b 1000 V/cm (reversible electroporation); and
white E ≥ 1000 V/cm (irreversible electroporation).
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2.2. In vivo proof of concept


To demonstrate the feasibility of using gels for electropora-
tion, we carried out, in addition to the mathematical analysis, an
experiment in which the edge of a rat liver lobe was irreversibly
electroporated between two plate electrodes.


From previous experimental studies [10], we know that
irreversibly electroporated regions in rat liver show within
30 minutes entrapping of erythrocytes that is observable both
macroscopically (darkening due to blood congestion) and
microscopically. Thus, this phenomenon can be employed to
assess the interface between reversible and irreversible electro-
porated regions and thereby distribution of electric fields during
electroporation.


2.2.1. Experimental procedure
A male Sprague–Dawley rat (350 g) was obtained from


Charles River Labs through the Office of Laboratory Animal
Care at the University of California, Berkeley. It received
humane care from a properly trained professional in compliance
with both the Principals of Laboratory Animal Care and the
Guide for the Care and Use of Laboratory Animals, prepared
and formulated by the Institute of Laboratory Animal Resources
and published by the U.S. National Institutes of Health (NIH).


The experiment started with anesthetization of the animal via
intraperitoneal injection of Nembutal solution (50 mg/ml
sodium pentobarbital, Abbott Labs, North Chicago, IL) for a

) at 550 V. (a) Model employed in the simulation. (b) Resulting electric field
ter of the electrodes). (c) Simulated electric field magnitude when matched
(d) Same as Fig. 4c but now voltage between electrodes is 1100 V.
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total of 100 mg sodium pentobarbital per kg of rat. 30 min later,
the liver was exposed via midline incision.


After exposing the rat liver, a liver lobe was placed between
two flat circular electrodes separated at a distance of 5 mm. In
order to emulate a geometrical irregularity, the liver lobe edge
was inserted partially between the two electrodes. The
placement of the electrodes in relation to the liver resembled
the illustration in Fig. 8, which at the same time is the model
for the FEM simulation of the case. Then, the void space was
filled with the matched conductivity gel and the electropora-
tion pulse sequence (8 pulses of 750 V with a duration of
100 μs and a period of 100 ms) was applied by means of a
commercial pulse generator (ECM 830, Harvard Apparatus;
Holliston, MA).


Two hours and a half after the electroporation sequence, the
animal was euthanized and liver samples were prepared for
histological analysis.

Fig. 5. Simulation of the reversible electroporation of a square region that contains a bl
simulation, each electrode (E+ and E−) is constituted of an array of three needles (
distance between both arrays is 10 mm; blood vessel conductivity=10 mS/cm and ti
the simulated field magnitude at the top interface between the blood vessel and the pa
the white arrow indicates the region the on top of the blood vessel that is not electropo
10 mS/cm to 1.5 mS/cm.

2.2.2. Histology
To fix the liver at its current state for microscopic viewing, we


flushed the vasculature with physiological saline for ten minutes
at a hydrostatic pressure of 80 mmHg from an elevated IV drip.
This was accomplished by injecting the fluid into the left ventricle
and letting it exit from a cut made in the right atrium. Immediately
following saline perfusion, a 5% formaldehyde fixative was
perfused in the same way for ten minutes. The treated liver lobe
was then removed and stored in the same formaldehyde solution.
Hematoxylin–eosin staining was then performed on cross-
sections through the center of the treated region to study the
effects of electroporation.


2.2.3. Gel preparation
We prepared a saline gel from a 0.045% NaCl solution, which


is 20 times less concentrated than the standard physiological
solution (0.9%NaCl). Such electrolyte content should produce an

ood vessel (diameter = 3 mm) on its bottom boundary. (a) Model employed in the
diameter=1 mm, separation=5 mm, penetration depth=5 mm); the separation
ssue conductivity=1 mS/cm; applied voltage=1000 V. (b) Horizontal section of
renchyma. (c) Vertical section, across the array centers, of the simulation results;
rated at all. (d) The same result when blood vessel conductivity is changed from







Fig. 6. Simulation of muscle (thickness=5 mm) electroporation at 700 V through
injected semi-ellipsoidal gel regions connected to metallic needles with insulation
on their shaft (E+ and E−). (a) Model employed in the simulation; gel
conductivity=200 mS/cm, muscle conductivity=1 mS/cm, skin conduc-
tivity=0.1 mS/cm. (b) Resulting electric field magnitude from the simulation.
The number of elements of the mesh is 196,534.


Fig. 7. Simulation of empty blood vessel (outer diameter=10 mm, inner
diameter=9 mm) electroporation at 200 V through an injected cylindrical gel
region and an externalmetallic electrode. (a)Model employed in the simulation; gel
cylinder is at the centre of the geometry, within the vessel; gel conduc-
tivity=200 mS/cm, tissue conductivity=1 mS/cm, vessel wall conductivity=
0.25 mS/cm. (b) Resulting electric field magnitude from the simulation, two
transverse cross-sections at the center of the geometry are shown. Although it is
difficult to appreciate, it can be observed that only the vessel walls at the location of
the gel cylinder have been reversibly electroporated.
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electrical conductivity of around 0.7 mS/cm. Reported liver
conductivities maybe a little bit higher (∼ 1 mS/cm), however, as
seen in the simulations, this difference should not produce
significant effects. The steps to produce the gel were: 1) add 0.8 g
of raw agar to 100 ml of a 0.045%NaCl solution; 2) dissolve agar
in the saline solution at boiling point; 3) cool the solution until
solidification and 4) stir until gel formation.


3. Results and discussion


3.1. Simulation of typical applications


The goal of this section is to illustrate the concepts brought in
the introduction with typical examples.


3.1.1. Tissue insulation
Here we simulate the case discussed in Fig. 1 (Section 1.2).


That is, non-conductive gel is injected underneath the top layer
of tissue in order to physically separate it from bottom tissue,
which needs to be protected. This particular case could represent
a skin melanoma that needs to be removed by irreversible
electroporation.


The model used for the simulation consists of five com-
ponents: 1) a square prism (20 mm×20 mm×5 mm) with
conductivity = 1 mS/cm that models bottom tissue (tissue 2); 2)
a half ellipsoid volume (10 mm×10mm×0.5 mm) on top of the
prism with conductivity 0.1 mS/cm for the insulating gel; 3) a
mantle (thickness = 1 mm) with conductivity = 1 mS/cm on top
of both components that models top tissue (tissue 1); and 4) and
5) two cylinders (diameter = 0.1 mm, length = 5 mm) with high
conductivity (1000 S/cm) representing the electrodes that
penetrate the top mantle. The separation distance between the
electrodes is 2 mm and the applied difference voltage is 1000 V.
The number of elements of the mesh is 102,614.


Note that we have chosen a conductivity of 0.1 mS/cm for
the insulating gel, instead of the ideal 0 mS/cm, to take account

of the fact that impurities in the gel and ionic diffusion from
tissue after implantation will make it not a perfect insulator.


The result of the simulation (Fig. 3) shows that, although the
top tissue is irreversibly electroporated throughout the entire
area surrounding the electrodes, damage to the bottom layer is
minimal and only two single spots experience reversible
electroporation. It is interesting to note that the simulated gel is
not completely non-conductive, in fact, its conductivity is only
one order of magnitude lower that the conductivity of the
tissues.


3.1.2. Electric field homogenization in irregularly shaped
tissues


The example presented here is relevant to the application
discussed in Section 1.3. That is, the homogenization of the
electric field in irregularly shaped tissues by means of matched
conductivity additives.







Fig. 9. Results from the simulation of the liver lobe electroporation (plane x–y,
z=0). (a) Without gel; an irregular electroporation pattern is obtained, a
significant proportion of the tip is not irreversible electroporated. (b) The
presence of filling gel with conductivity=0.8 mS/cm is simulated; the tip region
between the electrodes is irreversibly electroporated.
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The structure depicted in Fig. 4a could correspond to the case
of an irregularly shaped hard tumor electroporated through plate
electrodes. The model consists of a semi-sphere (diameter =
10 mm) on top of a square prism (50 mm×50 mm×20 mm) that
represents the tissue (conductivity = 1 mS/cm) and two plate
electrodes (20 mm×10 mm×1 mm; conductivity = 1000 S/cm)
on two opposite sides of the semi-sphere. An extra irregularity in
the shape of a semi-spherical depression (diameter = 2 mm) has
been included at the top of the tissue part. The number of elements
of the mesh is 21,888. The voltage applied between electrodes is
550 V.


The simulation result of electroporation in the absence of a gel
is shown in Fig. 4c. It is obvious that the electric field distribution
is extremely heterogeneous. Furthermore, even in the case that
very high voltages are employed (Fig. 4d), there are regions that
are not electroporated. Of course, this is something not acceptable
in cancer treatment and, maybe because of that, needle array
electrodes are preferred for this kind of tumors rather than plate
electrodes. On the other hand, when the addition of a matched
conductivity gel is simulated (Fig. 4b) the results show that the
electric field is much more homogeneous, even in this case in
which the conductivity matching between tissue and gel
conductivities is not perfect (matching error = 30%).


3.1.3. Electric field homogenization in tissues containing blood
vessels


The simulation presented here is also related to Section 1.3.
The current case represents the reversible electroporation of a
region that contains a blood vessel in its vicinity (Fig. 5a). The
electroporation is performed with two parallel arrays of needle
electrodes that should produce a quite homogeneous field within
the region between them.


The model used for the simulation consists of: 1) a rectangular
prism (50 mm×50 mm×20 mm) that represents the tissue an has
a of conductivity 1 mS/cm; 2) a cylinder that represents the blood
vessel (conductivity = 10 mS/cm; diameter = 3 mm, length =
50mm) that goes fromone lateral side of the prism to the other at a
depth of 5 mm; and 3) two electrode arrays placed in parallel at a
distance of 10mmbetween them. Each one of both arrays consists
of three cylindrical rods (conductivity = 1000 S/cm; diameter =
1 mm, length = 15mm, separation distance = 5 mm). The number

Fig. 8. Representation of the model employed to simulate the electroporation of
the liver lobe tip (gel is not shown). The liver lobe tip is electroporated between
the disk electrodes E+ and E− (diameter =10 mm, conductivity=1000 S/cm)
separated at a distance of 5 mm. The applied voltage is 750 V and liver tissue
conductivity is 1 mS/cm. The number of element of the mesh is 61,346.

of elements of the mesh is 68,571. The voltage applied between
both arrays is 1000 V.


Simulation results show that a thin strip of tissue is not
electroporated because of resulting field distribution heterogene-
ity (Fig. 5b and c). On the other hand, when blood is replaced by a
matched conductivity additive (vessel conductivity changes from
10mS/cm to 1.5mS/cm), the simulated field distribution (Fig. 5d)
is much more homogeneous and the objective of completely
electroporating the region between electrodes is achieved.


3.1.4. Subdermal electrodes
The example presented here is relevant to the application


discussed in Section 1.4.1. That is, the use of injectable electrodes
in order to protect specific tissue regions.


For the case shown in Fig. 6a, the objective is to reversibly
electroporate the inner tissue (rectangular prism (20mm×20mm×
5 mm); conductivity = 1 mS/cm) without damaging the outer
layers (mantlewith thickness of 1mm; conductivity = 0.1mS/cm).
To perform such selective electroporation, we propose the injec-
tion of conductive gels at both sides of the region to be elec-
troporated through needles with insulation on their shaft. The
idea is that both regions will behave as parallel plate electrodes
(gel regions are modeled here as half ellipsoid volumes

Fig. 10. Picture of the electroporated rat liver lobe. It was cut and opened
through the middle of the electroporated region. White dots are placed at the
border between the treated tissue and the intact tissue.
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(10 mm×10 mm×0.5 mm) with a conductivity of 200 mS/cm).
Indeed, according to the simulation results (Fig. 6b) such behavior
is obtained. Note, however, that enhancement of electric fields at
gel region edges occurs and that causes in some damage to top
tissues (skin).


3.1.5. Hollow structure electroporation
Herewe show a simulation of the case presented in Fig. 2b. An


empty vessel is filled in its central region with a high conductivity
gel. Then, electroporation voltage is applied between this gel and
an external large electrode (Fig. 7a). If the voltage is properly
selected, significant results in terms of selectivity of electropora-
tion can be achieved. This is illustrated by the result of the
simulation (Fig. 7b). The figure shows that only the vessel wall in
contact with the gel is electroporated.


The model (Fig. 7a) consists of a large cylinder (diameter =
100 mm, length = 80 mm) that stands for the tissue between the
cavity and the external electrode (conductivity = 1000 S/cm); a
cylindrical cavity (diameter = 9 mm) with infinite resistivity; a
thin (thickness = 0.5 mm) wall between the cavity and the tissue
with conductivity = 0.25 mS/ cm; and a cylinder (diameter =

Fig. 11. Microscopic pictures of the electroporated liver lobe. (a) Tip of liver
lobe; significant entrapping of erythrocytes (marked with arrows) denotes that
irreversible electroporation has been produced. (b) Central vein area in an inner
zone; no alteration can be observed. Bar indicates 100 μm, both pictures are at
the same magnification.

9 mm, length = 20 mm) in the center of the geometry (not visible
in Fig. 7a) that stands for the inner gel electrode and that has a
conductivity of 200 mS/cm. The applied voltage between the
internal electrode (inside the gel) and the external electrode is
200 V. The number of elements of the mesh is 56,364.


3.2. In vivo proof of concept


The results from the simulation of the structure resembling the
in vivo proof of concept model (Fig. 8) show that if no gel had been
applied the very tip of the lobe would have not electroporated at all
(Fig. 9a). On the other hand, when the gel is applied, the effect of a
matched conductivity gel (matching error = 20%) is to cause
complete irreversible electroporation of the whole lobe, including
the tip (Fig. 9b). Macroscopic observation of the electroporated
region (Fig. 10) before formaldehyde fixation agreed with the
simulation result. Note that it is even possible to appreciate the
concave shape of the irreversibly electroporated region that was
predicted by the simulation. Microscopic observation (Fig. 11a)
confirmed that entrapping of erythrocytes occurred through the
whole lobe tip whereas it was not present in inner regions
(Fig. 11b).


4. Conclusions


Here we proposed and explored the use of gels with various
conductivities to optimize and control the distribution of the
applied electric fields that result during electroporation tissue. We
find of particular interest the potential use of matched
conductivity gels in order to homogenize fields in irregularly
shaped tissues. For instance, these gels could be employed in
conjunction with plate electrodes for treating superficial hard
tumors that cannot be treated by using the skin-fold technique.
Because of the simplicity of the concept, we also think that the use
of high conductivity gels as injectable electrodes and their use for
the electroporation of hollow structures is of potential interest.


Acknowledgements


This work was supported in part by the U.S. National
Institutes of Health (NIH) under Grant NIH R01 RR018961. We
thank Liana Horowitz for performing the animal experiment
reported in this study. BR has a financial interest in Excellin
Life Sciences and Oncobionic which are companies in the field
of electrical impedance tomography of electroporation and
irreversible electroporation, respectively.


References


[1] E. Neumann, M. Schaeffer-Ridder, Y. Wang, P.H. Hofschneider, Gene
transfer into mouse lymphoma cells by electroporation in high electric
fields, EMBO J. 1 (1982) 841–845.


[2] L.M. Mir, Therapeutic perspectives of in vivo cell electropermeabilization,
Bioelectrochemistry 53 (2000) 1–10.


[3] M.J. Jaroszeski, R. Heller, R. Gilbert, Electrochemotherapy, Electroge-
netherapy, and Transdermal Drug Delivery: Electrically Mediated Delivery
of Mollecules to Cells, Humana Press, Totowa, New Jersey, 2000.


[4] D.A. Dean, Nonviral gene transfer to skeletal, smooth, and cardiac muscle
in living animals, Am. J. Physiol., Cell Physiol. 289 (2005) C233–C245.







560 A. Ivorra, B. Rubinsky / Bioelectrochemistry 70 (2007) 551–560

[5] L.M. Mir, P.H. Moller, F. Andre, J. Gehl, Advances in Genetics, Academic
Press, 2005, pp. 83–114.


[6] A. Gothelf, L.M. Mir, J. Gehl, Electrochemotherapy: results of cancer
treatment using enhanced delivery of bleomycin by electroporation,
Cancer Treat. Rev. 29 (2003) 371–387.


[7] J. Labanauskiene, J. Gehl, J. Didziapetriene, Evaluation of cytotoxic effect
of photodynamic therapy in combination with electroporation in vitro,
Bioelectrochemistry 70 (2007) 78–82.


[8] R.V. Davalos, L.M. Mir, B. Rubinsky, Tissue ablation with irreversible
electroporation, Ann. Biomed. Eng. 33 (2005) 223.


[9] L. Miller, J. Leor, B. Rubinsky, Cancer cells ablation with irreversible
electroporation, Technol. Cancer Res. Treat. 4 (2005) 699–706.


[10] J. Edd, L. Horowitz, R.V. Davalos, L.M. Mir, B. Rubinsky, In-vivo results
of a new focal tissue ablation technique: irreversible electroporation, IEEE
Trans. Biomed. Eng. 53 (2006) 1409–1415.


[11] J. Gehl, T.H. Sorensen, K.Nielsen, P. Raskmark, S.L. Nielsen, T. Skovsgaard,
L.M. Mir, In vivo electroporation of skeletal muscle: threshold, efficacy and
relation to electric field distribution, Biochim. Biophys. Acta 1428 (1999)
233–240.


[12] D.Miklavcic, D. Semrov, H.Mekid, L.M.Mir, Avalidatedmodel of in vivo
electric field distribution in tissues for electrochemotherapy and for DNA
electrotransfer for gene therapy, Biochim. Biophys. Acta 1523 (2000)
73–83.


[13] D. Miklavcic, K. Beravs, D. Semrov, M. Cemazar, F. Demsar, G. Sersa, The
importance of electric field distribution for effective in vivo electroporation of
tissues, Biophys. J. 74 (1998) 2152–2158.


[14] B. Valic, M. Pavlin, D. Miklavcic, The effect of resting transmembrane
voltage on cell electropermeabilization: a numerical analysis, Bioelec-
trochemistry 63 (2004) 311–315.


[15] G.A. Hofmann, in: M.J. Jaroszeski, R. Heller, R.A. Gilbert (Eds.),
Electrochemotherapy, Electrogenetherapy and Transdermal Drug Deliv-

ery: Electrically Mediated Delivery of Molecules to Cells, Humana Press,
Totowa, New Jersey, 2000, pp. 37–61.


[16] R.V. Davalos, B. Rubinsky, L.M. Mir, Theoretical analysis of the thermal
effects during in vivo tissue electroporation, Bioelectrochemistry 61
(2003) 99–107.


[17] U. Pliquett, R. Elez, A. Piiper, E. Neumann, Electroporation of
subcutaneous mouse tumors by trapezium high voltage pulses, Bioelec-
trochemistry 62 (2004) 83–93.


[18] L.A. Geddes, Electrodes and the Measurement of Bioelectric Events,
Wiley-Interscience, New York, 1972.


[19] N.B. Dev, T.J. Preminger, G.A. Hofmann, S.B. Dev, Sustained local
delivery of heparin to the rabbit arterial wall with an electroporation
catheter, Catheter. Cardiovasc. Diagn. 45 (1998) 337–345.


[20] D.M. Soden, J.O. Larkin, C.G. Collins, M. Tangney, S. Aarons, J. Piggott,
A. Morrissey, C. Dunne, G.C. O'Sullivan, Successful application of
targeted electrochemotherapy using novel flexible electrodes and low dose
bleomycin to solid tumours, Cancer Lett. 232 (2006) 300–310.


[21] J. Rehman, J. Landman, D. Lee, R. Venkatesh, D.G. Bostwick, C. Sundaram,
R.V. Clayman, Needle-based ablation of renal parenchyma usingmicrowave,
cryoablation, impedance- and temperature-based monopolar and bipolar
radiofrequency, and liquid and gel chemoablation: laboratory studies and
review of the literature, J. Endourol. 18 (2004) 83–104.


[22] D. Sel, S. Mazeres, J. Teissie, D. Miklavcic, Finite-element modeling of
needle electrodes in tissue from the perspective of frequent model
computation, IEEE Trans. Biomed. Eng. 50 (2003) 1221.


[23] S.B. Dev, D. Dhar, W. Krassowska, Electric field of a six-needle array
electrode used in drug and DNA delivery in vivo: analytical versus
numerical solution, IEEE Trans. Biomed. Eng. 50 (2003) 1296.


[24] K. Sugibayashi, M. Yoshida, K. Mori, T. Watanabe, T. Hasegawa, Electric
field analysis on the improved skin concentration of benzoate by
electroporation, Int. J. Pharm. 219 (2001) 107–112.





		Electric field modulation in tissue electroporation with electrolytic and non-electrolytic addi.....

		Introduction

		Conditioning of tissue electrical properties or of electrode–tissue interfaces

		Insulation of tissue regions

		Electric field homogenization in irregularly shaped tissues

		Implementation of injectable electrodes

		Shielding of tissue regions

		Method to electroporate hollow structures



		Ionic gels



		Methods

		Electric field distribution computed by the finite element method

		In vivo proof of concept

		Experimental procedure

		Histology

		Gel preparation





		Results and discussion

		Simulation of typical applications

		Tissue insulation

		Electric field homogenization in irregularly shaped tissues

		Electric field homogenization in tissues containing blood vessels

		Subdermal electrodes

		Hollow structure electroporation



		In vivo proof of concept



		Conclusions

		Acknowledgements

		References








www.elsevier.com/locate/bioelechem

Author Index to Volume 70

Adam, V., (70) 508


Agostiano, A., (70) 12


Agostiano, A., (70) 18


Agostiano, A., (70) 33


Agostiano, A., (70) 39


Agostiano, A., (70) 44


Aguilella, V.M., (70) 320


Aguilella-Arzo, M., (70) 320


Alcaraz, A., (70) 320
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A. Galińska-Rakoczy, B. Jachimska and H. Strzelecka-Goyaszewska . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .


Redox sensing by Escherichia coli: Effects of copper ions as oxidizers on proton-coupled membrane transport


G. Kirakosyan and A. Trchounian. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .


Modeling the induction of lipid membrane electropermeabilization


M. Kotulska, K. Kubica, S. Koronkiewicz and S. Kalinowski . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .


Nonlinear current–voltage relationship of the plasma membrane of single CHO cells


H. Krassen, U. Pliquett and E. Neumann. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .


Evaluation of cytotoxic effect of photodynamic therapy in combination with electroporation in vitro


J. Labanauskiene, J. Gehl and J. Didziapetriene . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .


Simulation of electroporated cell by chronopotentiometry


S. Kalinowski, S. Koronkiewicz, M. Kotulska and K. Kubica . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Elsevier B.V.

Bioelectrochemistry 70 (2007) XIII – XVII







91


96


101


104


115


122


127


134


141


147


155


165


173


180


185


192


I


ContentsXIV

Effect of electromagnetic fields on the denitrification activity of Paracoccus denitrificans


L. Fojt, L. Strašák and V. Vetterl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .


Low-frequency magnetic field effect on cytoskeleton and chromatin
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J. Kroupová, E. Bártová, L. Fojt, L. Strašák, S. Kozubek and V. Vetterl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Bioelectrochemistry, Volume 70, Number 1, January 2007

Elsevier B.V.







101


104


115


122


127


134


141


147


155


165


173


180


185


192


Contents vii

Electric field mediated DNA motion model


J.D. Hickey, L. Heller, R. Heller and R. Gilbert . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .


A new exposure system for the in vitro detection of GHz field effects on neuronal networks


P. Koester, J. Sakowski, W. Baumann, H.-W. Glock and J. Gimsa . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .


Effects of low-frequency magnetic fields on the viability of yeast Saccharomyces cerevisiae
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Editorial


Bioelectrochemistry

This special issue of Bioelectrochemistry is one of two special
issues of Bioelectrochemistry and Electrochimica Acta devoted to
the BIOELECTROCHEMISTRY-2005 an International Con-
ference that was held in Coimbra, Portugal, on June 19th–24th,
2005, as a Joint Meeting of two International Societies:


XVIII International Symposium on Bioelectrochemistry
and Bioenergetics of the Bioelectrochemical Society (BES), that
followed the aims of previous conferences in the series, which have
taken place approximately every two years since the first
conference on bioelectrochemistry in Rome, in 1971, and 3rd
SpringMeeting: Bioelectrochemistry of the International Society
of Electrochemistry (ISE), that followed the two previous thematic
ISE Spring Meetings which began in Alicante, in 2003.


Bioelectrochemistry includes a broad variety of scholarly
approaches leading to a better understanding of all living things
at the macroscopic, microscopic/single-cell and nanoscopic/mole-
cular level, leading to beneficial applications in medicine, agri-
culture, industry, and ecology.


The Conference featured all aspects of the highly interdisci-
plinary area of bioelectrochemistry and bioenergetics, with contri-
butions from the disciplines of biophysics, biotechnology and
medical biophysics, and brought together scientists working at the
frontiers of bioelectrochemistry and electrophysiological research.


These objectives were achieved with the participation of 350
scientists from 36 countries all over the World. Indeed, there were
contributions from Europe, Africa, America, Asia and Australasia,
and it is hoped that this will foment fruitful exchanges of ideas and
open up new perspectives for future advances. The Conferencewas

1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.04.001

a great success as it managed to reunite scientists working in
bioelectrochemistry as well as in neighbouring areas of scientific
research.


The themes were presented in 5 plenary lectures, 10 invited
lectures and theGiulioMilazzo Prize Lecture, 90 oral contributions,
62 posters with 3 min oral presentation, and 209 posters, during
5 days of scientific sessions in an intensive scientific programme.
Each day, the programme opened with a Plenary Lecture in the
main Auditorium. The oral contributions, distributed throughout
the whole week, covered all the conference themes, showing the
recent advances in developing areas and pointing to new research
directions. The scientific programme was very intense, with two
parallel sessions, and the poster sessions ended late in the evening.
Vigorous discussions following the presentations were continued
between the sessions, and some resulted in new international
collaborations.


The present issues of Bioelectrochemistry, the BES official
journal, and Electrochimica Acta, the ISE official journal, ob-
viously contain only some of the contributions to the Conference.
All manuscripts were subjected to the standard peer-reviewing
procedure involving at least two referees. As Guest Editor I would
like to thank the reviewers for their professional help as well as the
contributors for submitting their manuscripts.


Ana Maria Oliveira Brett
Departamento de Química, Universidade de Coimbra,


Coimbra, Portugal
E-mail address: bes-ise-2005@ci.uc.pt.
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Abstract


Recent advances in nanobiotechnology involve the use of biomolecule–nanoparticle (NP) hybrid systems for bioelectronic applications. This is
exemplified by the electrical contacting of redox enzymes by means of Au-NPs. The enzymes, glucose oxidase, GOx, and glucose dehydrogenase,
GDH, are electrically contacted with the electrodes by the reconstitution of the corresponding apo-proteins on flavin adenine dinucleotide (FAD)
or pyrroloquinoline quinone (PQQ)-functionalized Au-NPs (1.4 nm) associated with electrodes, respectively. Similarly, Au-NPs integrated into
polyaniline in a micro-rod configuration associated with electrodes provides a high surface area matrix with superior charge transport properties
for the effective electrical contacting of GOx with the electrode. A different application of biomolecule–Au-NP hybrids for bioelectronics involves
the use of Au-NPs as carriers for a nucleic acid that is composed of hemin/G-quadruplex DNAzyme units and a detecting segment complementary
to the analyte DNA. The functionalized Au-NPs are employed for the amplified DNA detection, and for the analysis of telomerase activity in
cancer cells, using chemiluminescence as a readout signal.


Biomolecule–semiconductor NP hybrid systems are used for the development of photoelectrochemical sensors and optoelectronic systems. A
hybrid system consisting of acetylcholine esterase (AChE)/CdS–NPs is immobilized in a monolayer configuration on an electrode. The
photocurrent generated by the system in the presence of thioacetylcholine as substrate provides a means to probe the AChE activity. The blocking
of the photocurrent by 1,5-bis(4-allyldimethyl ammonium phenyl)pentane-3-one dibromide as nerve gas analog enables the photoelectrochemical
analysis of AChE inhibitors. Also, the association CdS–NP/double-stranded DNA hybrid systems with a Au-electrode, and the intercalation of
methylene blue into the double-stranded DNA, generates an organized nanostructure of switchable photoelectrochemical functions.
Electrochemical reduction of the intercalator to the leuco form, −0.4 V vs. SCE, results in a cathodic photocurrent as a result of the transfer
of photoexcited conduction-band electrons to O2 and the transport of electrons to the valance-band holes by the reduced intercalator units. The
oxidation of the intercalator, E 0 V (vs. SCE), yields in the presence of triethanolamine, TEOA, as sacrificial electron donor, an anodic
photocurrent by the transport of conduction-band electrons, through intercalator units, to the electrodes, and filling the valance-band holes with
electrons supplied by TEOA. The systems reveal potential-switchable directions of the photocurrents, and reveal logic gate functions.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Nanobiotechnology; Nanoparticles; Enzymes; DNA; Electrochemistry; Photoelectrochemistry

Biomaterials such as enzymes, antigens/antibodies, receptors
or folded DNA, exhibit nanometric sizes, comparable to those of
nano-objects such as nanoparticles, nanorods, or nanowires.
Thus, by the integration of biomolecules with nanosizedmaterials
one may yield hybrid materials that combine the evolutionary
optimized recognition and catalytic properties of biomaterials
with the unique electronic, optical and catalytic functions of
nanomaterials. Indeed, substantial research efforts were recently
directed to use biomolecule–nanoparticle hybrid systems to tailor
novel bioelectronic systems that may be applied in the design of
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biosensors, the fabrication of electronic nanocircuitry, and even
the development of nanodevices [1,2]. The present paper
summarizes some of our recent accomplishments in the field of
nanobiotechnology by describing some examples that demon-
strate how nanotechnology, and particularly metal and semicon-
ductor nanoparticles, may be harnessed to resolve fundamental
aspects in bioelectrochemistry.


1. Electrical contacting of redox proteins by means of
Au-nanoparticles (NPs)


The lack of direct electrical communication between redox
proteins and electrode supports is a fundamental phenomenon that
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limits the use of redox enzymes in biosensors or biofuel cells
design. It originates from the spatial separation of the redox-active
sites embedded in the protein matrices from the electrode surfaces
[3]. Numerous methods to electrically communicate redox en-
zymes with electrodes were developed, including the application
of diffusional electron mediators [4], tethering redox-relays to the
proteins [5–7] and the immobilization of redox proteins in
electroactive polymers [8–10]. A recently developed procedure
for the electrical contacting of redox proteins with electrodes has
involved the extraction of the native redox cofactor from the
protein, and the reconstitution of the resulting apo-enzyme on a
surface modified with a monolayer consisting of a relay tethered
to the respective cofactor unit [11–14]. The reconstitution process
aligned the protein on the electrode surface in an optimal
orientation, while the relay units electrically communicated the
cofactor sites with the conductive support, and this enabled the
bioelectrocatalytic activation of the respective enzymes.


Functionalized Au-nanoparticles (Au-NPs) were used as nano-
electrodes to align and electrically contact redox enzymes with
electrode supports, Scheme 1. Functionalized Au-NPs, 1.4 nm,
were linked to a gold electrode bymeans of a 1,4-benzenedithiolate
linker (1). The respective cofactor was then covalently linked to the
Au-NP, and the respective apo-enzyme was reconstituted onto the
cofactor units to yield the electrically contacted enzyme electrode.
The flavoenzyme glucose oxidase,GOx,was electrically contacted
by this method [15]. The synthetic amine-tethered flavin adenine
dinucleotide cofactor, FAD–NH2 (2), was linked to the active-
ester-functionalized Au-NPs (3) associated with the electrode, and
apo-GOx was reconstituted on the FAD sites. Fig. 1(A) shows the
cyclic voltammograms of the reconstituted enzyme electrode in the

Scheme 1. Electrical wiring of enzymes by the reconstitution of apo-enzymes o

presence of variable concentrations of glucose. The observed
electrocatalytic anodic currents indicate that the reconstituted
enzyme reveals electrical communication between its active site
and the electrode. The magnitudes of the electrocatalytic anodic
currents are controlled by the concentration of glucose, and the
corresponding calibration curve is depicted in Fig. 1(A), inset.
Knowing the surface coverage of the reconstituted enzyme
(1×10−10 mol cm−2), and the maximum current density extracted
from the system, the electron transfer turnover rate between the
cofactor site and the electrode was estimated to be ca.
ket≈5000 s−1. This value is ca. 7-fold higher than the turnover
rate of electrons between the active site of the native enzyme and its
native acceptor, oxygen [16]. This unprecedented effective
electrical contact between GOx and the electrode was attributed
to the intimate contact between the Au-NP and the redox cofactor
that stimulates the effective electron transport to the electrode by
means of the Au-NP, acting as a nano-electrode. The effective
electrical communication between the enzyme and the electrode
reveals a new paradigm to harness nanotechnology for bioelec-
trochemical functions. Besides the fundamental significance of the
method it has important practical implications, as it suggests that
enhanced sensitivities, miniaturization of the electrodes, and
screening of non-specific oxidizable interfering substances may
be accomplished by this nano-engineered enzyme electrode.
Indeed, it was demonstrated that amperometric responses of the
GOx-reconstituted electrode were insensitive to O2 or common
glucose sensing interferants such as ascorbate.


A similar concept was applied to electrically contact the
pyrroloquinoline quinone (PQQ)-dependent glucose dehydro-
genase [17]. Apo-glucose dehydrogenase (apo-GDH) was

n the cofactor-functionalized Au nanoparticles associated with electrodes.







Fig. 1. (A) Cyclic voltammograms corresponding to the bioelectrocatalyzed oxidation of glucose by GOx reconstituted on the FAD-functionalized Au-NPs associated
with a Au electrode in the presence of different concentrations of glucose: (a) 0 mM, (b) 1 mM, (c) 10 mM, (d) 20 mM, and (e) 50 mM. Results were recorded in 0.1 M
phosphate buffer (pH 7.0), under Ar, potential scan rate 5 mV s−1. Inset: Calibration plot derived from the cyclic voltammograms at E=0.6 V. (B) Cyclic
voltammograms corresponding to the bioelectrocatalyzed oxidation of glucose by the GDH reconstituted on the PQQ-functionalized Au-NPs associated with a Au
electrode in the presence of different concentrations of glucose: (a) 0 mM, (b) 1 mM, (c) 5 mM, (d) 20 mM, (e) 40 mM and (f) 100 mM. The data were recorded in
0.1 M phosphate buffer, pH=7.3, under Ar, potential scan rate 5 mV s−1. Inset: Calibration plot derived from the cyclic voltammograms at E=0.7 V.
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reconstituted onto PQQ-cofactor units (4) covalently linked to
the amino-functionalized Au-NPs (5), Scheme 1. Fig. 1(B)
shows the electrocatalytic anodic currents developed by the

Scheme 2. Bioelectrocatalytic oxidation of glucose in the presence of GOx mediate
polystyrene sulfonate composite micro-rods.

enzyme-modified electrode in the presence of variable concen-
trations of glucose. The resulting electrocatalytic currents imply
that the system is electrically contacted, and that the Au-NPs

d by: (A) Polyaniline/Au-nanoparticles composite micro-rods. (B) Polyaniline/
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mediate the electron transfer from the PQQ-cofactor center to the
electrode. From the maximum value of the extracted current
density, Fig. 1(B), inset, and knowing the surface coverage of the
reconstituted enzyme, 1.4×10−10 mol cm−2, the electron trans-

fer turnover rate between the biocatalyst and the electrode was
estimated to be 11,800 s−1, a value that implies effective elec-
trical communication between the enzyme and the electrode, that
leads to the efficient bioelectrocatalytic oxidation of glucose.
The reconstitution of redox enzymes on other cofactor-modified
nano-objects, such as carbon nanotubes, was similarly used to
electrically contact the redox biocatalyst and conductive
supports [18].


Au-NPs may also be used to enhance charge transport
through conductive matrices, and thereby accelerate bioelec-
trocatalytic processes. This has been demonstrated by the
application of polyaniline micro-rods that include Au-NPs and
are associated with a bulk electrode surface as an organized
matrix for the activation of bioelectrocatalytic processes [19].
The Au-NP/polyaniline composite, Au-NP/PAn, micro-rods
were prepared and used to mediate glucose oxidation in the
presence of GOx as outlined in Scheme 2(A). A porous alumina
membrane (0.2 μm pore size) was coated from one side with a
Au layer. Au-NPs (ca. 4 nm) functionalized with a capping
layer, consisting of 2-mercaptoethane sulfonic acid, were
incorporated into polyaniline in the membrane pores. The
subsequent dissolution of the membrane template yielded rods
on the electrode that were ca. 350–850 nm long and 200 μm
thick (due to the swelling of the polymer generated in the pores).
The resulting polymer revealed quasi-reversible electrochemi-
cal properties at neutral pH values due to the negative capping
layer that protects the Au-NPs. For comparison, micro-rods
consisting of a composite of polyaniline/polystyrene sulfonate,
PAn/PSS, were prepared and used to mediate glucose oxidation
in the presence of GOx, Scheme 2(B) [19]. The Au-NPs/PAn
composite in the micro-rod configuration has important
advantages as tailored matrix for the activation of bioelectro-
catalytic transformations: (i) the charge transport through the
Au-NPs/PAn composite was found to be substantially faster
than in the PSS/PAn system. Chronoamperometric experiments
following the oxidation of the polyaniline rods revealed that it
was 25-fold faster in the Au-NPs/PAn assembly than in the PAn/
PSS rod material. These enhanced charge transport features of
the Au-NPs/PAn hybrid material were attributed to electron
hopping through the Au-NPs, a process that facilitates charge
migration. (ii) The micro-rod structure of the Au-NPs/PAn
conducting polymer provides a high surface area interface, and
thus the electrical contacting of a solution-solubilized enzyme
should be facilitated. The cyclic voltammograms corresponding
to the Au-NPs/PAn or PAn/PSS-mediated oxidation of glucose
by glucose oxidase, GOx, are depicted in Fig. 2(A) and (B),

Fig. 2. Bioelectrocatalytic oxidation of glucose by solubilized GOx, 1 mg mL−1,
and mediated by the microstructured redox-active rod assemblies: (A) Cyclic
voltammograms recorded in the presence of the microstructured assemblies
composed of PAn/Au-NPs and different concentrations of glucose: a) 0 mM, b)
10 mM, c) 60 mM. (B) Cyclic voltammograms recorded in the presence of the
microstructured assemblies composed of PAn/PSS and different concentrations
of glucose: a) 0 mM, b) 10 mM, c) 60 mM. (C) Calibration plots derived from
the cyclic voltammograms at E=0.4 V: a) for the PAn/Au-NPs system, b) for the
PAn/PSS system. The data were recorded in 0.1 M phosphate buffer, pH=7.5.
Oxygen was removed from the background solution by bubbling Ar. Potential
scan rate, 5 mV s−1.







Scheme 3. Amplified chemiluminescence detection of DNA using DNAzyme-functionalized Au-NPs.
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respectively. The electrocatalytic anodic currents indicate that
the bioelectrocatalyzed oxidation of glucose proceeds effec-
tively in the two systems. The anodic currents in the Au-NP/
PAn system are, however, 4-fold higher as compared to the
anodic currents in the analogous PAn/PSS systems, revealing
improved bioelectrocatalytic activity of the former system,
Fig.2(C). The higher bioelectrocatalytic functions of the Au-
NP/PAn assembly were attributed to the enhanced charge
transport properties of the Au-NPs/polymer matrix that

Fig. 3. (A) Integrated light intensities observed upon the analysis of different concentr
(c) 1 nM; (d) 0.5 nM;(e) 0.1 nM; (g) 1 nM, while using free DNAzyme (8) (unbound t
functionalized Au-NPs but upon treatment with hemin 2.5 μM. In all experiments the
HEPES-buffer, 20 mM KCl, 200 mM NaCl, 0.05% Triton X-100 and 1% DMS
corresponding to the analysis of DNA (6) by the DNAzyme (8)-functionalized Au-N

facilitates the electrical contact between the enzyme units and
the electrode.


2. Au-NPs as carriers for DNAzymes for the amplified
detection of DNA and telomerase activity


The synthesis of aptamers and catalytic nucleic acids
(DNAzymes) became a common practice in nucleic acid
chemistry and biocatalysis [20–22]. Among numerous catalytic

ations of DNA (6) by the DNAzyme (8)-modified Au-NPs: (a) 10 nM; (b) 5 nM;
o the Au-NPs) 2.5 μM, as a label. (f) The analysis of 6 without added DNAzyme-
analyzing solution consisted of a buffer solution, pH=9.0, composed of 25 mM
O, that included 0.5 mM luminol and 30 mM H2O2. (B) Calibration curve
Ps.







Scheme 4. Assembly of the CdS nanoparticle/AChE hybrid system used for the photoelectrochemical detection of the AChE activity and its inhibition.


Fig. 4. Photocurrent action spectra observed in the presence of acetylthiocholine
(9): (a) 0 mM, (b) 6 mM, (c) 10 mM, (d) 12 mM, (e) 16 mM, (f) 30 mM. (Inset)
Calibration curve corresponding to the photocurrent at λ=380 nm at variable
concentrations of 9. Spectra were recorded in 0.1 M phosphate buffer, pH) 8.1,
under argon.
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DNAs developed to date a nucleic acid sequence, that forms a G-
quadruplex structure that binds hemin, was found to exhibit
horseradish peroxidase (HRP)-like activities [23,24]. It was
reported that the hemin/G-quadruplex catalyzes the H2O2-
mediated oxidation of the dye 2,2′-azino-bis(3-ethylbenzthiazo-
line-6-sulfonic acid) diammonium salt (ABTS). Thus, DNA-
zymesmay be used as catalytic labels for the amplified analysis of
biorecognition events. Indeed, a DNA “hairpin” structure that
included the hemin/quadruplex DNAzyme was employed for the
amplified detection of DNAvia the biocatalytic process [25]. We
have further demonstrated [26] that the hemin/G-quadruplex
complex catalyzes the generation of chemiluminescence in the
presence of H2O2 and luminol.


We have used Au-NPs as carriers for the DNAzyme units and
employed the functionalized NPs for the amplified detection of
DNA [27]. Scheme 3 shows the method to analyze a DNA (6) by
theDNAzyme label. The thiolated nucleic acid (7) was assembled
on a Au surface, and it acts as the sensing interface for 6. The
sensing nucleic acid hybridizes with one end of the target DNA,
(6). The Au-NPs were functionalized with the DNAzyme
consisting of the hemin/G-quadruplex complex (8) tethered to a
nucleic acid residue that is complementary to a part of the single-
stranded domain of 6 associated with the interface. The Au-NPs
weremodifiedwith ca. 96 units of the bifunctional nucleic acid (8)
that includes the recognition site (for hybridization with 6) and the
catalytic DNAzyme label. The interface with the hybridized (7)/
(6) duplexes was then reacted with the DNAzyme-functionalized

Au-NPs. Since each particle carries many DNAzyme units, a
single recognition event of 6 results in the coupling of numerous
DNAzyme conjugates that lead to the generation of chemilumi-
nescence. Fig. 3 shows the integrated light intensity observed
upon the analysis of different concentrations of the DNA (6). The
method has enabled the analysis of the DNA with a sensitivity
limit corresponding to 1×10−10 M. This method was further







Scheme 5. Directional electroswitchable photocurrents in the CdS-NPs/ds-
DNA/intercalator system. (A) Enhanced generation of anodic photocurrent in
the presence of the oxidized methylene blue intercalator (14) (applied potential
E=0 V). (B) Enhanced generation of cathodic photocurrent in the presence of
the reduced methylene blue intercalator (15) (applied potential E=−0.4 V).


Fig. 5. Photocurrent spectra corresponding to the CdS/AChE system in the
presence of 9, 10 mM, (a) without the inhibitor, (b) upon addition of 11, 10 μM,
(c) after rinsing the system and excluding the inhibitor. Inset: Lineweaver–Burk
plots corresponding to the photocurrent at variable concentrations of 9, in the
presence of 11: (a) 0 μM, (b) 10 μM, (c) 20 μM. Data were recorded in 0.1 M
phosphate buffer, pH=8.1, under argon.
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developed for the analysis of telomerase activity in HeLa cancer
cells.


3. Biomolecule/semiconductor quantum dots for
photoelectrochemical applications


Semiconductor quantum dots (QDs) reveal unique size-
controlled absorbance and fluorescence properties [28]. Photo-
excitation of the semiconductor quantum dots yields the transfer
of an electron from the semiconductor valence-band to its
conduction-band, to yield an electron-hole pair. The electron-hole
recombination in the QD may either lead to thermal relaxation of
the excited species, or yield light emission from the particle.
Indeed, the luminescent properties of semiconductor QDs are
broadly used for imaging of biorecognition events [29,30]. Also,
the photonic properties of semiconductor quantum dots were
recently applied to develop sensing routes of higher complexity,
whereby the semiconductor QDs were used as optical activating
units for fluorescence resonance energy transfer (FRET) to dye
units that follow DNA detection processes [31].

The coupling of semiconductor quantum dots to electrode
supports enables, upon excitation of the QD, a further
photophysical path, namely, the generation of photocurrent
through the primary excitation of the semiconductor NPs. The
conjugation of biomolecules with semiconductor NPs, and the
coupling of the biomolecule/NP hybrids to electrodes may then
lead to photoelectrochemical phenomena that follow biological
transformations, thus, establishing the area of photobioelec-
trochemistry in nanostructure systems. Although the de-
velopment of photoelectrochemically-active biomolecule/
semiconductor NP hybrid systems is at its infancy, some recent
activities highlight the future perspectives of these systems in
bioelectrochemistry. We address in the present discussion the
development of an enzyme/semiconductor–NP conjugate that
can be used for the development of a photoelectrochemically-
based sensor. Also, the assembly of DNA/semiconductor QDs
on electrodes is described, and the electronic properties of the
system are discussed.


CdS–NPs (diameter ca. 3 nm), capped with a protecting
monolayer of cysteamine and mercaptoethane sulfonic acid,
were covalently linked to a cysteic acid monolayer-functiona-
lized electrode, and then the enzyme acetylcholine esterase,
AChE, was coupled to the NPs to yield the enzyme/NP
conjugate on the electrode, Scheme 4, [32]. Photoexcitation of
this system does not lead to the formation of a net photocurrent
since the photogenerated electron-hole pairs recombine. Addi-
tion of acetylthiocholine (9) to the system results in the AchE-
mediated hydrolysis of 9 to thiocholine (10) and acetate.
Thiocholine (10) is, however, an electron donor, that is
oxidizable by the valence-band holes. The photogenerated
electron-hole pair may be scavenged by the concomitant
oxidation of 10 by valence-band holes, and this results in the
transfer of the conduction-band electrons to the electrode, thus
generating a steady-state photocurrent [32]. Fig. 4, curves (a)–







Fig. 6. Cyclic voltammmogram of methylene blue intercalated into the ds-DNA
assembly. Potential scan rate 50 mV s−1.
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(f), shows the photocurrent action spectra observed upon
irradiation of the modified electrode in the presence of variable
concentrations of 9. As the concentration of 9 is elevated, the
photocurrent intensities are enhanced, since higher amounts of
the electron donor (10) are formed by the biocatalytic process,
thus improving the scavenging of the valence-band holes and
increasing the steady-state photocurrents, Fig. 4, inset. The
photocurrent action spectra follow the absorbance features of the
CdS–NPs, implying that the photocurrents originate from the
excitation of the CdS–NPs. Acetylcholine is a central neuro-
transmitter that activates the synapse and the neural response.
The neurotransmitter, after activating the neural system, is
rapidly hydrolyzed by the serine protease AChE to restore the
resting potential of the synaptic membrane. Different reagents,
such as the nerve gas diisopropyl fluorophosphate (Sarin) or
toxins (e.g., cobratoxin) act as inhibitors of AChE. Blocking of
the enzyme-stimulated nerve conduction leads to rapid paralysis
of vital functions of living systems. Thus, the assembly
described here may be further developed to a biomaterial–

Fig. 7. Cathodic photocurrents generated in the CdS-NP/ds-DNA system
associated with the electrode: (a) in the absence and (b) in the presence of
reduced methylene blue intercalator (15). The data were obtained at the applied
potential E=−0.4 V and in the presence of O2 (under equilibrium with air).

semiconductor hybrid system for biosensing of biological
warfare. Fig. 5 shows the photocurrent spectra of the system
before addition of the inhibitor, curve (a), and in the presence of
1,5-bis(4-allyldimethylammoniumphenyl)pentane-3-one dibro-
mide (11), 10 mM, curve (b), that is used as a model compound
for the inhibition of AChE [33]. The observed decrease in the
photocurrents was attributed to the inhibition of the biocatalyst, a
process that retards the biocatalyzed generation of the hole-
scavenging electron donor (10). Fig. 5, inset, shows the analysis
of the inhibition process of AChE by 11 following the decrease
of the photocurrent in the system. The resulting Lineweaver–
Burk plot indicates that 11 inhibits the biocatalyst by a
competitive mechanism, KI =7 μM. The rinsing of the electrode
with a buffer solution washed off the inhibitor (11), and the
original photocurrent of the modified electrode was regenerated,
Fig. 5, curve (c).


A different biomolecule–semiconductor NP-based photo-
electrochemical system involves a CdS–NPs layer linked to a
Au support by a duplex DNA, and the study of the effect of a
redox intercalator on the resulting photocurrent and its direction
was performed [34]. The dithiol-tethered single-stranded (ss)-
DNA (12) was assembled on a Au electrode, and CdS–NPs
functionalized with the dithiol-tethered complementary nucleic
acid (13) (ca. 3 nucleic acid residues per NP) were hybridized
with the nucleic acid (12) associated with the electrode resulting
in the double-stranded (ds)-DNA assembly, Scheme 5. The
irradiation of the ds-DNA/CdS–NPs-modified electrode in the
presence of triethanolamine (TEOA) as electron donor resulted
in the anodic photocurrent. The conductivity through DNA has
been a subject of substantial controversy in the recent years
[35]. The observed generated photocurrent in the present system
could imply electron transfer through the DNA matrix.
Nonetheless, we believe that the imperfect structure of the
CdS–NPs/DNA duplex is the origin for the photocurrent (vide
infra). That is, the CdS–NPs/DNA duplexes generate a non-
densely packed interface that enables the tilting of the
monolayer components in respect to the electrode surface.
The intimate contact between the CdS–NPs and the electrode
support may then lead to the photocurrent. That is, the
photoexcitation of the semiconductor NPs results in the
generation of an electron-hole pair. The oxidation of the
electron donor (TEOA) by the valence-band holes with

Fig. 8. Electrochemically switched anodic and cathodic photocurrents generated
in the Cd-NPs/ds-DNA/14/15 systems at 0 and −0.4 V, respectively, in the
presence of TEOA, 20 mM and O2 (under equilibrium with air). Photocurrents
were generated upon irradiation of λ=420 nm.
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the concomitant transfer of the conduction-band electrons to the
electrode leads to the steady-state photocurrent. Further
experiments support the conclusion that the observed low
photocurrents do not stem from charge transfer through the
DNA, and reveal that under certain conditions the double-
stranded DNA may act as template for charge transport that
leads to enhanced photocurrents, and to the possibility to switch
the photocurrent direction by means of the potential applied on
the electrode [34]. Methylene blue (14) was intercalated into the
(12/13)-ds-DNA coupled to the CdS–NPs, Scheme 5(A). Fig. 6
shows the cyclic voltammogram of the intercalated methylene
blue. The quasi-reversible wave implies that at potentials EN
−0.28 V (vs. SCE) the intercalator exists in its oxidized form
(14), whereas at potentials Eb−0.28 V (vs. SCE) the
intercalator exists in its reduced leuco form (15). Coulometric
analysis of the methylene blue redox wave, E°=−0.28 V (vs.
SCE), knowing the surface coverage of the ds-DNA, indicates
that ca. 2–3 intercalator units are associated with the double-
stranded DNA. An anodic photocurrent was generated in the
system in the presence of TEOA as electron donor and
methylene blue intercalated into the ds-DNA, and while
applying a potential of 0 V (vs. SCE) on the electrode. At this
potential methylene blue exists in its oxidized state (14) that acts
as an electron acceptor. The resulting photocurrent is ca. 4-fold
higher than that recorded in the absence of the intercalator. The
enhanced photocurrent is attributed to the trapping of
conduction-band electrons by the intercalator units and their
transfer to the electrode that is biased at 0 V, thus retaining the
intercalator units in their oxidized form. The oxidation of TEOA
by the valence-band holes leads then to the formation of the
steady-state anodic photocurrent. Biasing the electrode at
potential of −0.4 V (vs. SCE), a potential that retains the
intercalator units in their reduced state (15) leads, however, to
the blocking of the photocurrent in the presence of TEOA and
under an inert argon atmosphere. This experiment reveals
clearly that the oxidized intercalator moieties with the DNA
matrix play a central role in the charge transport of the
conduction-band electrons and the generation of the photocur-
rent. Fig. 7, curve (b) shows the photocurrent generated by the
(12/13)-ds-DNA linked to the CdS–NPs in the presence of the
reduced intercalator (15) under conditions where the electrode is
biased at −0.4 V (vs. SCE) and the system is exposed to air
(oxygen). Several complementary control experiments reveal
the important features of the resulting photocurrent: (i) The
photocurrent is generated only in the presence of oxygen, and it
is totally blocked under inert argon environment. (ii) In contrast
to the anodic photocurrent observed in the previous system, a
cathodic photocurrent is observed under O2. (iii) The photo-
current in the system is fully blocked when the potential applied
on the electrode is switched to 0 V, a value that retains the
intercalator units in their oxidized state (14). These results were
rationalized in terms of an electron transfer from the electrode
through the reduced intercalator units to the valence-band holes
generated upon the photoexcitation of the semiconductor. At the
bias potential of −0.4 V (vs. SCE), the intercalator units exist in
their reduced leuco form (15) that exhibit electron donating
properties, Scheme 5(B). Photoexcitation of the CdS–NPs

yields the electron-hole pairs in the conduction-band and va-
lence-band, respectively. The transport of the conduction-band
electrons to oxygen with the concomitant transport of electrons
from the reduced intercalator units to the valence-band holes
completes the cycle for the generation of the photocurrent. The
fact that the electrode potential retains the intercalator units in
their reduced state and the infinite availability of the electron
acceptor (O2) yields the steady-state anodic photocurrent in the
system. Thus, the introduction of TEOA and oxygen to the
electrode modified with (14/15)-DNA duplex and associated
CdS–NPs would allow the control of the photocurrent direction
by switching the bias potential applied on the electrode. Fig.
8 depicts the potential-induced switching of the photocurrent
direction upon switching the electrode potential between −0.4
(cathodic photocurrents) and 0 V (anodic photocurrents),
respectively. The photocurrents in the intercalator-functiona-
lized DNA-duplex/CdS–NPs assembly originate from a
template effect of the DNA matrix that interlocks the
intercalator charge-transporting units in the biopolymer. Such
photocurrent-generating systems may find interesting and
important future applications. The intercalation of molecular
units into DNA was found to be perturbed by single-base mis-
matches [36]. Thus, the present systems and the resulting pho-
tocurrents may be employed as a sensing method of base
mismatching in DNA. Furthermore, recent research activities
have suggested DNA matrices as active interfaces for the
development of logic gates [37,38]. The present systems mimic
functions of a logic AND gate. The two input stimuli, light and
the applied potential, are needed to yield the photocurrent
output. It seems that other logic gates may be formulated on the
grounds of this biomolecular–NP configuration.


4. Conclusions


The present article introduced new possibilities to use
biomolecule–nanoparticle hybrid systems. The coupling of
metal nanoparticles to redox enzymes enabled the accomplish-
ment of the electrical communication between redox proteins
and electrodes, and the activation of the biocatalytic functions of
the respective enzymes. Such electrically contacted enzyme
electrodes may have important applications as biosensors and as
active elements in biofuel cells. Furthermore, recent activities in
nanobiotechnology attempt to use enzyme–nanoparticle hybrids
as functional components to tailor nanoscale enzyme-based
field-effect transistors [39]. The methods presented here to
structurally align enzymes on the nano-elements, and to
electrically communicate the enzymes with the nanoparticles
may be the clue to the future engineering of these nanoscale
devices. Although, semiconductor quantum dots coupled to
proteins/DNA found extensive use in the optical/photonic
biosensing systems, the use of semiconductor quantum dots
for bioelectronics is at its infancy. One may expect that the
modification of quantum dots by biomolecules may alter the
interfacial electrical properties of the systems, thus allowing the
application of such quantum dots as gate elements in future
nanoscale transistors. The coupling of light and electrical energy
to these biomolecule–semiconductor quantum dots is
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anticipated to establish new bioelectrochemical perspectives in
nanobiotechnology.
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Abstract


In this work, we performed investigations on the lipid content of higher plants (spinach) under hyperosmotic stress, by means of thin layer
chromatography (TLC) and mass spectrometry. In particular, the experiments have been performed at different plant organization levels: whole
leaves, freshly prepared protoplast suspension and mesophyll cells obtained by reformation of the cell wall from protoplast suspension. The results
obtained showed that hyperosmotic stress induces changes in the phospholipid content depending on the different plant organization levels
studied. All phospholipids showed an increment of their content in stressed whole leaves. In particular, phosphatidylglycerol (PG) redoubles its
content by 1 h of osmotic shock. Different responses to hyperosmotic stress were reported for the other systems. In the case of protoplasts, an
increment of PG, phosphatidylcholine (PC) and phosphatidylinositol (PI) together with biphosphatidylglycerol (BPG) and phosphatidyletha-
nolamine (PE) content decreasing were observed in stressed sample. For PG, identified as PG (34:4) by elecrospray ionization mass spectrometry,
the increment was of about 30%. In the case of cells, conversely, a decrease of PG content under osmotic stress was recorded. The results suggest
an important role of phospholipids, in particular of PG, in the osmotic stress response.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Plants experience a wide range of environmental changes,
represented both by biotic stress (bacteria, viruses, fungi and
parasites in general) and by abiotic stress (salinity, drought,
extreme temperature). Stress factors are numerous and, depend-
ing on their exposition time and their concentration, can reduce
plant growth rate: in particular, salt stress is certainly one of the
most serious abiotic factors limiting the productivity of crop
plants. The understanding of the molecular elements involved in
hyperosmotic stress responses can be therefore important in the

Abbreviations: MGDG, monogalactosyldiacylglycerol; DGDG, digalattosyl-
diacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG, phosphatidylglycerol;
BPG, biphosphatidylglycerol; PI, phosphatidylinositol; PE, phosphatidylethanol-
amine; PC, phosphatidylcholine; PS, phosphatidylserine; FDA, fluorescein
diacetate.
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study of a strategies to generate salt tolerant plants through
genetic engineering [1]. Moreover, improving salt tolerance in
plants might have much wider implications, because transgenic
salt-tolerant plants often result tolerant also to other stresses
including chilling, freezing, heat and drought [2].


In order to respond to the osmotic stress by means of survival
strategies, plants need tomonitor external environment, to transfer
the appropriate signals inside and consequently to adapt. This
response depends on different biological organization levels
(cellular, tissue, organ and whole plant level) since as plant cells
become specialized in tissue or organs, integration and coordi-
nation of responses are required and the adaptive mechanisms for
a proper tolerance to salt stress may be different [1]. A separated
study at each level of response is therefore the best way to deal
with this subject.


Plants subjected to hyperosmotic stress display several
complex molecular responses, which involve the modification
of a large number of biochemical and developmental parameters
including the synthesis of stress hormones like abscisic acid
(ABA), the synthesis of proteins that prevent denaturation and
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oxidative damage [3,4], the modification of ionic fluxes and
synthesis of osmolites (sugar and amino acid derivates) in order
to regulate osmotic pressure and turgor [3,5].


Moreover, phospholipids signalling is an important compo-
nent of the early response: some phospholipids, in fact, are not just
basic constituents of membranes, but dynamic informational
elements at the interface between cell and environment [6]. Plant
cells contain a variety of phospholipid-based signalling pathways
including phospholipase C (PLC), D (PLD), A2 (PLA2) and new
pathways involving the formation of phosphatidylinositol 3,5-
bisphosphate (PI(3,5)P2) [6–8]. In addition to that, numerous
studies have shown that microorganisms alter their membrane
lipid composition during osmotic shock. In fact, the increasing of
cardiolipin levels has been observed both for microorganisms
exposed to hypotonic medium (Halobacterium salinarium) and
for microorganisms living in diluted environment exposed to high
salt concentration (Rhodobacter sphaeroides) [9,10].


In this work, we performed investigations on the lipid
content of higher plants (spinach) under hyper-osmotic stress,
by means of thin layer chromatography and mass spectrometry.
In particular, the experiments were performed at different plant
organization levels: whole leaves, freshly prepared protoplast
suspension and mesophyll cells obtained by reformation of the
cell wall from protoplast suspension.


2. Materials and methods


2.1. Materials


Cellulase “Onozuka RS” (from Trichoderma viride) and
Macerozyme R-10 (from Rhizopus sp. lyophil.) were obtained
fromServa. All organic solvents usedwere commercially distilled
and of the highest available purity (Sigma-Aldrich). TLC plates
(silica gel 60 A on glass 10×20 cm), obtained from Merck, were
washed twice with chloroform/methanol (1:1 v/v) and activated at
120 °C before use. Lipid standards (BPG from bovine heart, PI
from soybean, PG from egg yolk lecithin, and PC, PE and PS from
bovine brain) were obtained from Sigma and were solubilized in
chloroform (10mg/ml). FDA,Calcofluor (Fluorescent Brightener
28) and molybdenum blue were gained from Sigma. Microscopic
images were performed using AXIOPLAN 2 ZEISS Microscope
equipped with AXIOCAM CCD CAMERA and AXIOVISION
3.1 PROCESSOR.


2.2. Preliminary treatment on leaves


Spinach leaves were quickly washed, deprived of their midribs
and of their secondary veins, and cut into irregular pieces, which
were incubated for 3 h in 5 mMMES-KOH (pH 5.5), 1 mMKCl.


2.3. Effect of increasing osmolarity on the lipid content in the
whole leaves


Equal amounts (6 g) of spinach leaves were incubated at
room temperature in 500 ml of MES buffer (pH 5.5) containing,
respectively, no NaCl, 0.5 M NaCl, 1 M NaCl and 1.5 M NaCl .
These pieces of leaves were gently stirred for 1 h in an open

flask. Finally, the lipids were extracted from each sample by the
standard procedure (see below).


2.4. Effect of high external osmolarity on the lipid content in
the whole leaves


Equivalent aliquots (6 g) of leaf pieces were gently stirred in
500 ml of MES buffer (pH 5.5) containing, respectively, no
osmolite, 1.5 M NaCl, 1.5 M KCl and 3 M sucrose. The in-
cubation of each sample was performed at room temperature for
1 h and was followed by the standard lipid extraction.


2.5. Time course of lipids extracted from leaves under high
external osmolarity


6 g of leaves were kept floating in 500 ml of MES buffer (pH
5.5) containing 1.5MNaCl for different incubation times (15min,
30 min, 1 h, 2 h, overnight). Lipids were extracted from each
sample by the standard procedure (see below).


2.6. Effect of pH on lipid composition in leaves under
hyperosmotic stress


Same quantities of leaf pieces (6 g) were incubated at room
temperature in 500 ml of MES buffer (pH 5.5) both with no NaCl
and with 1.5 M NaCl at different pH (5.5, 6.0, 7.0). After 1 h
incubation, the lipids were extracted from each sample by the
standard procedure (see below).


2.7. Mesophyll protoplast extraction


Upper and lower epidermises of 10 g of leaves were scraped
off by rubbing with fine carborundum powder. Then leaves were
quickly washed and cut into little pieces, which were incubated in
a dish containing 100 ml of digestion medium (500 mM D-
sorbitol, 1 mM CaCl2, 5 mM MES-KOH pH 5.5, 2% Cellulase
“Onozuka RS”, 0.3% Macerozyme R-10) for 3 h at 25 °C,
covered with a plastic film. It was advantageous to replace the
digestion medium at intervals of 1 h, as the enzymes became
inactivated by substances released from broken cells. After 3 h,
the digestionmediumwas removed and discarded, while the plant
tissues were washed three times by shaking gently for 1 h with
20 ml of wash medium (500 mM D-sorbitol, 1 mM CaCl2, 5 mM
MES-KOH pH 6.0). After each wash, the tissues were collected
by pouring through a tea strainer (0.5 to 1 mm pore size) and the
combined washes were then filtered through nylon mesh (100–
200 μm pore size) to remove vascular tissue and undigested
material. The protoplasts were collected by centrifugation of the
combined filtered washes for 3 min at 50×g and the supernatant
was aspirated and discarded. This crude protoplast preparation
was finally purified by means of repeated washes with isotonic
solution and centrifugation at 50×g.


2.8. Protoplast viability test


The viability of protoplasts was assessed by FDA staining. A
little volume of protoplasts suspension was mixed with an equal







Fig. 1. Effect of external osmolarity on lipid composition of whole leaves: TLC
separation of polar lipids extracted from spinach leaves (6 g) incubated for 1 h in
500 ml of MES buffer (pH 5.5) containing, respectively, no NaCl (1), 0.5 M (2),
1 M (3), 1.5 M NaCl (4). Plate was stained by 5% H2SO4 solution.


Fig. 2. Time course of the whole leaves lipid content under a fixed hyperosmotic
stress (NaCl 1.5 M).


Fig. 3. Effect of different osmolites on lipid content of whole leaves. (1) Control,
(2) NaCl 1.5 M, (3) KCl 1.5 M, (4) sucrose 3 M. Plate was stained by 5% H2SO4


solution.
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volume of cold FDA stock solution 0.5% w/v (in acetone). As a
result of FDA staining, green fluorescence of intact viable
protoplasts was observed microscopically using a 450–490-nm
exciter filter, while non-viable protoplasts were not stained.


2.9. Protoplast stability test


Cell wall digestion in freshly prepared protoplasts and cell
wall regeneration in protoplasts in time were monitored by the
fluorescence microscope using a 350–380-nm UV light filter,
after staining with Calcofluor white (Fluorescent Brightener
28). A little volume of cold stock solution 0.1% Calcofluor
white was mixed 1:10 with protoplasts suspension and observed
by the fluorescence microscope. Since Calcofluor white is a
specific dye for polysaccharides with β-1,4 bounds, such as
cellulose, only elements with cell wall fluoresced blue-white.


2.10. Effect of high osmolarity on the lipid content in
protoplasts suspension


Equal amounts of freshly isolated protoplasts were incubated at
room temperature in MES buffer (pH 6) containing, respectively,
no NaCl and 1 M NaCl. The protoplasts suspensions were gently
stirred for 1 h in an open flask. Finally, the lipids were extracted
from each sample by the standard procedure (see below).


2.11. Lipid extraction


Total lipids were extracted using the Bligh and Dyer method
[11]; the extracts were carefully dried under N2 before
weighting and then stored as 10 mg/ml chloroform solution.


2.12. Thin layer chromatography


Total lipid extracts were analyzed by TLC on silica gel
(20×10 cm, layer thickness 0.2 mm). Lipids were eluted with

chloroform/methanol/acetic acid/water 75:13:9:3 mixture and
detected spraying the TLC plate with 5% sulphuric acid in water,
followed by charring at 120 °C for 30 min, and by spraying with
4.2 M molybdenum blue in 0.5% sulphuric acid (1:1 v/v) which
is specific for phospholipids.


Quantitative analysis of phospholipid content were per-
formed by video densitometry using the software Image J
(http://rsb.info.nih.gov/ij).


2.13. Mass spectrometry


Dried lipid extract samples were dissolved in chloroform/
methanol (1:1 v/v). Electrospray ionization mass spectra (ESI–
MS) were obtained with a QSTAR hybrid Qq–TOF mass
spectrometer (Applied Biosystem/MSD Sciex) equipped with a
turbo ion spray interface. MS–MS measurements were carried
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Fig. 5. Images of protoplasts obtained by means of fluorescence microscopy.
Pictures A and C show microscopy images in the visible region. Pictures B and
D show fluorescence images in presence of Calcofluor and fluorescein diacetate
(FDA), respectively.
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out by fragmenting the target ions at proper collision energy
(usually −80 eV).


2.14. Statistical analysis


All reported data represent mean values±standard deviation
obtained from three replicates.


3. Results and discussion


3.1. Spinach whole leaves


Equivalent aliquots of spinach leaves (6 g) were incubated for
1 h in 500ml ofMES buffer (pH 5.5) containing, respectively, no
NaCl, 0.5 M, 1 M and 1.5 M NaCl. Lipids were extracted from
each sample by a standard method [4] and analyzed by TLC on
silica gel (Fig. 1).


Lipid components of the extracts were identified by com-
parison of their Rf values with those of authentic standard
markers. Besides the pigments at the solvent front and some
minor lipid bands that could not be identified at this stage, the
main lipid components of spinach leaves were identified as
glycolipids: MGDG, DGDG, SQDG and phospolipids: BPG, PE,
PG, PI. Blue molybdenum staining (data not shown) allowed to
identify PC and PS, which comigrate with DGDG and SQDG,
respectively. Stressed samples showed the formation of a further
lipid, migrating just below PI, which could be identified as a
phosphatidyl-inositol 3,5-biphosphate isomer, as just reported for
several plant species exposed to hyperosmotic stress [7,12]. The
increase of this band and the concomitant decrease in the PI
content, observed at higher NaCl concentration, would confirm
the hypothesis of an interconversion of PI in its phosphorylated
form under osmotic shock and a key role of this PI isomer in
osmo-signalling pathway in plant [7,12]. The analysis also
evidenced an increase of all phospholipid content proportional to
salt concentration. The total lipid extract yield for the samples
exposed to hyperosmotic stress results almost two-fold of that
relative to non-treated samples, indicating a biosynthesis of phos-
pholipids in stimulated plant cells. In fact, it has been reported that
stimulated cells with certain agonist, such as salts, induced
hydrolysis and/or phosphorylation of some phospholipids with

Fig. 4. Effect of pH onPG content between a control whole leaf sample (absence of
NaCl) and a sample incubated for 1 h in hyperosmotic conditions (NaCl 1.5 M).

consequent second messenger production, which are utilized not
only in the osmo-signalling pathway but also in the phospholipid
biosynthesis [6].


Time course of the lipid content under a fixed hyperosmotic
stress (NaCl 1.5M), normalized to their control values, is shown in
Fig. 2. Phospholipid content increases at all incubation time
explored reaching maxima values by 2 h. PG, which showed
greater content than other lipids in the course of the overall
experiment, redoubled its content by 1 h of osmotic shock. Only
BPG continued to increase its amount during an overnight
incubation, overtaking also the PG content. An increase of BPG
content at PG expense under osmotic shock was observed for
extreme halophilic archaeon [13]; moreover, similar increasing of
BPG response to long incubation time in hyperosmotic medium
were just reported for photosynthetic R. sphaeroides cells [9]

Fig. 6. Effect of external osmolarity on lipid composition of freshly prepared
protoplasts: TLC separation of polar lipids extracted from protoplasts incubated for
1 h inMES buffer (pH 6) containing, respectively, noNaCl (1), 1MNaCl (2). Plate
(A)was stained by 5%H2SO4 solution; plate (B)was stained bymolybdenumblue.







Fig. 7. Video densitometric analysis of PG content in protoplasts in absence and
presence of 1 M NaCl obtained from TLC profiles.


Fig. 9. Images of protoplasts after 3 days from their preparation. Pictures A and C
showmicroscopy images in the visible region. Pictures B and D show fluorescence
images in presence of Calcofluor and fluorescein diacetate (FDA), respectively.
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suggesting that this lipidwould help to sustain the cell bioenergetic
system contributing to render the ATP synthesis more efficient.


Since the effect of NaCl could be due to Na-toxicity rather
than hyperosmotic stress, KCl and sucrose, at the same
osmolarity of 1.5 M NaCl, were tested (Fig. 3). All tested
osmolites induced the same effect, indicating that phospholipid
amount increment was due to the osmotic stress.


Moreover, the effect of pH on lipid content was investigated.
Fig. 4 reports the effect of pH on PG content changes between a
control sample (absence ofNaCl) and a sample incubated for 1 h in
hyperosmotic conditions (NaCl 1.5 M). The histogram points out
an increment of PG content for stressed samples at each
considered pH. In particular, the highest increment of PG (62%)
was detected for the stressed samples at pH 5.5.


3.2. Protoplasts


Images of protoplasts were obtained by means of fluores-
cence microscopy (Fig. 5). Pictures A and B show that freshly
isolated protoplasts were spherical in shape and lacked the cell
wall, as confirmed by the absence of blue fluorescence of
Calcofluor. Pictures C and D demonstrate that obtained pro-
toplasts were viable, as assessed by FDA staining.


Equal amounts of freshly isolated protoplasts were incubated
for 1 h in MES buffer (pH 6) containing, respectively, no NaCl
(control) and 1 M NaCl. Fig. 6 shows the extracted lipids

Fig. 8. ESI–MS negative ions of the lipid extract of protoplasts exposed to
hyperosmotic shock with 1 M NaCl.

analyzed by TLC on silica gel. Fig. 6A shows the total lipid
content, while Fig. 6B evidences only phospholipids. It is
evident an increase of PG, PC and PI in stressed sample and,
conversely to leaves, a decrease of BPG and PE. Selective
changes in lipid content and in biophysical properties of plant
membranes have been reported for maize protoplast under
osmotic shock [14]. In particular, a loss of phospholipids,
mainly those containing unsaturated fatty acyl chains, and a
concomitant increase in neutral lipids such as triacylglycerols
has been documented.


Video densitometry evidenced a PG amount increment of
30% in stressed sample (Fig. 7).

Fig. 10. Effect of external osmolarity on lipid composition of protoplasts which
have reformed cell wall: TLC separation of polar lipids extracted from
protoplasts incubated for 1 h in MES buffer (pH 6) containing, respectively, no
NaCl (1), 1 M NaCl (2). Plate was stained by 5% H2SO4 solution.







17L. Bavaro et al. / Bioelectrochemistry 70 (2007) 12–17

Fig. 8 reports ESI–MS negative ions of the lipid extract of
stressed protoplasts. In the high-mass range of the spectrum, the
most intense peaks can be assigned to SQDG (34:3), PG (34:4)
and PI (34:0), which represent the most abundant ionizable
lipids as evidenced by TLC.


3.3. Cells


After few days, protoplasts synthetized the cell wall [15].
Images of protoplasts after 3 days from their preparation show
the presence of cell wall, as confirmed by the blue fluorescence
of Calcofluor (A and B) reported in Fig. 9. Pictures C and D
demonstrate that obtained cells were still viable, as evidenced
by the green fluorescence of FDA.


Equal amounts of cells were incubated for 1 h in MES buffer
(pH 6) containing, respectively, no NaCl (control) and 1 M
NaCl. Extracted lipids were analyzed by TLC on silica gel (Fig.
10). Figure shows the total lipid content. It is noteworthy a
decrease in PG content under osmotic stress, as confirmed by
blue molybdenum staining (data not shown). This behaviour
opposite to that observed for stressed leaves and protoplasts
underlines that hyperosmotic stress induces changes in the
phospholipid content depending on the different plant organi-
zation levels studied.


4. Conclusion


Hyperosmotic stress induces changes in the phospholipid
content depending on the different plant organization levels
studied. In particular, an increment of the total phospholipid
content together with the formation of a further lipid, which
could be identified as a phosphatidyl-inositol 3,5-biphosphate
isomer, were recorded in stressed whole leaves, suggesting a
salt stimulated phospholipid biosynthesis. All phospholipids
showed an increment of their content at all incubation time
explored reaching maximum values by 2 h. In particular, PG
presented greater content than other lipids in the course of the
overall experiment, redoubling its content by 1 h of osmotic
shock. BPG had a different behaviour with respect to other
observed phospholipids: it continued to increase its amount
during an overnight incubation, overtaking also the PG content.
Different responses to osmotic shock were reported for the other
systems. In the case of protoplasts, an increment of PG, PC and
PI together with BPG and PE content decreasing were observed
in stressed sample. For PG, the increment was of about 30%. In
the case of cells, instead, a decrease of PG content under

osmotic stress was recorded, emphasizing how plant organiza-
tion influences phospholipid response to hyperosmotic condi-
tions. Modifications in lipid composition, in fact, could affect
the physicochemical properties of the membrane such as bilayer
thickness, membrane fluidity and transport properties as well as
would help to sustain the cell bioenergetic systems under
osmotic stress conditions.
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Abstract


The thermodynamics and kinetics of light-induced electron transfer in bacterial photosynthetic RCs are sensitive to physiologically important
lipids (phosphatidylcholine, cardiolipin and phosphatidylglycerol) in the environment. The analysis of the temperature-dependence of the rate of
the P+QA


−QB→P+QAQB
− interquinone electron transfer revealed high enthalpy change of activation in zwitterionic or neutral micelles and vesicles


and low enthalpy change of activation in vesicles constituted of negatively charged phospholipids. The entropy change of activation was
compensated by the changes of enthalpy, thus the free energy change of activation (≈ 500 meV) did not show large variation in vesicles of
different lipids.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Reaction centers; Liposomes; Interquinone electron transfer

1. Introduction


The primary processes of photosynthesis take place in a
specialized pigment–protein system called photosynthetic
reaction center (RC) embedded in the photosynthetic membrane,
the thylakoid membranes of chloroplast or intracytoplasmic
membrane systems (ICM) of cyanobacteria and photosynthetic
bacteria. The capture of light energy in bacterial RC of
Rhodobacter sphaeroides initiates intraprotein electron transfer
(ET) along the active branch from the excited singlet bacterio-
chlorophyll dimer (P), through a bacteriochlorophyll monomer
(B) and bacteriopheophytin monomer (H) to the primary

⁎ Corresponding author. Tel.: +39 080 5442027; fax: +39 080 5442129.
E-mail address: m.trotta@ba.ipcf.cnr.it (M. Trotta).


1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.03.024

quinone QA ≈ 25 Å away in 150 ps. QA then reduces the
secondary quinone QB 15 Å away (edge to edge) in about 100 μs
(for reviews, see [1–3]). The transfer of the first electron from
QA
− to QB is reversible and gives rise to equilibrium between the


states QA
−QB and QAQB


− [4]. The standard free energy level of
P+QB


− (ΔGAB
0 ) is placed about 60 meV below that of P+QA


−,
therefore the interquinone ET becomes energetically favorable.
ΔGAB


0 is sensitive to the chemical nature of the quinones, the
protein and the environment [5,6]. In RCs of Rhodopseudomo-
nas viridis much larger ΔGAB


0 is observed [7].
The majority of thermodynamic and kinetic data have been


obtained from RCs solubilized in detergent micelles. However,
the electron and proton transfer reactions and the light-induced
conformation changes could be quite different if the protein is
embedded in native membrane environment as consequence of
specific interaction between RC and lipids of the membrane.



mailto:m.trotta@ba.ipcf.cnr.it
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Although the lipid composition of photosynthetic bacteria shows
large variation according to growth conditions, the major lipid
components are phosphatidylcholine (PC), phosphatidylglycerol
(PG) and phosphatidylethanolamyne (PE) [8–11]. Recent
crystallographic studies have shown that physiologically impor-
tant phospholipids (negatively charged cardiolipin (CL) [12], and
zwitterionic PC [13]) are strictly associated to the RC protein. It
was shown that binding of phospholipids as PC, CL and PG
modified the standard free energy levels of the quinones, and the
free energy gap between the P+QA


−QB and P+QAQB
− states


increased in the order of LDAO, PC, PG and PC+CL [14]. The
first [15] and the second [16] electron transfer, as well as the
P+QA


−→PQA, P
+QB


−→PQB charge recombination reactions [17]
have been found to be sensitive to the membrane environment.
Not only the electronic nature of the head group [18,19], but also
the length and level of saturation [16,20] of the lipids hydrophobic
side chain are important.


The kinetics of the first interquinone ET is determined not by
the standard free energy states of the quinones but by the free
energy gap of activation between them. It is well known that the
interquinone ET requires high enthalpy of activation that is
exposed to considerable changes both in the RC and its envi-
ronment. The ET is accompanied with substantial conformation
changes revealed by absorption change [21] and photothermal
measurements [22,23] and by theoretical considerations [24]. In
chromatophores (membrane fractions), the ET is significantly
faster (≈ 30 μs) than in micelles (≈ 100 μs). In contrast to
standard free energy states of the quinones, the activation
parameters of the interquinone ET are far less revealed for
different environments of the RC. In this work, we determined the
thermodynamics of activation of the first interquinone ET of RC
embedded in vesicles made of different and physiologically
important phospholipids. We observed that negatively charged
vesicles lowered the enthalpy of activation in expense of
significant entropy contribution.


2. Experimental


2.1. Preparation of samples


Rb. sphaeroides R-26 cells were grown photoheterotrophi-
cally under anaerobic conditions. RCs were prepared by
detergent (LDAO, N,N-dimethyldodecylamine-N-oxide) solu-
bilization followed by ammonium sulphate precipitation and
DEAE Sephacell anion exchange chromatography [25]. Uni-
lamellar RC/phospholipids vesicles were made by the micelle-
to-vesicle transition method [26]. The photochemical activity of
the secondary quinone of the RC was reconstituted by addition
of excess ubiquinone-50 (UQ10).


2.2. Kinetic absorption spectrophotometry


Flash induced absorbance change at 771 nm due to the
electrochromic response of the absorption of bacteriopheophy-
tins to the QA


−QB and QAQB
− states were detected by a single-


beam kinetic spectrophotometer of local design supplemented
with a temperature controlled sample holder [14,25]. The kine-

tics of P+(QAQB)
−→PQAQB charge recombination was followed


at 430 nm.


2.3. Chemicals


1,2-Diacyl-sn-glycerol-3-phosphocholine (99%—phospha-
tidylcholine, PC) from soybean, 1,2-diacyl-sn-glycerol-3-
phosphoryl glycerol (98%—phosphatidylglycerol, PG) and car-
diolipin from bovine heart and UQ10 were purchased from
Sigma of the highest available purity and used without further
purification.


2.4. Data evaluation


The standard free energy difference of the quinones,ΔGAB
0 was


determined from the apparent one-electron equilibrium constant in
the acceptor quinone complex [25,27]: KAB=[QAQB


−] / [QA
−QB]=


kf/ks−1, where kf and ks are the fast and slow rate constants of the
P+(QAQB)


−→PQAQB charge recombination, respectively and
ΔGAB


0 =−R ·T · lnKAB, where R and T are the universal gas cons-
tant and the absolute temperature, respectively. The standard en-
thalpy difference of the quinone states were determined from the
slope of the van't Hoff plot of the temperature dependence of the
equilibrium constant: d(lnKAB)/dT=ΔH0/RT2.


The thermodynamic parameters of activation related to
interquinone ET were determined from transition state theory
(Eyring's equation):


ln
k
T
¼ ln


jdR
h


þ DS#


R
−
DH#


R
d
1
T


ð1Þ


where k is the observed rate constant, κ is the transmission
coefficient (usually equals to 1 [28]), h is the Planck constant, R is
the universal gas constant andΔH# andΔS# are the enthalpy and
entropy changes of activation, respectively. ΔH# is calculated
from the slope andΔS# is determined from the interception of the
best-fit straight lines through the measured data.

3. Results


The thermodynamic parameters of the standard states of the
quinones and the activation of the interquinone ET were
measured and compared in RCs embedded in environment
featured by different phospholipids of physiological importance.


3.1. Thermodynamics of standard states of quinones


The difference of standard free energies of the two quinones
was obtained from KAB and the difference of standard
enthalpies could be obtained from its temperature-dependence
(van't Hoff representation). The data related to different
environments are summarized in Table 1. The reaction free
energy change ΔGAB


0 as well as the enthalpy change ΔHAB
0 are


definitely larger than R ·T (=25 meV/mol at room temperature,
the average thermal energy) in all lipids here investigated. The
values of ΔGAB


0 are in good agreement with those found earlier
in LDAO [28,29] or in proteoliposomes formed by different
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Fig. 2. The Eyring plots of the kAB(1)fast and kAB(1)slow components of the first
electron transfer rate measured at 771 nm in the RCs isolated from Rb.
sphaeroides R-26 and reconstituted in different environments, as indicated.
Conditions are same as described in Fig. 1, except the temperature was changed
between 5 and 30 °C. Error bars indicate the standard deviations at the lowest
(5 °C) and highest (30 °C) temperatures.


Table 1
Changes of standard thermodynamic quantities of the P+QA


−QB↔P+QAQB
−


equilibrium in purified photosynthetic reaction centers embedded in micelle
(LDAO) and in different phospholipids


LDAO (r2N0.96) PC (r2N0.98) PG (r2N0.87) PC+CL (r2N0.98)


ΔHAB
0 −105±24 −101±7 −102±14 −78±9


(−150±11)a


(−230)b


TΔSAB
0 43±21 19±4 26±10 −16±10


(78±9)a


(161)b


ΔGAB
0, c −62±2 −81±3 −84±4 −93±4


(−71±1)a


(−68)b


The values are given in meV/mol. The standard deviation and r2 values of the
fittings are also indicated. Conditions are same as in Fig. 1.
a Mancino et al. [28].
b Kleinfeld et al. [29].
c Note that ΔGAB


0 was determined from the rate constants of the charge
recombination (see Experimental) and not from the temperature dependence of
KAB.


Table 2
The thermodynamic parameters of activation of the P+QA


−QB→P+QAQB
− electron


transfer in purified photosynthetic reaction centers embedded in micelles
(LDAO) and in vesicles made of different phospholipids


LDAO PC PG PC+CL DMPCa
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lipids [14]. The entropic contribution for the RCs incorporat-
ed in phospholipid vesicle results smaller compared to the
detergent case.


3.2. Activation parameters of interquinone ET


The kinetics of interquinone ET of RCs incorporated in dif-
ferent lipid vesicles is shown in Fig. 1. The traces were decom-
posed into two (fast and slow) components: the rate of the fast
phase, kAB(1)fast, was above (100μs)


−1 and that of the slowphase,
kAB(1)slow was 4–10 times smaller in good agreement with our
earlier results [14]. The rate constant of the fast phase showed less
pronounced temperature-dependence in LDAO (in good agree-
ment with earlier results [15]) and in PC environment in the
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Fig. 1. The absorption change of RCs of Rb. sphaeroides R-26 after single
saturating laser flash excitation measured at 771 nm. The RCs were incorporated
into LDAO detergent, PC, PG or PC+CL liposomes as indicated. The average
of 50 recordings was taken. Curves represent the typical traces of 3 (6 for PG)
samples. Conditions: excitation at 597 nm; 3 μM RC, 10 mM TRIS, 100 mM
NaCl, 0.01% LDAO, pH 8.0 (LDAO) and 5 mM phosphate, 5 mM KCl, pH 6.8
(PC, PG and PC+CL liposomes), temperature 298 K. The molar ratio of lipid/
UQ10/RC was 2000:50:1, in the case of PC+CL sample PC/CL/UQ10/RC was
1000:1000:50:1.

presence of CL. Interestingly, in single component liposomes, i.e.
in PC and PG, the temperature dependence of the two components
did not differ considerably (Fig. 2). From the transition state
analysis of the temperature-dependence of the rate constants, the
thermodynamic parameters of activation listed in Table 2 were
obtained. The activation free energy, ΔGAB


# , for both of the fast
and the slow phases is not changed considerably in the four

ΔHAB
# (1)fast 264±81 384


±45
173±62 89±25


(255)b


ΔHAB
# (1)slow 497±73 (400±10)a 500


±24
−18
±15


282
±103


260±10
(570)b (590±41)c


TΔSAB
# (1)fast −270±119 −99


±49
−366
±103


−400
±21


TΔSAB
# (1)slow −7±3 (56±52)a −33


±17
−567
±115


−248
±120


ΔGAB
# (1)fast 487±200 482


±94
499±165 488±46


ΔGAB
# (1)slow 491±76 (520±10)a 533


±41
501±130 530


±223
510±5


(534±3)c


ΔGBA
# 608±78 577


±46
600±134 555


±227
(553)d (614)d (585)d (623)d


The values are given in meV/mol. r2 for fitting was 0.78 and 0.84 for the kAB
(1)fast in the case of the LDAO and PG samples, respectively, and larger than
0.91 in all the other cases. The values of standard deviation are also indicated.
Conditions are same as in Fig. 1.
a Tally et al. [16].
b Data were calculated by using the connection between the empirical


Arrhenius and the absolute rate Eyring model, Ea=RT+ΔH#, taking the
activation energy, Ea, from Tiede et al. [15].
c Mancino et al. [28].
d Calculated from the rate of the P+QA


−QB→P+QAQB
− electron transfer,


kAB(1)slow, and the ΔGAB
0 free energy difference between the P+QA


−QB and
P+QAQB


− states (c.f. Table 1).
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investigated lipid environments. The smaller activation enthalpy
change, ΔH#, is compensated by the larger entropy contribution,
ΔS #, if the negatively charged phospholipids are introduced. The
results of the LDAO/RC system are in good agreement with the
values obtained by Tiede et al. [15] if the empirical activation
energy (Ea) from the Arrhenius plot is converted to ΔH# by
Ea=RT+ΔH#. We could calculate the activation free energy,
ΔGBA


# , for the reverse P+QAQB
−→P+QA


−QB reaction as the sum of
the activation free energy,ΔGABslow


# , and the equilibrium standard
free energy, ΔGAB


0 .


4. Discussion


The thermodynamics of the P+QA
−QB↔P+QAQB


− equilibrium
and the P+QA


−QB→P+QAQB
− electron transfer in detergent have


long been characterized (e.g. [28]). Recently, this knowledge
was extended for RCs embedded in DMPC liposomes and
chromatophores [16]. Here, the RCs were reconstituted in PC
liposomes where the lipid species resembled those of the in vivo
membrane. The standard free energy level of the P+QAQB


− state
compared to that of P+QA


−QB (ΔGAB
0 ) depended strongly on the


lipid environment: The electron transfer was found highly
exothermic, −137 meV/molbΔHAB


0 b−84 meV/mol and the
entropic contribution to the free energy remained within the
level of the average thermal energy, R ·T.


The intrinsic rate of interquinone ET per se is very large and
the observed value is limited by much slower conformational
processes [21]. Proton transfer, charge redistribution, QB re-
arrangement and two-step mechanism of ET are among the best
characterized gating reactions. Depending on the rate-limiting
process, the observed kinetics of interquinone ET can be
decomposed into phases of different rate constants of variable
contributions (amplitudes). The slow component refers to the
charge compensating relaxation around the redox cofactors, and
the fast component is characteristic of the intrinsic electron
transfer. When the temperature-dependence of the observed rate
constants is exposed to activation analysis, the thermodynamic
parameters of the rate limiting processes will be obtained.


The “conformational gating” mechanism is more complicated
than simply a limitation of QA


− to QB electron transfer by the some
conformational state of the RC [30–32]. Protonation of specific
amino acid side chains accompanied by the change in the hydrogen
bonding network and van der Waals contacts between the
molecules should also play an important role. As both the slow
and the fast components have similar activation parameters, possi-
bly a single gating mechanism of the observed ET dominates.


We found that the presence of negative charges in the proteo-
liposomes modifies the relative enthalpic and entropic contribu-
tions to the free energy change in the interquinone ET reaction,
suggesting that the rate-limiting conformational process might be
connected with electrostatic charge redistribution.


The predominance of the entropic contribution in negatively
charged liposomesmay reflect the fact that during the ETreaction,
the protein scaffolding has to pass through a more “ordered”
conformation if compared to that needed in zwitterionic en-
vironments. Furthermore, the decrease of the entropic terms when
the effect of negative charges of the CL are diminished by addition

of zwitterionic PC, may indicate that the transition state is or-
ganized mostly by the electrostatic field generated by the charges
surrounding the protein. Additionally, the bound phospholipids
may also play role in modulation of the transition state. Further
analysis of thermodynamic parameters of the activation may shed
more light on the energetic and kinetic details of the interquinone
ET and the nature (species, organization, etc.) of the transition
state.


5. Summary


Binding of physiologically important phospholipids to the
quinone acceptor site affects the stabilization of the P+QA


−QB/
P+QAQB


− state. The P+QA
−QB→P+QAQB


− electron transfer is
driven mainly by enthalpy change of activation in LDAO and
PC, whereas the entropy contribution of activation becomes
larger if negatively charged lipids are introduced.
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Abstract


Electroporation is characterized by formation of structural changes within the cell membrane, which are caused by the presence of electrical
field. It is believed that bpores” are mostly formed in lipid bilayer structure; if so, planar lipid bilayer represents a suitable model for experimental
and theoretical studies of cell membrane electroporation. The breakdown voltage of the lipid bilayer is usually determined by repeatedly applying
a rectangular voltage pulse. The amplitude of the voltage pulse is incremented in small steps until the breakdown of the bilayer is obtained. Using
such a protocol each bilayer is exposed to a voltage pulse many times and the number of applied voltage pulses is not known in advance. Such a
pre-treatment of the lipid bilayer affects its stability and consequently the breakdown voltage of the lipid bilayer. The aim of this study is to
examine an alternative approach for determination of the lipid bilayer breakdown voltage by linear rising voltage signal.


Different slopes of linear rising signal have been used in our experiments (POPC lipids; folding method for forming in the salt solution of
100 mM KCl). The breakdown voltage depends on the slope of the linear rising signal. Results show that gently sloping voltage signal
electroporates the lipid bilayer at a lower voltage then steep voltage signal. Linear rising signal with gentle slope can be considered as having
longer pre-treatment of the lipid bilayer; thus, the corresponding breakdown voltage is lower. With decreasing the slope of linear rising signal,
minimal breakdown voltage for specific lipid bilayer can be determined.


Based on our results, we suggest determination of lipid bilayer breakdown voltage by linear rising signal. Better reproducibility and lower
scattering are obtained due to the fact that each bilayer is exposed to electroporation treatment only once. Moreover, minimal breakdown voltage
for specific lipid bilayer can be determined.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Lipid bilayer; Linear rising signal; Capacitance; Breakdown voltage

1. Introduction


Electroporation is characterized by a formation of structural
changes within the cell membrane, which are caused by the
presence of electric field. These changes, named bpores”, increase
the plasma membrane permeability, and enable ions and
molecules to enter the cell [1]. Reversible electroporation is
used to introduce various substances into the cell and has many
practical applications like gene therapy, transdermal drug delivery
and electrochemotherapy [2–5]. If cell membrane collapses due
to too high electric field, the electroporation becomes irreversible.
This form of the phenomenon can be used for liquid food and
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E-mail address: alenka@lbk.fe.uni-lj.si (A.M. Lebar).
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water conservation [6,7]. The applicability of electroporation is
broad: from biotechnology and biology to medicine. Each
application has its own optimal electrical parameters [8], which
has to be determined beforehand [9].


It is stipulated that pores are mostly formed by rearranging of
lipid molecules in lipid bilayer structure; if so, planar lipid bilayer
is a goodmodel for experimental and theoretical studies [10]. The
planar lipid bilayer can be considered as a small part of total cell
membrane. Lipid bilayer as an artificial model of the cell
membrane can be made of only one type of lipid molecules, their
mixtures or even lipids and proteins [11]. Lipid bilayers of
different compositions have different electrical properties that are,
due to their influence on membrane stability in electric field,
important for the use of electroporation.


Planar lipid bilayer stability in an electric field and conse-
quently the voltage that cause bilayer rapture is one of the most
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Fig. 2. Measurement protocol: (A) capacitance measurement of lipid bilayer was
measured in two steps. In the first step, we measured capacitance of the
electronic system without lipid bilayer. Second step was measuring capacitance
of electronic system with lipid bilayer and salt solution. (B) Voltage breakdown
measurement with linear rising signal.
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important properties of planar lipid bilayers. The breakdown
voltage of the lipid bilayer is usually determined by a rectangular
voltage pulse. The amplitude of the voltage pulse is incremented
in small steps until the breakdown of the bilayer is obtained [12].
Using such a protocol, the number of applied voltage pulses is
not known in advance and each bilayer is exposed to voltage
stress many times. Such a pre-treatment of the lipid bilayer
affects its stability and consequently the determined breakdown
voltage of the lipid bilayer [13]. In this study, another approach
for the breakdown voltage determination is suggested: using
linear rising signal, the breakdown voltage is determined by a
single voltage exposure.


2. Materials and methods


2.1. Electrical setup


Our system for following up electroporation of planar lipid
bilayers consists of a signal generator, a Teflon chamber and a
device, which is used for measurements of membrane current and
voltage (Fig. 1).


Signal generator is a voltage generator of an arbitrary type that
provides voltage amplitudes from−5V to +5V. It is controlled by
costume written software (Genpyrrha), specially designed for
drawing the voltage signal that is used for membrane electro-
poration. The last but not least part of the signal generator is an
analogue switch. The switch disconnects the output of the signal
generator and switches to the 1 MΩ resistor. The switch is fast, it
turns off the signal generator in 2 ns. In this way, a system
discharge voltage is measured and consequently the capacitance
of the lipid bilayer.


Two Ag-AgCl electrodes, one on each side of the planar lipid
bilayer, were plunged into the salt solution. Transmembrane
voltage was measured via a LeCroy differential amplifier 1822.
The same electrodes were used to measure transmembrane
current. Both signals were stored in oscilloscope LeCroy
Waverunner-2 354 M in Matlab format. All the signals were
processed offline. Chamber is made out of Teflon. It consists of
two cubed reservoirs with volume of 5.3 cm3 each. In the hole
between two reservoirs, a thin Teflon sheet with a round hole

Fig. 1. System for electroporation of planar lipid bilayer. (1) The microprocessor boa
signals and the other that is realized in Xillinx is used for frequency extension. (2) C
current and voltage amplification. (4) Digital oscilloscope for data storing.

(105 μm diameter) is inserted. Lipid bilayer is formed by the
Montal-Muller method [14].


2.2. Chemical setup


The salt solution was prepared of 0.1 molar KCl and
0.01 molar Hepes in the same proportion. Some droplets of one
molar NaOH were added to obtain pH 4.7. The lipids were
prepared from POPC (1-pamitol, 2-oleiol phosphatdiholin) in
powder form (Avanti Polar-Lipids Inc. ZDA). The POPC was
melted in solution of hexane and ethanol in ratio 9:1. The
mixture of hexadecane and pentane in ratio 3:7 was used for
torus forming.


2.3. Measurement protocol


Measurement protocol consisted of two parts: capacitance
measurement (Fig. 2A) and lipid bilayer breakdown voltage
measurement (Fig. 2B). Capacitance and the breakdown voltage
were determined for each lipid bilayer.


The capacitance of lipid bilayer was measured in two steps
(Fig. 2). In the first step, we measured capacitance of the
electronic system without lipid bilayer (CSYS). The resistance of
oscilloscope probes (1MΩ) and the special resistor (1 MΩ) were

rd with MCF5024 processor and two modules. One module generates arbitrary
hamber for forming lipid bilayers and two Ag-AgCl electrodes. (3) Modules for







Table 1
Specific membrane capacitances (c), breakdown voltages (Ubr) and lifetimes (tbr)
for lipid bilayers exposed to linear rising voltage signals of different slopes (k)


N k (kV/s) c (μF/cm2) Ubr (V) tbr (μs)


18 4.8 0.5±0.1 0.51±0.02 104±4
6 5.5 0.5±0.1 0.48±0.01 86±3
4 7.8 0.6±0.1 0.49±0.01 61±2
3 16.7 – 0.57±0.01 34±1
5 21.6 0.4±0.1 0.59±0.02 27±1
3 48.1 – 0.74±0.02 15±1


Values given are mean±standard deviation. Number of measurements N in each
experimental group is given in the first column.
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connected in parallel as shown on Fig. 3A. Therefore, the
resistance RSYS was approximately 500 kΩ. By finding the time
constant τSYS of the voltage discharge the capacitance CSYS was
determined considering the relation


CSYS ¼ sSYS
RSYS


: ð1Þ


Second step was measuring capacitance of electronic system
with lipid bilayer and salt solution (CSBLM) (Fig. 3B). Equi-
valent resistor (RSYS) was still 500 kΩ, because the resistance of
the lipid bilayer was greater than 108 Ω [15].


By finding the time constant τSBLM of the voltage discharge,
the capacitance CSBLM was determined


CSBLM ¼ sSBLM
RSBLM


: ð2Þ


The capacitance of lipid bilayer was obtained as a difference
between CSYS and CSBLM:


CBLM ¼ CCYS−CSBLM: ð3Þ
The specific membrane capacitance (c) was obtained by


dividing CBLM by the bilayer surface area.
We determined breakdown voltage (Ubr) of the lipid bilayer


by the linear rising signal. The slope of the linear rising signal
(k) and the peak voltage of the signal has to be selected in
advance. Six different slopes were selected. Breakdown voltage
was defined as the voltage at the moment tbr when sudden
increase of transmembrane current was observed. Time of
breakdown tbr was defined as a lifetime of the lipid bilayer at a
chosen slope of the linear rising signal (Fig. 2).


2.4. Statistics


To compare breakdown voltages and specific membrane
capacitances of the lipid bilayers exposed to voltage signals of
different slopes (k) Kruskal–Wallis, one-way analysis of
variance on ranks test was used. All pairwise multiple
comparisons were made by Tukey's test. Descriptive statistics
include mean value and standard deviation.

Fig. 3. Electric circuits: (A) system without lipid bilayer and salt solution; (B)
system with planar lipid bilayer and salt solution.

Using nonlinear regression, a two-parameter curve was fitted
to the data


U ¼ a


1−e−t=b
; ð4Þ


where U was Ubr measured at different slopes, t was
corresponding tbr, and a and b are two parameters. Parameter
a is an asymptote of the curve, which corresponds to minimal
breakdown voltage UbrMIN for specific bilayer. Parameter b
governs the inclination of the curve.


3. Results


Mean specific membrane capacitances (c) and mean break-
down voltages (Ubr) of the lipid bilayers with their standard
deviations for six different slopes (k) are given in Table 1. Specific
membrane capacitances of membranes exposed to linear rising
signal of different slopes (k) were in the same range; no
statistically significant difference was obtained between different
experimental groups. The c for all bilayers included in the study
was measured to be 0.5±0.1 μF/cm2.


Breakdown voltage Ubr increased with increasing slope of
the linear rising voltage signal.Ubr measured at slope 4.8 kV/s is
not statistically different from Ubr measured at slope 5.5 kV/s

Fig. 4. The breakdown voltage (Ubr) (black dots) of lipid bilayers as a function of
lifetime tbr. The gray lines on the figure show six different slopes (k) of applied
liner rising voltage signal. Black dashed curve represents two parameters
equation fitted to data (Eq. (4)). An asymptote of the curve (a) with the value of
0.49 V corresponds to minimal breakdown voltage UbrMIN for lipid bilayers
made of POPC.
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(p=0.009) and it is not statistically different from Ubr measured
at slope 7.8 kV/s (p=0.305). Ubr measured at slope 5.5 kV/s is
not statistically different from Ubr measured at slope 7.8 kV/s
(p=0.941). Also Ubr measured at slopes 16.7 kV/s and 21.6 kV/
s are not statistically different (p=0.872). All other pairwise
multiple comparisons exhibited pb0.001; these means that Ubr


of all other experimental groups differ significantly.
The data are also presented in graphical form (Fig. 4). The


parameters a and b of the curve (4) are 0.49 V and 14.77 μs,
respectively. An asymptote of the curve (a) with the value of
0.49 V is considered as minimal breakdown voltage UbrMIN for
lipid bilayers made of POPC.


4. Discussion


Breakdown voltage is one of themost important properties of a
lipid bilayer when biomedical and biotechnological applications
of electroporation are under consideration. Although planar lipid
bilayer differs in a number of characteristics from the biological
membrane, it is believed that general picture of the electroporation
is the same [16]. The aim of this study was to present a different
measuring protocol for determination of the lipid bilayer
breakdown voltage, which would avoid multiple exposure of
the lipid bilayer to a voltage stress.


According to our measuring protocol, each lipid bilayer is
exposed to voltage signal only twice. First bilayer capacitance is
determined by a rectangular voltage signal of 0.30 V.
Capacitance measurement reveals an intact lipid bilayer before
inducing its breakdown. In the next step, lipid bilayer
breakdown is induced by linear rising voltage signal.


Evans et al. used similar approach in their experiments on lipid
vesicles [17]. They applied tension at different loading rates and
they found out that tension needed for membrane rupture
increases with increasing loading rate. These results are in line
with the results of our study, with different stimulating signal. On
the other hand, Satkauskas et al. compared effectiveness of
different electrochemotherapy protocols in vivo on mice [18].
They used different durations and amplitudes of rectangular
voltage pulses and observed nonlinear dependence between
amplitude (strength) and duration of the signal for the same
electrochemotherapy effectiveness.


In our study, we selected six different slopes of linear rising
voltage signal due to already known experimental evidence that
lipid bilayer lifetime is dependent on the applied voltage [12,19]
and that the lipid bilayer breakdown voltage is dependent on the
lipid bilayer pre-treatment [13]. Our results show that lifetime of
lipid bilayer depends on the slope of linear rising voltage signal
and that also the breakdown voltage is a function of the slope of
the linear rising voltage signal; it increases with increasing slope.
This is comparable to results obtained by Evans et al. [17].
According to theoretical model proposed by Joshi and Schoen-
bach [20], the pore generation rate depends exponentially on the
membrane voltage; therefore, in the case of steep voltage signal,
breakdown voltage was achieved after shorter pre-treatment. On
the other hand, also because of shorter pre-treatment of the lipid
bilayer in the case of steep voltage signal the corresponding
breakdown voltage was higher. Strength-duration two-parameter

curve (Eq. (4)) was fitted to experimental data and an asymptote
corresponded to minimal breakdown voltage UbrMIN of specific
lipid bilayer (POPC).


Troiano et al. [12] have used the same lipids (POPC) in their
experimental studies. With considerably long rectangular voltage
pulses (10 s), they had detected breakdown voltage of 0.17V. This
value however is much lower then the UbrMIN obtained in our
study (0.49 V). Because the entire pre-treatment (number of
applied voltage pulses) of the lipid bilayers in their experiments is
not known, it is possible that much low breakdown voltage was
detected.


Based on our results, we suggest determination of lipid bilayer
breakdown voltage by linear rising signal. Better reproducibility
and lower scattering are obtained due to fact that each bilayer is
exposed to electroporation treatment only once. Moreover, mini-
mal breakdownvoltage for specific lipid bilayer canbe determined.
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Abstract


Interfacial tension has been determined for phosphatidylcholine–stearic acid and phosphatidylcholine–stearylamine membranes.
Phosphatidylcholine, stearic acid and stearylamine were used in the experimental. The interfacial tension values of the pure components are
1.62×10−3 N/m, − 1.54×10−2 N/m and 4.40×10−3 N/m (hypothetical values), respectively. The 1:1 complexes were formed during formation of
phosphatidylcholine–stearic acid and phosphatidylcholine–stearylamine membranes. The following parameters describing the complexes were
determined: the surface concentrations of the lipid membranes formed from these complexes, A3


−1, the interfacial tensions of such membranes, γ3
and the stability constants of these complexes, K.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Interfacial tension; Phosphatidylcholine; Stearic acid; Stearylamine; Complex 1:1

1. Introduction


The physico–chemical studies of the phospholipids-fatty acid
mixture may have an additional significance other than the
interest in relation to the alteration of membrane function caused
by fatty acid. Phospholipids — the major building blocks of
most biomembranes have two fatty acids themselves, which are
esterified to glycerol. The interaction between different acyl
chains within a phospholipid molecule or among the different
phospholipids molecules in the bilayer should determine the
physical properties of biomembranes. The study of the phase
behaviour of the hydrated bilayer, composed of a phospholipid-
fatty acid mixture would be useful to understand the acyl–acyl
interactions playing such an important role in phospholipids
bilayers [1].

⁎ Corresponding author. Laboratory of Electrochemical Power Sources,
Faculty of Chemistry, University of Warsaw, Pasteur St. 1, 02-093 Warsaw,
Poland.
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The phase behaviour of the phospholipid-fatty acid mixtures
most extensively studied so far are concerned with the mixture
of diacylphosphatidylcholine and saturated fatty acids with
C14–C18 chain lengths, in which the phase diagrams over the
whole composition range have been reported for some mixture
systems [2–6]. All the phase diagrams have exhibited the
formation of a molecular compound (or phase compound) in the
gel phase with the stoichiometry of diacylphosphatidylcholine:
fatty acid=1:2, which means that a strong attractive interaction
acts between the two components in the gel phase bilayer.
Although an agreement is documented for complex formation,
there seems to be a discrepancy in a reported phase diagram for
the composition ranges of both low and high fatty acid
concentrations [2,3,5].


The mixture of phospholipid and fatty acid was examined as
well as three-dimensional (3D) system as monolayers. The
observed acid–base equilibria are very sensitive on the change
of many parameters such as: temperature, concentration, ionic
strength, electric field, molecular interaction and dynamics of
phases [7]. Torosian and Lemberger investigated mixed
monolayers of fatty acids with phosphatidylcholine at the air/
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water interface. They stated that both substances mix com-
pletely when subphase pH was in the range of 5.5–6.0. Then,
carboxylic acids were mainly protonated [8].


The mixtures of lecithins with acids of different chain length
(C12–C20) were examined by calorimetric method and X-ray
diffraction as three-dimensional system [9,10]. The existence of
1:2 complex (L:FA) was proved as a result of strong hydrogen
bonding between chains and polar group of lecithin [11]. There
is a minimum of Gibbs's energy at such composition of
complex.


In this work, the interfacial tension of the phosphatidyl-
choline (PC, lecithin)–stearic acid (SA) and phosphatidyl-
choline–stearylamine (ST) membranes were determined within
all the composition range where the bilayer formation was
possible.


The aim of these investigations were to study the mixed
phosphatidylcholine–stearic acid and phosphatidylcholine–
stearylamine bilayer, characterize the molecular interaction
between phospholipids and fatty acids and between phospho-
lipids and amine plus a comparison of the properties of these
systems: stability constants of the formed complexes and
surface areas occupied by pure membrane components. We
would like to emphasize that the values of the stability constants
of lipid-fatty acid and lipid–amine complexes are reported for
the first time.


2. Theory


In the case where the membrane components form a 1:1
complex (compound 3), interaction in the membrane can be
described by the following system of equations [12–14]:


g1a1A1 þ g2a2A2 þ g3a3A3 ¼ g


K ¼ a3
a1d a2


a1 þ a3
a1 þ a2 þ 2a3


¼ x1


x1 þ x2 ¼ 1


where:


A1, A2, A3 [m2] — area occupied by compound 1, 2 and
complex 3, respectively;


a1, a2, a3 [mol m−2] — surface concentration of 1, 2 and
complex 3, respectively;
γ1, γ2, γ3 [N m−1] — interfacial tension of the membrane


built of component 1, 2 and complex 3, respectively;
γ [N m−1] — measured interfacial tension of the membrane;


x1, x2 — molar fraction of component 1 and 2 in the solution

forming membrane, respectively;
K — stability constant of compound 3.

Elimination of a1, a2, a3 yields the basic equation:


½ðg−g1ÞB2x1 þ ðg−g2ÞB1x2�½ðg3−g1ÞB2x1
þðg3−g2ÞB1x2 þ ðg1−g2Þðx1−x2Þ�


¼ KA−1
3 B1B2½ðg−g1Þðx2−x1Þ


þðg3−gÞB1x2�½ðg−g2Þðx1−x2Þ þ ðg3−gÞB2x1�
ð1Þ


where:


B1 ¼ A3


A1
;


B2 ¼ A3


A2
:


Eq. (1) is the equation of second degree with respect to γ, to
the complex composition as well as with respect to the
constants: γ1, γ2, γ3, B1, B2. Opening of parentheses results in
a great complexity of the equation, and is troublesome when
directly applied to the determination of constants. The constants
mentioned above can be determined in individual cases using
simplified forms of this equation.


Eq. (1) may be simplified taking into account the high
stability constant of the complex. With this assumption, it
represents a straight line for small x2 values (x2bx1):


ðg1−gÞ
x1−x2
x2


¼ −B1g3 þ B1g ð2Þ


while for the high x2 (x2Nx1) values it can represent another
straight line:


ðg2−gÞ
x2−x1
x1


¼ −B2g3 þ B2g ð3Þ


Eq. (1) can be simplified in some other way. In the case
where x1=x2, it assumes the form [13,14]:


KðA−1
1 Þ2ðA−1


2 Þ2ðA−1
3 Þ−1ðg−g3Þ2


¼ ½g2A−1
1 þ g1A


−1
2 −gðA−1


1 þ A−1
2 Þ�ðg2A−1


1 þ g1A
−1
2 Þ


−½g2A−1
1 þ g1A


−1
2 −gðA−1


1 þ A−1
2 Þ�ðA−1


1 þ A−1
2 Þg3


ð4Þ


The parameters describing the complex determined from
Eqs. (1) and (4) could be applied to present the agreement of the
Eq. (4) with the experimental data using Eq. (5):


KA−1
1 A−1


2 ða1þa2Þða3−a1Þg2þ½KA−1
1 A−1


2 ðg1a1−g3a3Þða1 þ a2Þ
−KA−1


1 A−1
2 ðg2a1−g3a2Þða3−a1Þ þ a4A


−1
3 ða3 þ a2Þ�g


þKA−1
1 A−1


2 a3g3ðg3a2 þ g1a2Þ−KA−1
1 A−1


2 a1g1ða1g2 þ a2g3Þ
−a4A−1


3 ðg2a3 þ g1a2Þ ¼ 0


ð5Þ
where:


a1 ¼ A−1
3 ðx2−x1Þ
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Fig. 1. The interfacial tension γ of the phosphatidylcholine–stearic acid (a) and
phosphatidylcholine–stearylamine (b) membranes as a molar fraction of stearic
acid or stearylamine x2 (the experimental values are marked by points and the
theoretical ones by curves).
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a2 ¼ A−1
2 x1


a3 ¼ A−1
1 x2


a4 ¼ ½A−1
3 ðg1−g2Þðx2−x1Þ þ ðg1−g3Þx1A−1


2 þ ðg2−g3Þx2A−1
1 �


3. Materials and methods


The interfacial tension, γ, of the lipid bilayer was determined
by measuring the curvature radius, R, of the convex surface
formed by applying a pressure difference, Δp, on its sides. The
method used was based on Young and Laplace's equation [15].


2g ¼ RDp:


The apparatus and the measurement method were described
in previous papers [12,14,16]. The lipid membranes were
formed by the Mueller–Rudin method [17]. The interfacial
tension was measured on a freshly created lipid bilayer mem-
brane for 12–15 times for each concentration. For each mem-
brane, about 10 instrument readings were made for each of the
lipid spherical cap diameters, formed by a pressure difference
applied on both sides. These measurements were made within
the whole range: from very low values of the lipid spherical cap
diameter to those almost equal to the Teflon element radius.
From all of instrument readings (100–150), the arithmetic mean
and standard deviation were enumerated. Measurements with
preparation of the electrolyte solution were made 2–3 times in
order to test the repeatability of these determinations.


The solution used to form the model membrane contained
20 mg/ml of choice substances (PC, stearic acid, stearylamine)
in solution (n-decane, chloroform).


3-sn-phosphatidylcholine (99%) from Fluka was used in the
experiment; it had been isolated from a hen egg yolk. Lecithin
was dissolved in chloroform and the solvent was evaporated in
an argon medium and the residue was dissolved in n-decane.


Stearic acid (97%) from Fluka and stearylamine (98%) made
by Sigma were used in the experiment and were dissolved in
chloroform.


0.1 mol dm−3 potassium chloride solutions were used as an
electrolyte. The solutions were prepared using triply distilled
water and KCl produced by POCh (Poland). KCl was analytical
grade and was roasted prior to use at 600 °C for 2 h to remove
organic impurities.

4. Results and discussion


The effect of the presence of stearic acid or stearylamine on
interfacial tension of the membranes formed using phosphati-
dylcholine was studied. The resulting curves deviate from
linearity indicating that some bonds are formed in the
membrane. A 1:1 complex formation was assumed. The de-
pendence of interfacial tension of the lipid membrane as a
function of composition was studied at room temperature (293±
2 K) in all the feasible concentration range. The interfacial

tension values reported in this paper refer to the two sides of the
bilayer membrane surface area unit.


The dependences of interfacial tension of the PC–SA and
PC–ST membranes are presented in Fig. 1 as a molar fraction of
stearic acid or stearylamine. The dependences of interfacial
tension of lipid membranes formed from the PC–SA and PC–
ST systems were evaluated as a function of the composition
with up to 70% and 60% content of stearic acid and steary-
lamine, respectively. Only in range of concentration, in fact, the
bilayer membrane formation was possible.


The interfacial tension value of pure lecithin membrane
(component 1), γ1 was measured directly and presented earlier
[12], which is equal to 1.62×10−3 N m−1. There is no accurate
literature data on interfacial tension values for the pure com-
ponent 2 (stearic acid or stearylamine), because these compo-
nents do not form the bilayer membrane. However in order to
characterize the course of the experimental curves, the γ2 value
for the pure components are necessary, which will be used in the
calculations. In this case, the interfacial tension hypothetical
values for membranes built from stearic acid and stearylamine
were determined adjusting the experimental curve with the
polynomial of the other mark extrapolating the x2=1 value,
which is presented in Fig. 2. The interfacial tension values
obtained in this way for pure stearylamine and stearic acid are
equal to 4.40×10−3 Nm−1 and−1.54×10−2 Nm−1. A negative
value of interfacial tension for the membrane built from the pure
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Fig. 2. A plot illustrating a method for evaluating γ2 for phosphatidylcholine–
stearic acid (a) and phosphatidylcholine–stearylamine (b) systems.
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stearic acid is pointing to the fact that it is not possible to create
the bilayer membrane from pure stearic acid. The thermody-
namic potential for this bilayer would have a negative value, i.e.
the bilayer is not forming.


The stearylamine membrane interfacial tension value is
positive. However, due to the fact that the forming solution with
more than 60% of stearylamine was granulated in the solution, it
is not possible to create a bilayer lipid membrane from the pure
component.


The other constants B1, B2, γ3 were determined assuming
that the value of the stability constant of the PC–SA and PC–ST
complexes were sufficient to be simplified i.e. Eqs. (1), (2) and
(3). Knowing the B1, B2 constants, which were determined from
Eqs. (2) and (3) it was possible to calculate the interfacial
tension values of the PC–SA and PC–ST complexes, γ3. The
mean values are equal to 7.16×10−3 N m−1 for PC–stearic acid
and 6.04×10−3 N m−1 for PC–stearylamine.


The interfacial tension value determined as a function of the
composition, it made it possible to determine the surface con-
centrations of the membranes composed of pure components.
At least one of them is necessary for the determination of the
A3
−1 value. The surface area occupied by a lecithin molecule


equal to 85 Å2 was determined in the previous work [18]. The
surface area occupied by stearic acid and stearylamine is identi-
cal and equal to 19 Å2 [19]. As mentioned earlier, the fatty acid
forms a dimer [11,20,21]; therefore the surface area occupied by
stearic acid is equal to 38 Å2.

Knowing the A1
−1 and A2


−1 as well as B1 and B2 values, the
surface concentration of the membrane composed of the
lecithin–stearic acid and lecithin–stearylamine complexes
could be determined. The resulting surface concentration
value, A3


−1 for the PC–SA and PC–ST complexes were equal
to 8.88×10−7 mol m−2 and 1.19×10−6 mol m−2, respectively.
It made it possible to determine the area occupied by one
lecithin–stearic acid and lecithin–stearylamine complex, which
were valued to be 187 and 140 Å2, respectively. Values obtained
by us from the present work of the surface occupied by similar
complexes were 187 Å2 for the PC–stearic acid complex and
140 Å2 with the PC–stearylamine complex. These are much
bigger than the amount of the surface area occupied by each
component of the complexes. It is probably connected with the
arrangement of lecithin molecules in such complex and also
connected with the structural construction of such complexes.
In this paper [22] we suggested the arrangement of the lecithin
molecules in a bilayer membrane at pHN5. In these media, one
particle from the lecithin molecules in the bilayer (orientated in
this way), has two straightened chains; however, the next
molecule of lecithin has one straightened and another chain
fastened to the membrane surface. An association of ions occurs
in such conditions with OH− from the electrolyte solution. How
these ions were characterized was previously reported [22]:
these ions are strongly solvated and they produce a separation of
lecithin particles in the bilayer which is an influence upon the
increasing surface occupied by the single molecule of lecithin.


The only values to be determined were the stability constants
of the PC–fatty acid and PC–amine complexes. It could be
determined from Eq. (4) when x1=x2=0.5; these parameters
amount to 2.18×109 and 1.38×107 m2 mol−1, respectively.
During the course of our investigations, we assumed the
formation of PC–stearic acid and PC–stearylamine complexes.
These complexes arise by producing a connection between the
−NðþÞðCH3Þ3group from the molecule of lecithin and –COO(−)


groups from dimmer of stearic acid, in the case of the complex
PC–stearic acid, and between the –PO(−) group from lecithin
and −NðþÞ H3 group from stearylamine. The dissociation
constants of the −NðþÞðCH3Þ3 group from PC and –COO(−)


groups from the dimer of stearic acid are equal 10−5.7 [18] and
about 10−5 [23], respectively. It should be noted that the
dissociation constants of ––PO(−) group from PC and −NðþÞ H3


group from stearylamine are equal 10−2.6 [18] and about 10−10


[23], respectively. Therefore the connection between PC and
stearic acid will be stronger and it is possible to expect that the
stability constant of the PC–stearic acid will be higher than the
stability constant of the PC–stearylamine complex.


These parameters describing these complexes determined
from Eqs. (1) and (4) were in agreement with Eq. (1); i.e. data
(solid lines) with the experimental data (points) in Fig. 1 using
Eq. (5). As it is a square equation, this equation can yield two
solutions. The values yielding a better agreement of the experi-
mental points with equations describing complex formation be-
tween membrane lipid components were chosen.


The experimental values in Fig. 1 are marked by points, and
the theoretical ones obtained from Eq. (5) by lines. It can be
seen from this figure that there is a good agreement between







32 A.D. Petelska et al. / Bioelectrochemistry 70 (2007) 28–32

experimental and theoretical points, which verifies the assump-
tion of formation of a 1:1 phosphatidylcholine–stearic acid and
phosphatidylcholine–stearylamine complex in the lipid mem-
brane. Good agreement of the experimental and theoretical
points verifies the assumption of the correct choice of the γ2
values for components of the membrane.


5. Conclusion


The following conclusions can be drawn on the ground of the
parameters describing the complexes studied:


1. The stability constant of the PC–stearic acid complex is
2.18×109 m2 mol−1, whereas the stability constant of the
PC–stearylamine complex is equal 1.38×107 m2 mol−1.
High values confirm the legitimacy of simplifying Eq. (1).
The values of the stability constants of the lipid-fatty acid and
lipid–stearylamine complexes are reported for the first time.
It can be observed that the stability constants of the fatty acid-
containing complex are higher. Thus, the PC–stearic acid
complex is more stable than the PC–stearylamine complex.


2. The experimental area occupied by one PC–stearic acid
complex is 187 Å2, whereas the area occupied by the PC–
stearylamine complex is equal to 140 Å2.


3. Good agreement of the experimental and theoretical points
verifies the assumption of formation of a 1:1 complex in the
lipid membrane. A lack of variances between points indicates
that complexes at different stoichiometries or associates are
not possible in the PC–stearic acid or PC–stearylamine
membranes.
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Abstract


In this work the effect of temperature and n-dodecyl-β-D-maltoside (DM) on PSII complexes organization was investigated. An aggregation
process of PSII monomers and dimers was documented at different temperatures and low DM concentration by steady-state fluorescence,
absorption, circular dichroism, Rayleigh and dynamic light-scattering experiments. Measures of oxygen evolution enabled us to estimate the
change in photoactivity of PSII during the aggregation. This process was found to be extensively reversed by increasing DM concentration as
proved by means of steady-state fluorescence and dynamic light-scattering experiments.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


Photosystem II (PSII) is a large supramolecular pigment–
protein complex which converts light energy into the electro-
chemical energy required for the water oxidation. It is
embedded in the lipid matrix of the thylakoid membrane and
it is constituted by more than 25 proteic subunits [1,2]. At least
nine of them interact in the reduction process of plastoquinone
and in the oxygen evolution: the main subunits are D1, D2, the
cytochrome b559 dimer, CP47 and CP43. The remaining three
extrinsic polypeptides having molecular masses of 33, 23 and
17 kDa constitute the “oxygen evolving complex” (OEC)
together with the manganese cluster. Other subunits act as
antenna to harvest light in cooperation with the LHCII complex,
which binds about 50–65% of the total amount of chlorophylls
a and b (Chl a and b) and other pigments such as carotenoids
[1,3]. All these pigments work as light collectors transferring
light energy to the PSII reaction centre (RC).
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Several methods have been optimised to extract and purify
PSII complexes from higher plants and it is widely accepted that
PSII can exist, in vivo, both in a monomeric and in a dimeric
aggregation state [4–6]. These two states are both functional
and active, and there are evidences that for spinach the dimeric
form is more efficient [7]. The stability and the functionality of
the dimeric state can be affected by several factors: for example
in literature data report the importance of phosphatidylglicerol
(PG) [4], of the extrinsic 33 kDa protein, of phosphorylation [6],
as well as of osmo-protectors [7] in stabilizing PSII dimers.
Moreover it is largely documented [8–15] that several
membrane complexes are functionally active in their oligomeric
form and that aggregation processes can be influenced by
temperature and detergent treatment [16,17].


Studies on the factors involved in photosynthetic protein
aggregation and stabilization are therefore important in order to
understand the specific photosynthetic mechanisms and to find
biotechnology applications in environmental and energetic
fields [18–21]. In this paper an aggregation process of PSII
monomers and dimers obtained from spinach leaves was
evidenced. This phenomenon resulted to be thermally activated
and affected by concentration of n-dodecyl-β-D-maltoside
(DM) detergent, used for the isolation of PSII core monomers
and dimers.
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In particular macroaggregates with dimension of about
1 μm were obtained in less than 2 h both for PSII monomers
and dimers at low DM concentration, as clearly documented
by dynamic light-scattering measures. Oxygen evolution rate
experiments evidenced that PSII aggregates retained about
30% of their initial activity, indicating that the oxygen
evolving complex was not completely damaged during the
aggregation process, which was found to be extensively
reversed by increasing DM concentration, as proved by means
of steady-state fluorescence and dynamic light-scattering
experiments.


2. Materials and methods


2.1. Isolation of chloroplasts, thylakoids, membrane fractions
enriched in PSII (BBYs), OG–core complexes, PSII core
monomers and dimers


Chloroplasts, thylakoids, membrane fractions enriched in
PSII (BBYs), OG–core complexes (that is PSII complexes
stabilized by n-octyl-β-D-glucopyranoside), as well as purified
monomeric and dimeric PSII core complexes, were isolated
from market spinach according to Hankamer's procedure [22–
25]. Briefly, chloroplasts were obtained from spinach leaves by
differential centrifugation and thylakoids from chloroplasts by
their rupture in a hypotonic solution. Thylakoids were
solubilized with Triton X-100 (Sigma) in order to extract
PSII-enriched membranes (BBYs). These last membranes were
solubilized with n-octyl-β-D-glucopyranoside (Sigma) to detach
the LHCII proteins from the PSII core (OG–core complexes).
Sucrose gradients, supplemented with n-dodecyl-β-D-maltoside
(Sigma), were employed to obtain oxygen evolving PSII core
monomers and dimers which lack of the 23 and 17 kDa extrinsic
proteins and the CP29, CP26, CP24 chlorophyll binding
proteins. The PSII samples were kept at 4 °C.


PSII monomer and dimer samples obtained from spinach
leaves were diluted in an aqueous buffer (MNCB) composed of
[2-N-morpholin]ethane-sulfonic acid (MES) 25 mM, NaCl
10 mM, CaCl2 5 mM, NaHCO3 10 mM; the concentration of
PSII monomer and dimer samples was estimated as Chl mg/ml
[26]. In this study the concentration of chlorophyll used for
absorption, fluorescence, RLS and DLS measurements was
0.015 mg/ml, while for CD experiments was 0.005 mg/ml.


2.2. Absorption spectra measurements


Visible absorption spectra were recorded using a Varian
CARY/3 spectrophotometer using 1 cm path length quartz cells.


2.3. Steady-state fluorescence and Rayleigh light-scattering
measurements


Fluorescence measurements were realized using a Varian
Cary Eclipse spectrofluorimeter. Resonance light-scattering
(RLS) spectra were obtained on a Jasco mod. FP-750
spectrofluorimeter, according to a synchronous scan protocol
with a right angle geometry [27].

For the experiments, 1 cm path length quartz cells were used;
in case of highly scattering samples, neutral density filters were
set in the excitation path (optical density 0.8). The emission and
resonance light-scattering spectra were not corrected for the
absorption of the samples.


2.4. CD measurements


Circular dichroism spectra were recorded on a JASCO J-810
spectropolarimeter investigating the range 200–800 nm and
using 1 cm path length quartz cells.


2.5. DLS measurements


DLS experiments were performed by means of a 25 mW
polarized laser source Nd:YAG (532 nm). The scattered light
was collected at 90°, in a self-beating mode, through an optical
fiber matched with Hamamatsu R942 photomultiplier cooled at
−30 °C. The signal was sent to a Malvern 4700 submicrometer
particle analyzer system and the intensity–intensity correlation
function g2(t) was measured in the range 0.1 ms<τ<1 s, using a
typical acquisition time of 200 s. The investigated samples were
placed in a Burchard cylindrical quartz cell (Hellma) and
thermostated by a homemade water-circulating system.


Information on particle size in solution can be obtained
measuring the diffusion coefficient D by means of the scattered
electric field correlation function g1(t):


g1ðtÞ~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðtÞ−1


p
¼ expð−t=sÞ


with τ=1 / (Dq2).
The hydrodynamic radius is calculated using the Einstein–


Stokes relation [28]:


RH ¼ ðKBTÞ=ð6pgDcÞ
with η the solvent viscosity, T the temperature, KB the
Boltzmann constant and q the exchanged momentum of the
scattered light.


In the case of a polydisperse sample, the correlation function
is a superposition of exponential functions with different decay
rates.


g1ðtÞ ¼
Z


sAðsÞexpð−t=sÞdðlnsÞ


The distribution of these decay rates can be obtained through
a Laplace inversion of the field correlation function g1(t). To
perform this inversion procedure we used a discrete multi-
exponential nonnegative least-squares fit to (NNLS).


2.6. Oxygen evolution rate measurements


Oxygen evolution rates were obtained by means of a
composite oxygraphic device by Rank Brothers. Experiments
were conducted under nitrogen flux at room temperature, by
adding 0.04 mmol of the oxidizing reagent 2,5-dichloro-p-
benzoquinine (DCBQ) per mg of chlorophyll to samples and
illuminating by an optical fiber with a lamp at 150 Watt (lamp







Fig. 2. Time evolution of PSII monomer Rayleigh light-scattering at 25 °C: it is
evident an increase of the 515 nm peak intensity. Continuous line represents the
fluorescence emission spectrum at zero-time; the dashed line is the spectrum 2 h
later; the dotted line is the spectrum 3 h later.
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temperature 3 200 K). Values of about 400 μmol O2/h mg chl
were obtained for freshly prepared PSII complexes.


3. Results and discussion


Fig. 1 shows the time evolution of steady-state emission
spectra of PSII monomer complexes in the course of 2 h. The
emission spectra show a characteristic band at 683 nm and a
shoulder at 740 nm, which most probably originated from a
vibrational sublevel as reported in literature [29–31]. For PSII
monomer sample, a decrease in fluorescence intensity with time
at 25 °C is observed. Dimers show the same emission spectra
than monomers but a more rapid decrease in 683 nm
fluorescence intensity with time (inset Fig. 1). In fact after 2 h
the fluorescence intensity is reduced by about 35% for
monomers and about 60% for dimers.


Since chlorophyll a fluorescence quenching has been
reported to take place exclusively in the LHCII aggregates
[32], our results could suggest that an aggregation process is
occurring in PSII samples and that this process is favoured for
dimer preparations. Rayleigh light-scattering measurements
confirm the presence of aggregates. Fig. 2 shows that PSII
monomer Rayleigh scattering peak intensity (515 nm) increases
as a function of time, because of the increasing dimension of
scattering objects, due to the occurring of an aggregation
process [17,33,34]. PSII dimers produce the same behaviour of
PSII monomers (data not shown), suggesting that also PSII
dimers are involved in aggregation processes. In both cases after
2 h no significant changes in the RLS spectra occur suggesting
that the aggregation processes reach its completeness by this
time interval.


Measurements of dynamic light-scattering gave information
about the time evolution of the hydrodynamic radii for both
PSII monomers and dimers. Hydrodynamic radii were calcu-
lated by the analysis of the correlation function. These
experiments were performed at different temperatures. From
Fig. 3 it is evident that increasing of temperatures enhances the

Fig. 1. Decrease in PSII monomer fluorescence intensity with time at 25 °C.
Continuous line represents the fluorescence emission spectrum at zero-time
(when samples reach 25 °C); the dashed line is the spectrum 1 h later; the dotted
line is the spectrum 2 h later. The inset shows the fluorescence emission intensity
% of PSII dimers at 683 nm, as a function of time, at 25 °C; the values are
normalized with respect to the initial intensity.

aggregation process and that at a fixed temperature the
aggregation kinetic is faster for dimers than for monomers as
evidenced also by fluorescence experiments. After about 2 h,
aggregates of micrometric dimensions are obtained. All these
results confirm the existence of the aggregation process and
indicate that it is somehow thermo-activated.


In general protein aggregation processes require either
domain rearrangements or partial unfolding of the protein
environment [17,35]. Therefore, in order to gain additional
structural information about PSII aggregates, absorption and
circular dichroism measurements were performed. PSII mono-
mer visible absorption spectra are reported in Fig. 4. The spectra
show typical absorption peaks at 674 and 436 nm contributed
by chlorophyll a and shoulders in the range 450–550 nm
originated from carotenoids and luteine [36–40]. As shown in
Fig. 4a a slight decrease in amplitude of absorption peaks with
time, together with a small blue shift (about 1 nm) of the
chlorophyll a red band, is observable. PSII dimers behave as
monomers (Fig. 4b), although the ratio A674/A436, constant for
monomers, decreased by 11% in time for dimer samples.

Fig. 3. Time evolution of calculated hydrodynamic radii for PSII monomers and
dimers from DLS experiments at 5 °C and 24 °C (lines are guides to read the
graph).







Fig. 6. Fluorescence intensity at 683 nm of PSII monomer aggregates at 25 °C,
as a function of DM concentration.


Fig. 4. Absorption spectra of PSII monomer (a) and dimer (b) samples at zero-
time (continuous line) and 2 h later (dashed line).
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Moreover the blue shift, observed for monomers, is absent
for dimer samples. Generally slight blue shifts of chlorophyll a
absorption peaks are related to small microenvironment changes
around the pigment molecules [14]. In our cases the small
change in absorbance maxima both for monomers and dimers
suggests that little chlorophyll a molecular structure modifica-
tion occurs during aggregation process. Moreover, the reduction
of absorption intensity of carotenoids shoulder, more pro-
nounced for PSII dimer samples, could be related to a loose of
the PSII carotenoids or to a change in the microenvironment
around PSII carotenoids, as confirmed by circular dichroism
spectra of PSII (Fig. 5).


The visible CD spectroscopy is very useful to probe the
pigment–pigment and/or pigment–protein interactions
[7,41,42]. In Fig. 5, the CD spectra of PSII monomer (a) and
dimer (b) samples are reported. For both samples, in the 660–
700 nm region a doublet signal is evident, with a negative peak
at about 684 nm and a positive peak at about 671 nm, which is

Fig. 5. CD spectra of PSII monomer (a) and dimer (b) samples at zero-time
(continuous line) and 2 h later (dashed line).

due to the excitonic coupling interaction of chlorophyll a in PSII
[14,36]. In the Soret region the two negative signals at about
439 and 454 nm are due to chlorophyll a and β-carotene
respectively, while the positive ones at about 386 and 411 nm
are related to chlorophyll a [14,36]. In the CD spectrum of PSII
dimer at zero-time, a positive peak at about 507 nm is also
visible. Literature reports assign it to carotenoids [14,36]. This
suggests that very little differences in the microenvironment
around carotenoids occur in PSII dimer preparation with respect
to monomers, whose CD spectrum does not show the signal at
507 nm. Moreover little differences are present also in the red
region of the spectra. In fact a more symmetrical splitting of the
two bands and their slight red shift (with negative peak at
686 nm and positive ones at 672 for dimers at zero-time) is
observable for dimer. This seems to indicate the presence of a
slightly higher and uniform chlorophyll–chlorophyll dipole
coupling in PSII dimer preparations. As reported before
conformational structures are important in aggregative

Fig. 7. Average hydrodynamic radius of the PSII aggregates before and after the
addition of DM.







Fig. 8. Amplitude of the spectral radius distributions of the samples indicated by
letters in Fig. 7.
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processes, so the little conformational differences observed in
the case of dimers could facilitate their aggregation process and
therefore, explain the faster dimer assembly growth, as
evidenced by fluorescence and DLS measurements (Figs. 1
and 3).


However such CD differences disappear in time. The dimer
CD spectra recorded after 2 h show in fact a slight blue shifted
non-symmetrical splitting with a negative peak at 683 nm and
positive peak at 671 nm, which is similar to the monomer ones
recorded after 2 h. Therefore the pigment–pigment and
pigment–protein interactions seem to be the same in both
aggregates which show little chlorophylls and carotenoids
microenvironment modifications. Such slight structural rear-
rangements may affect the efficiency of energy transfer among
pigments and justify the fluorescence quenching as discussed
by Grudzinski et al. [32].


Measures of oxygen evolution rates evidenced that during
the aggregation process PSII complexes retained about 30% of
their activity. This indicates that although some damage can
occur to PSII subunits during the growth of the aggregates, the
assemblies retain part of their activity and functionality.


In this work, as previously reported, PSII core dimers and
monomers were isolated from thylakoid membranes by sucrose
density gradient centrifugation in the presence of DM. However
since PSII samples were subjected to dilutions DM concentra-
tion cannot be known exactly. Reports refer to the importance of
DM in affecting the oligomeric state of LHCII complexes [32],
so it is plausible that DM plays an important role in the case of
PSII aggregation.


In order to investigate the effect of n-dodecyl-β-D-maltoside
(DM) on PSII aggregation process, samples containing
aggregates of PSII were treated with DM and then steady-
state emission spectra were recorded at different detergent
concentrations (Fig. 6). As a result an increment of fluorescence
intensity at 683 nm was observed increasing DM concentration
both for monomers and dimers. This suggests that DM has a
disaggregating effect on PSII assemblies.


The effect of DM on PSII aggregation state was then
observed by means of a dynamic light-scattering experiment in
which PSII aggregate growth process was followed in about 2 h;
then an injection of DM was realized on the sample under
investigation, obtaining a concentration of 1.5 mM (lower than
cmc value of 1.7 mM). As a result it can be observed that a
drastic decrease of the average hydrodynamic radius of PSII
aggregates occurs after DM addition (Fig. 7). Further addition
of DM at concentration 15 mM brings about a slight reduction
of complexes dimensions. Fig. 8 reports the hydrodynamic
radius distribution for the scattering objects. At the beginning of
the aggregative process it is possible to observe three
distribution peaks, so different populations of aggregates are
present. After about 2 h 92% of the DLS spectrum corresponds
to aggregates with an average hydrodynamic radius of about
1 μm. The DM addition (1.5 mM) causes a decrease of this
super-aggregate and an increase of aggregates with smaller
dimensions (about 130 nm), present in little amount at the start
of the aggregative process. Subsequent addition of DM
(15 mM) promotes further disaggregating processes, as

evidenced by the relative distribution peaks. The peak at
3 nm, present in the distribution curves (d) and (e) of Fig. 7, is
the contribution from DM micelles.


4. Conclusions


In this work data show that for PSII monomer and dimer
complexes at room temperature and at low DM concentration,
an aggregation process takes place. Such process resulted faster
for dimeric preparations and favoured by temperature. Spec-
troscopic data showed that the protein–pigment and pigment–
pigment interactions are the same for the aggregates obtained
from both PSII monomer and dimer preparations, which reach
micrometric dimensions retaining about 30% of oxygen
evolving capability.


The mechanism of this process could be an interesting
argument to deal with in future works and certainly it implicates
some conformational changes and involves the detergent used
to solubilize PSII monomers and dimers in the buffer. The
aggregation process resulted in fact reversible by adding DM as
proven by the rise of steady-state fluorescence intensity and by
the prompt reduction of aggregate hydrodynamic radius after its
addition.
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Abstract


The interactions between chlorophyll a, and three cyclodextrins, hydroxypropyl-β-cyclodextrin heptakis(2,3,6-tri-O-methyl)-β-cyclodextrin
and hydroxypropyl-γ-cyclodextrin, were studied in aqueous solutions by means of absorption, emission and circular dichroism spectroscopy.
Nanosecond laser flash photolysis and steady-state singlet oxygen generation experiments were performed to clarify the photoactivity of
chlorophyll a in these systems. Moreover the photosensitizing activity of these complexes towards human leukemia T-lymphocytes (Jurkat cells)
was tested and compared with that of the free sensitizer, chlorophyll a. The results obtained indicate that each cyclodextrin is able to carry the
pigment in monomeric form inside of cells producing singlet oxygen.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


The use of photosensitizers together with visible light is a
widely studied and promising technique in the treatment of
tumors (photodynamic therapy, PDT) [1]. The sensitizer should
preferentially localize in the tumor tissues that will be
irreversibly, directly or indirectly, destroyed by photogenerated
singlet oxygen. In general light with wavelength in the red
region of the visible spectrum is used to achieve a deeper
penetration in the tumor tissue [2,3]. Then the sensitizer should
exhibit intense absorption bands in this spectral region.
Although a great variety of compounds can sensitize the
formation of singlet oxygen in organic solvents and water, it is
well known that sensitizers with absorption wavelengths longer
than 800 nm often show a low photostability. Moreover the
energy of the lowest excited triplet is too small for promoting
phototoxic processes. Therefore, the PDT-literature deals
mainly with dyes having intense absorption bands between
600 and 800 nm [4,5]. For this reason our research activities
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were focused on the photochemical and photophysical charac-
terization of porphyrins and chlorines, which present absorption
maxima in this wavelength region, with the aim to develop a
new class of sensitizers for biomedical applications [6–9]. In
particular, these studies concern the use of cyclodextrins for
solubilizing hydrophobic dye molecules in aqueous environ-
ment. Cyclodextrins are cyclic oligomers of six (α), seven (β)
or eight (γ) α-D-glucopyranose molecules linked by α-(1,4)
bonds, with toroidal shape which present an inner hydrophobic
cavity and an external hydrophilic surface. These characteristics
allow the solubilization of hydrophobic molecules in aqueous
solutions by host–guest inclusion complex formation [10]. The
complexation generally affects the properties of the guests in the
ground and/or excited states, i.e. their photophysical and
photochemical parameters [11,12]. Our studies on the behavior
of chlorophyll a (Chl a) in two β-cyclodextrins showed that the
cyclodextrins form inclusion complexes solubilizing the dye
molecules in water mainly in monomeric form, which is the
photoactive species. In this note we report the photophysical
properties of cyclodextrin/chlorophyll a complexes studied
using both steady-state and time-resolved optical spectroscopy,
with regard to their intracellular uptake and photosensitizing
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activity towards human leukemia T-lymphocytes (Jurkat cells).
In particular the results of a study on inclusion complexes of
chlorophyll a with cyclodextrins having different cavity size
and different substituents are presented. The Chl a intracellular
uptake has been verified and the results, compared with those
obtained for free sensitizer, chlorophyll a, suggest that Chl a/
CDs complexes may be a promising candidate for further use in
PDT experiments.


2. Materials and methods


Hydroxypropyl-β-cyclodextrin (HP-β-CD) (DS=5.6),
hydroxypropyl-γ-cyclodextrin (HP-γ-CD) (DS=4.8), heptakis
(2,3,6-tri-O-methyl)-β-cyclodextrin (TM-β-CD) and all other
solvents used were purchased from Aldrich and used without
further purification. Chlorophyll a was isolated from Spirulina
geitleri and purified according to Omata et al. [13]. Each
solution was prepared mixing the appropriate amounts of
alcoholic stock solutions of cyclodextrin and Chl a. The mixture
was evaporated under a stream of dry nitrogen. The thin film of
pigment and CD was redissolved in the desired quantity of
bidistilled water. The residual undissolved Chl a was recovered
with ethanol, quantified by UV–Vis absorption measurements
and used to correct the solution concentrations. The tolerance of
cells towards the cyclodextrin concentration was checked by
XTT (2,3-bis[2-methoxy-4-nitro-5-sulphophenyl]-5-[(phenyla-
mino)carbonyl-2H-tetrazolium hydroxide]) kits. The assay is
based on the cleavage of the yellow tetrazolium salt XTT to
form an orange formazan dye by metabolic active cells [21].
Therefore, the described process can only occur in viable cells.
The formazan dye formed is soluble in aqueous solutions and is
directly quantified using a scanning multiwell spectrophotom-
eter (ELISA reader). Concentration of 0.1 mM was used for
TM-β-CD solutions, instead a concentration of 1 mM was used
for HP-β-CD and HP-γ-CD solutions. Jurkat cells (Clone E6-1)
were grown in suspension in RPMI 1640 medium supplemented
with 10% FCS, bacteriostatica, and mycostatica in a humidified
atmosphere of 5% CO2 and 95% air. Cells were usually
reseeded into fresh medium every second day. Cell proliferation
and cell viability were determined by the trypan blue test. For
this purpose, aliquots of cells were incubated with 0.2% trypan
blue and subsequently counted in a Fuchs-Rosenthal chamber.
Viability of cells was defined as percentage of living cells to the
total cell number. Chl a or Chl a/CD were added to the growth
medium 2 h after reseeding the cells into fresh medium. Chl a
was administered in ethanol (0.05% final ethanol concentra-
tion), and Chl a/CD, in buffer Dulbecco phosphate (PBS).
Before starting the incubation experiments, the tolerance of
cells towards ethanol was checked. For the cell irradiation
experiments, a special setup was used. After incubation with or
without sensitizers, 1×105 cells in 100 μl per well were PBS
washed twice and placed in a 96-well cell culture plate (Falcon).
The 96-well culture was positioned on a plane having a circular
hole with a surface of 0.32 cm2, corresponding to the surface of
each single well. A laser diode with a 668 nm wavelength
emission was fixed below the plate in correspondence to the
well. The out-put power of the laser trough the hole and a

culture plate cover was of 0.60 mW, so that the irradiance
resulted to be 2.12 mW/cm2. Irradiation times of 180 s and 30 s
were used, corresponding to doses of 400 and 64 mJ/cm2. After
the irradiation, fresh medium was added and cells were
incubated at 37 °C, 5% CO2 and 100% humidity prior further
analysis. Visible absorption spectra were recorded using a
Varian CARY/3 spectrophotometer. Fluorescence measure-
ments were carried out using a Varian Cary Eclipse fluorescence
spectrometer exciting at the maximum absorption of Chl a in the
Soret band. The circular dichroism spectra were recorded using
a JASCO J810 spectropolarimeter. The measurements of
steady-state singlet oxygen luminescence were performed in
spectral range of 1200–1350 nm. AVersa Disk ELS laser was
used to excite the samples at 515 nm and luminescence signal
was recorded by a gallium arsenide pin diode and monochro-
mator. Flash photolysis experiments were carried out with an
ns-Nd-YAG laser (BMI) to excite the sample at 532 nm.
Perpendicular to this excitation pulse, a cw-test beam was
passed through the sample (XBO 100 with monochromator at
470 nm). The intensity of this test beam was monitored with a
fast Si-PIN diode and recording oscilloscope (HP5415).
Occupation of the lowest triplet state results in an additional
absorption and hence a reduction of the transmittance of the
sample for the test beam. The decay of this increased absorption
is directly proportional to the relaxation of the lowest excited
triplet state. For laser flash photolysis experiments the
measurements were carried out after 24 h of incubation; the
cells with Chl a/CD complexes were separated from the growth
medium and washed twice with buffer.


3. Results and discussion


The tolerance of cells towards the cyclodextrin and Chl a
concentration was checked by XTT test. This test allows the
quantification of viable cells and therefore it has been used to
determine the less toxic cyclodextrin and Chl a concentration.
The obtained results indicate that the less non-toxic concentra-
tion are: 0.1 mM for TM-β-CD solutions, 1 mM for HP-β-CD
and HP-γ-CD solutions (Fig. 1) and 10−5 M for Chl a. The
absorption spectra of Chl a, in aqueous solution of HP-β-CD,
TM-β-CD and HP-γ-CD, are shown in Fig. 2. The spectra are
characterized by an intense Soret band in the blue region of the
visible spectrum and a Qy (0,0) band in the red region at about
670 nm. The attention has been focused on the Chl a Qy
transition because it is indicative of the presence of aggregated
species in solution [14]. Enlargement and shift of this band,
relevant to that of Chl a in ethyl ether, indicate the presence of
dye dimers or larger aggregates [15–17]. In details the
absorption spectra of Chl a in all cyclodextrins show the
presence of a different aggregate distribution and evidence the
presence of a particular aggregated species absorbing at 713 nm.
This species has already been observed and characterized in the
water-rich region of binary water/organic solvent mixtures [17].
In particular a “micelle-like” aggregate structure, with the
chlorophyll phytyl chains anchored by hydrophobic interactions
in the inside, and the macrocycles addressed toward the bulk
water, has been supposed for this aggregate form [15]. The







Fig. 1. Jurkat cell toxicity 24 h after incubation with HP-β-CD, HP-γ-CD and
TM-β-CD.
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presence of pigment aggregates in the investigated range of
concentration was confirmed by absence of fluorescence signals
(data not shown) and by circular dichroism measurements (Fig.
3). It is well known that chlorophyll aggregates do not show any
detectable fluorescence emission because of an internal energy
transfer between the porphyrin rings; moreover Chl a
aggregates show a conservative peak in the red region of
circular dichroism spectra [18]. In Fig. 3 the circular dichroism
of Chl a in HP-β-CD, TM-β-CD and HP-γ-CD solutions is
reported. The presence of a conservative red band characterized
by a positive band at about 730 nm and a negative one at about
698 nm is evident for each system. This splitting confirms the
presence of a strong coupling between the dipole transition of
different Chl a molecules characteristic of aggregated form of
the dye in aqueous system as reported by Agostiano et al. [19].
In particular the split signals show a different symmetry in the
studied system although the zero crossing wavelength is 713 nm

Fig. 2. Absorption spectra of Chl a 1×10−5 M in aqueous solution of HP-β-CD
1×10−3 M (– · · –), HP-γ-CD 1×10−3 M (—) and TM-β-CD 1×10−4 M (- - - - -).

for all cyclodextrin solutions indicating that the prevalent
aggregated form of Chl a is the species with the absorption
maximum at 713 nm, in agreement with the absorption data.
The non-symmetrical splitting of the two bands and their
enlargement, observed in the case of HP-β-CD and TM-β-CD,
indicate the presence of a non-uniform distribution of different
Chl a aggregate in these systems. The increased symmetry of
the split CD signal recorded for HP-γ-CD is in agreement with
the higher amount of 713 absorbing species in this solution as
observed in the absorption spectra. It is also possible to observe
a corresponding increase of CD non-conservative peak at about
670 nm relative to the monomeric form of Chl a which is the
prevalent form of the pigment in TM-β-CD solution.


The presence of these aggregate species gives rise to a
dramatic reduction of photoinduced singlet oxygen generation
and a decreased Inter System Crossing (ISC) quantum yield, as
confirmed by the absence of steady-state singlet oxygen
luminescence and the triplet Chl a decay signals with and
without oxygen in all systems.


A completely different behavior was observed when Chl a
and Chl a/CDs systems were added to the cells. Triplet decay
traces, obtained by flash photolysis experiments, carried out
with Chl a and Chl a/CD incubated cells, are reported in Fig. 4.
Triplet decay times in air-saturated and nitrogen-flushed
samples reported in Table 1 for Chl a and Chl a/CDs are nearly
equal. This suggests that the interaction of the sensitizer first
excited triplet state with oxygen is nearly the same for both Chl
a/CDs and Chl a in the biological environment. Since it is well
known [20] that a good sensitizer should have a long triplet
decay time in the absence of oxygen and a short one in the
presence of oxygen, these systems can be considered as
promising sensitizers for applications in PDT.


To this aim the phototoxicity of Chl a/CD complexes (in
water) was tested in comparison with the Chl a free (0.05%
ethanol). Fig. 5 reports the phototoxicity of the studied
compounds after different time of irradiation. The experimental

Fig. 3. Circular dichroism spectra of Chl a 1×10−5 M in aqueous of HP-β-CD
1×10−3 M (—), HP-γ-CD 1×10−3 M (- - - - -) and TM-β-CD 1×10−4 M (······).







Fig. 4. Triplet decay of (A) Chl a, (B) Chl a/HP-β-CD, (C) Chl a/HP-γ-CD and (D) Chl a/TM-β-CD in (top) N2-flushed and (bottom) air-saturated buffer.
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data were obtained from air-equilibrated samples, 24 h after
irradiation with a laser diode (688 nm, 2.12 mW/cm2). As can
be seen, after 180 s of irradiation an about 50% of cell mortality
was recorded for cells incubated with Chl a/CD complexes.
These results show that, even in a cellular environment, these
complexes can induce the production of singlet oxygen.


4. Conclusions


In conclusion, the overall spectroscopic data presented in this
study indicate that in aqueous solutions the fluorescence
quantum yield of Chl a/CDs systems and the triplet and singlet
oxygen quantum yield are dramatically reduced due to the
presence of aggregate species. The behavior of these systems
changes in presence of cells, suggesting that the interactions

Table 1
Values of triplet decay time in the oxygen-depleted and in the air-saturated
samples


Sample Triplet decay time
in the oxygen-depleted
sample (μs)


Triplet decay time
in the air-saturated
sample (μs)


Chl a in cells 360 < 1
Chl a/HP-β-CD in the cell 334 4.5
Chl a/TM-β-CD in the cells 219 3.5
Chl a/HP-γ-CD in cells 283 < 1

between Chl a/CD and cells favour the presence of the dye–CD
complexes in its monomeric form, the only one able to
photogenerate singlet oxygen. This behavior, together with
the advantageous use of aqueous solution, makes the Chl a/CDs
systems a promising candidate for further use in PDT
experiments.

Fig. 5. Jurkat cell phototoxicity 24 h after irradiation with (grey) 400 mJ/cm2 and
(light grey) 64 mJ/cm2 of red light (668 nm, 2.12 mW/cm2).
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Abstract


The interactions of Rose Bengal (RB) with α-cyclodextrin (α-CD), hydroxypropyl-β-cyclodextrin (HP-β-CD), hydroxypropyl-γ-cyclodextrin
(HP-γ-CD), heptakis(2,3,6-tri-O-methyll)-β-cyclodextrin (TM-β-CD) were studied in aqueous solutions of 0.1 M KClO4 and 0.1 M LiClO4 by
vis absorption, fluorescence spectroscopy as well as electrochemical measurements at 298 K. The spectrophometric results indicate that RB is
included in all β- and γ-CDs forming complexes with a stoichiometry 1:1 whose stability is slightly higher in KClO4 than in LiClO4 solutions.
The complex stability constants determined for salt-containing CD solutions are lower than those for water solutions. The complexation of RB
with β- and γ-CD and the differences between the complexes obtained in the presence of the two salts were confirmed by an electrochemical
study.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Rose Bengal; Aqueous solutions; Cyclodextrins; Inclusion complexes; KClO4; LiClO4

1. Introduction


The use of Rose Bengal (RB) as photosensitizer in dye
sensitizer photochemical cells has been subject to extensive
studies [1,2]. The tendency of this bis-anionic dye to aggregate
in solution at high concentrations restricts the widespread use of
RB in solution, because the formation of aggregates impairs the
photochemical response [3]. The aggregation is particularly
important in salt solution; in fact it is well known that the
maximum concentration at which RB can be considered as
monomer significantly decreases upon the addition of salt. A
strategy to prevent the dye's self aggregation can be its
introduction in the solution of cyclodextrins, cyclic oligosac-
charides which have the ability to include molecules of organic
compounds into their cavities. As evidenced by the results of
our previous studies [4,5] some of these macrocycles,
interacting selectively with monomer RB, are able to shift the
equilibrium monomer-aggregates towards the formation of the
monomeric form, producing an increase of the dye efficiency

⁎ Corresponding author. Tel.: +39 080 5442226; fax: +39 080 5442128.
E-mail address: p.fini@ba.ipcf.cnr.it (P. Fini).
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and protecting it against possible processes of photooxidation.
In order to obtain a more detailed comprehension on the
mechanism involved in such processes, we have extended the
study on the effect of cyclodextrins and salts on the aggregation
and electrochemical properties of RB to the case of cyclodex-
trins differently modified in the presence of LiClO4 and KClO4.


2. Materials and methods


α-Cyclodextrin (α-CD), hydroxypropyl-β-cyclodextrin
(HP-β-CD) DS=5.6, hydroxypropyl-γ-cyclodextrin (HP-γ-
CD) DS=4.8, heptakis(2,3,6-tri-O-methyll)-β-cyclodextrin
(TM-β-CD) were purchased from Aldrich. RPE ACS D(+)-
glucose was purchased from Carlo Erba; Rose Bengal (RB),
LiClO4 and KClO4 were purchased from Fluka. The molecular
structures of RB and used CDs are reported in Fig. 1. All
chemicals were used as received. A solution of 0.1 M LiClO4


and a solution of 0.1 M KClO4 were prepared with doubly
distilled water and used as solvents in the preparation of the RB
stock solutions. The solutions of RB and CD or glucose were
prepared dissolving weighted amounts of CD or glucose in a 5-
ml of a RB aqueous stock solution pipetted into 10 ml calibrated
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Fig. 1. Molecular structures of RB, α-CD, HP-β-CD (R′=2-hydroxypropyl), TM-β-CD (R′, R″, R‴=methyl) and HP-γ-CD (R=2-hydroxypropyl).
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flasks and diluted to volume with the salt 0.1 M solution. This
procedure ensured a constant concentration of RB both in the
absence and in the presence of the various CD or glucose
concentrations.


Visible absorption spectra were recorded using a Varian
CARY/3 spectrophotometer. Fluorescence measurements were
carried out using a Varian Cary Eclipse fluorescence spectro-
photometer exciting at 550 nm. Electrochemical experiments
were performed in a standard three-electrode cell used as

working electrode HMDE. Voltammograms were recorded by
using the AUTOLAB PGSTAT10 potentiostat interfaced with a
personal computer. All experiments were performed at 298 K.


3. Results and discussion


In water the absorption spectra of RB is characterized by a
maximum at 548.10 nm and a shoulder at about 510 nm. The
relative intensity of shoulder to the peak is usually used as a
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measure of the aggregation of RB in solution [6,7]. In water,
at a concentration of 2.5×10−5 M, this relative intensity, 0.37,
indicates that RB is mainly present as monomer. In 0.1 M salt
solutions, both for LiClO4 and for KClO4, the spectra of RB
are shifted about 0.5 nm and are characterized by higher
values of the relative intensity of the shoulder to the peak
evidencing a partial aggregation of the dye in agreement with
other studies on RB in salt solutions [8,9]. The addition of CD
to aqueous salt solutions causes a bathochromic shift of the
RB spectra similar to that already observed in water and
ascribed to the formation of inclusion complexes between RB
and CDs [4]. The shift, Δλ=λmax−λo, as a function of CD
concentration is reported in Fig. 2, where λmax and λo indicate
the wavelengths of the maximum absorbance of RB in salt
solution with and without CDs, respectively. In order to
distinguish between the spectral modifications produced by
the inclusion of RB in the CDs cavity from other effects, like
the presence of nonspecific interactions between the dye and
the CDs or changes in the solvent properties, in the same Fig.
2 the Δλ values risen by the addition of increasing amounts of
D-(+)-glucose are also reported. Experimental data show the
addition of increasing amounts of any saccharide causes a red
shift and therefore, a positive Δλ whose values, as a function
of saccharide concentration, depends on its nature. In
particular, amounts of glucose comparable to the amounts of
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Fig. 2. Experimental shift of the wavelengths of the absorption maximum of RB
2.5×10−5 M, Δλ=λmax−λo, as a function of the concentration of (O) glucose,
(×) α-CD, (+) HP-β-CD, (□) TM-β-CD, (Δ) HP-γ-CD in 0.1 M KClO4 (top)
and 0.1 M LiClO4 (bottom). λmax and λo indicate the wavelengths of the
maximum absorbance of RB in salt solution with and without CDs, respectively.
The concentrations of CD are expressed as mol/l whereas the concentration of
glucose is expressed as g/ml.

CDs used gives rise only to a red shift lower than 1.5 nm.
Similarly Δλ, only slightly higher than glucose, have been
obtained in the case of α-CD. These results indicate that the
spectral modification observed in the presence of α-CD are
mainly due to effects similar to those produced by glucose and
therefore not associated to the formation of inclusion
complexes as already observed by Flamigni [10]. Much
higher Δλ have been observed in the case of the addition of
increasing amounts of β- and γ-CDs to the RB salt solutions.
The HP-γ-CD produces the sharpest rise of Δλ at increasing
of CD concentration, followed by the TM-β-CD and then by
the HP-β-CD. The values of Δλ and their dependence on the
CD concentration indicate the formation of inclusion com-
plexes with different stabilities. The formation of inclusion
complexes between RB and β- and γ-CDs were already
observed in water [4,10]. Clues on the formation of complexes
are also provided by the decrease of the relative intensity of
the shoulder to the peak observed at increasing of CD
concentration of HP-β-CD, TM-β-CD and HP-γ-CD. No
changes were observed in the presence of increasing amounts
of glucose and a slight increase in the presence of high
concentration of α-CD. The molecular dimensions of β- and
γ-CDs allow the inclusion of only the RB monomer;
therefore, the formation of complexes, promoted by an
increase of the CD concentration, is expected to give rise to
a shift of the equilibrium monomer/aggregate of RB towards
the monomeric form. The different behaviour observed
between glucose and α-CD at high concentration indicates
that, at such concentrations, the changes in the solvent
properties produced by the presence of CDs cannot be
completely mimed by glucose.


The comparison between data obtained in the solutions of the
two salts indicates that in KClO4 solutions the complexes have
higher binding constants than in LiClO4 solutions because the
increase of Δλ in the presence of the first salt is higher than in
the presence of the other. Also the faster decrease of the relative
intensity of the shoulder to the peak at increasing β- and γ-CDs
in KClO4 than in LiClO4 solutions suggests the same
conclusion.


Because the dye is partially aggregated at the RB
concentration used in the absorbance measurements, the
observed spectral modification was not used to evaluate the
binding constants as done for the same dye in water [4]. The
quantitative study of the interactions between RB and CDs in
salt solutions was done by fluorescence measurements. The
concentration of the RB solution used in this study, 7×10−6 M,
was chosen in order to have RB mainly as monomer and to
avoid fluorescence quenching. In Fig. 3 the emission spectra of
RB in salt solutions of α-CD and HP-γ-CD are reported. It is
possible to observe that the increase of α-CD concentration
does not produce any increase in fluorescence intensity, thus
confirming the non-inclusion of RB in α-CD. Otherwise an
increase of fluorescence intensity is obtained at increasing CD
concentration, as general behaviour, for β- and γ-CDs in both
KClO4 and LiClO4 solutions.


The binding constants for the inclusion complexes of RB
with HP-β-CD, TM-β-CD and HP-γ-CD were calculated by
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Fig. 3. Fluorescence spectra of RB, 7×10−6 M, at different concentrations of α- CD (A) and HP-γ-CD (B) in a solution of 0.1MKClO4 and of α-CD (C) and HP-γ-CD
(D) in a solution of 0.1 M LiClO4. Inset: Benesi-Hildebrand plots of F0/(F−F0) vs. 1/[HP-γ-CD] in solution of KClO4 (B) and in solution of LiClO4 (D).
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applying the modified Benesi-Hildebrand treatment to the
fluorescence measurements in the following form [11]:


F0


F−F0
¼ 1


A
þ 1
AK½CD�n


where K is the binding constant, F0 is the initial fluorescence
intensity of free RB, F is the maximum fluorescence intensity of
the RB-CD inclusion complexes at the [CD] cyclodextrin
concentration, A is a constant, and n is the number of binding
sites. The insets of Fig. 3 are the plots of F0/(F−F0) vs. 1/[HP-
γ-CD] in solution of KClO4 and in solution of LiClO4. Similar
plots were also obtained in the case of HP-β-CD and TM-β-CD.
The linearity of the plots F0/(F−F0) vs. 1/[CD] obtained in the
case of β- and γ-CDs in both salt solutions reflects the
formation of complexes 1:1 between the dye and the CDs as
already observed in water [4]. The binding constants evaluated
in KClO4 and LiClO4 solutions are reported in Table 1.


The values of the binding constants confirm the already
advanced hypothesis of a higher stability of the complexes
obtained in KClO4 solutions and indicate some differences

Table 1
RB/CD binding constants in KClO4 and LiClO4 solutions


K (M−1) in KClO4 solutions K (M−1) in LiClO4 solutions


HP-β-CD 40 35
TM-β-CD 80 75
HP-γ-CD 160 120

compared to that observed in water. In salt solutions the binding
constants are lower than in water; the CD able to form the most
stable inclusion complexes is still the γ-CD whereas the order
of stability of the two β-CDs is inverted: the methylated CD
complexes RB better than the HP-β-CD. While the difference
between the values obtained with β- and γ-CDs can be directly
ascribed to the different cavity size confirming the results
already obtained in water [4], the difference between that
obtained in water and that obtained in salt solutions and the
differences between the two salts require more consideration.


In general the presence of electrolytes in solution can affect
the interaction between two molecules and therefore their ability
to bind by means of different mechanisms. Ions in solution
produce changes in the dielectric constant and in water activity;
in the case of charged molecules, ions can also be directly
involved in the formation of non-covalent bindings [12]. This
contribution, which becomes important in the case of
polyelectrolyte molecules, as for example nucleic acids, for
the systems under examination can be neglected [13]. The
increase of the dielectric constant of the medium, caused by the
addition of KClO4 or LiClO4, makes the electrostatic
contribution, which is one of the non-covalent interactions
generally involved in the formation of inclusion complexes, less
important [14]. In water the higher stability of the complexes
with HP-CDs compared to those with methylated CDs
suggested that the occurrence of hydrogen bonds between the
hydroxypropyl moiety of CD and one of the electron acceptor
moieties of RB have an important role. The presence of salts
makes the effect of the formation of hydrogen bonds less
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important. In addition to the decrease of the dielectric constant
there is also the chaotropic effect produced by the anion ClO4


−


which is a water structure breaker [15]. The result is that, in salt
solution, TM-β-CD forms more stable complexes with RB than
the HP-β-CD because the interactions between the methylated
CD and RB are mainly hydrophobic. A possible explanation of
the observed slight difference in stability of the complexes in
KClO4 and in LiClO4 solutions can be found in the different
position of the two cations in the lyotropic series. Considering
the analogy between the interactions responsible for protein
structure and those involved in inclusion of guest in CDs, it is
possible to suppose that Li+, which is a better denaturant of
proteins than K+ [12] having an higher charge density, gives rise
to a slight decrease of complex stability.


The formation of inclusion complexes can be evidenced also
by using a completely different analytical technique, such as
Cyclic Voltammetry. In Fig. 4(A and B) the voltammograms
relative to a 2×10−5 M RB solution containing different CDs in
the two salt solutions are reported. It is necessary to outline that
the electrochemistry of RB is quite complicated since the
electrochemical reduction is followed by chemical reactions,
which are not well known [16–19]. Nevertheless it is possible to
identify two peaks due to the reduction of furan and pyron rings
[16] at about −0.052 V and −1.018 V in LiClO4, while KClO4


solutions are located at −0.165 V and −1.124 V. The presence
of CDs influences the electrochemical behaviour determining a
shift of the peak II toward more positive potential values,

together with a pronounced decrease of the current peak. In
particular the peak II potential is shifted to −1.088 V in HP-β-
CD and to −1.066 V in HP-γ-CD for KClO4 solutions, whereas
in LiClO4 solutions the peak shifts to −0.978 V in HP-β-CD
and to −0.963 V HP-γ-CD. This displacement of the reduction
peak potential along with the reduction of the current peak are
indicative of the formation of inclusion complexes, as well
documented in literature. In particular the positive shift of the
redox potential in presence of CD can be attributed to the
inclusion of the guest into the hydrophobic apolar cavity of the
beta and gamma CDs. In fact it is well known that a decreasing
of the solvent polarity results in a shift of the redox potential of
the molecule toward a more positive potential [20]. The current
intensity decrease of the CD-RB solution can be attributed to the
shielding effect of the CD which reduces the exposition of the
molecule to the electrode surface and to the higher size of the
complexes which decrease the diffusion coefficient of the RB
molecule.


4. Conclusions


In KClO4 and LiClO4 0.1 M solutions, RB is includes in all
β and γ CD forming complexes with a stoichiometry of 1:1.
The binding constants are lower than in water and depend
differently on the CD nature from that observed in water. The
complexes are more stable in KClO4 solutions than in LiClO4


ones and therefore the disaggregation process of the dye is more
effective in the solution of the former salt. The complexation of
RB with β- and γ-CD and the differences between the
complexes obtained in the presence of the two salts have been
confirmed by an electrochemical study.
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Abstract


Interactions between gallic acid molecules and different types of polyamidoamine (PAMAM) dendrimers with modified surfaces were studied
by spectrofluorimetric methods. Changes in fluorescence intensity of gallic acid and in a position of spectrum were monitored. It was found that
the extent of gallic acid incorporation into dendrimers depends on a type of a dendrimer.
© 2006 Elsevier B.V. All rights reserved.

Keywords: PAMAM dendrimers; Gallic acid; Host–guest systems; Encapsulation; Fluorescence

A B


C


O
NH


N


OH for PAMAM-OH
NH2 for PAMAM


NH
OH


CH3

1. Introduction


Dendrimers are a relatively novel and the most intensively
investigated class of polymers. In contrast to traditional polymers,
dendrimers are monodisperse macromolecules characterised by a
well defined structure. All dendrimers consist of a core molecule
and radically attached layers of branched monomers. The outer
layer of monomers creates a shell built from many terminal func-
tional groups. Dendrimers possess not only a high concentration of
end groups on the surface but also empty internal cavities [1]. These
two features make them very promising materials as capture and
delivery systems for small molecules. It was possible to trap inside
dendrimers such small molecules as p-nitrobenzoic acid, rose
bengal, or eosin Y [2–4]. This specific property can find a
utilization in biomedical applications. Dendrimers can serve as both
drug carriers and entrapping agents for toxins [5,6]. By entrapping
drugs inside a dendrimer, slow release can be achieved. It is
especially important for cytostatic drugs because it reduces side-
effects [7]. Besidesmedical-oriented studies, basic studies on host–
guest systems were also performed to reveal relationships between
a dendrimer structure and its capacity to serve as a host
macromolecule [8–10].


In our studies the binding of gallic acid by polyamidoamine
(PAMAM) dendrimers was examined. PAMAM dendrimers are
based on an ethylenediamine core and branched units are built from
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methyl acrylate and ethylenediamine. Dendrimers are characterised
by the generation number which indicates how many layers of
monomers were attached. Different types of the fourth generation

Fig. 1. The structures of PAMAMG4 and PAMAM–OH G4 (A), PAMAM-C12-
25% (B) and PAMAM-C12-50% (C) dendrimers.
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emission maximum.


51B. Klajnert, M. Bryszewska / Bioelectrochemistry 70 (2007) 50–52

(G4) of PAMAM dendrimers were used. All of them possess 64
terminal groups. The difference between themwas based on a kind
of end groups. PAMAM dendrimers have amino groups on the
surface. The surface of PAMAM-C12-25% and PAMAM-C12-50%
dendrimers were modified in 25% and 50% by attaching N-(2-
hydroxydodecyl) groups. PAMAM–OH dendrimers, instead of
possessing amino groups, are hydroxy-terminated. The schematic
structures of all dendrimers are presented in Fig. 1.


Gallic acid is a naturally occurring plant phenol. Its chemical
name is 3,4,5-Trihydroxybenzoic acid (Fig. 2). Gallic acid is
known by its antioxidant properties. It possesses a scavenging
activity against several types of free radicals and protects cells
from damage induced by UV-B or ionizing irradiation [11].
However, for higher concentrations gallic acid acts as a
prooxidant [12].


In our studies gallic acid has been chosen as a model com-
pound to investigate relationships between the dendrimer struc-
ture and the ability to encapsulate small molecules. Gallic acid
is a fluorescent molecule and its fluorescence is sensitive to
changes in its environment [13].


2. Experimental


All types of dendrimers (10% wt solutions in methanol) were
obtained from Aldrich (UK). Gallic acid was purchased from
Sigma (USA) and it was dissolved in methanol at a concen-
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Fig. 3. The Stern–Volmer plots for gallic acid fluorescence quenched by
dendrimers.

tration of 50 μmol/l. Then increasing concentrations of den-
drimers were added from a stock solution in methanol.
Fluorescence spectra were taken with a Perkin-Elmer LS-50B
spectrofluorometer using excitation wavelength of 270 nm. The
emission spectra were recorded from 290 to 500 nm. The
excitation and emission slit widths were set to 5 and 3 nm,
respectively. Samples were contained in 1-cm path length quartz
cuvettes and were continuously stirred. It was checked that
dendrimers were not excited by 270-nm wavelength and did not
emit fluorescence.


3. Results and discussion


The decrease in the fluorescence intensity was observed
upon addition of dendrimers. The changes were the least pro-
nounced for PAMAM–OH dendrimers. For all types of
dendrimers, their increasing concentration caused a linear re-
duction in the fluorescence of gallic acid. Thus data were
analysed by the Stern–Volmer equation:


F0
375


F375
¼ 1þ KSVdc


where F375
0 and F375 are, respectively, fluorescence intensities
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Table 1
The Stern–Volmer constants of the quenching of gallic acid fluorescence by
dendrimers and the number of gallic acid molecules interacting with one
molecule of dendrimer


Name, generation KSV [l/mmol] n


PAMAM 177.2 10
PAMAM-C12-25% 139.7 7
PAMAM-C12-50% 76.9 6
PAMAM–OH 9.8 8
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presence of a dendrimer, KSV is the Stern–Volmer dynamic
quenching constant, and c is the dendrimer concentration.
Stern–Volmer plots are shown in Fig. 3.


Changes in the fluorescence intensity were accompanied by a
blue-shift in the position of emission maximum. The blue-shift of
gallic acid emission maximum indicates that gallic acid was
transferred intomore hydrophobic environment inside dendrimers.
To be more accurate we decided to register the changes in the
position of a spectrum as a ratio of fluorescence intensities at two
wavelengths: on the left and on the right slopes of the spectrum
[14] (Fig. 4). In our case FL and FR equalled to 355 and 395 nm,
respectively. For each type of dendrimers the position of emission
maximum changed linearly with an increasing dendrimer
concentration and for higher concentrations achieved a plateau
(Fig. 5). This feature was very useful to calculate the number of
gallic acid molecules interacting with one molecule of dendrimer:


n ¼ cGA
c Vden


where cGA is the gallic acid concentration and c′den is the
concentration of dendrimer which corresponds to the saturation
point.


The calculated Stern–Volmer constants and n values are
given in Table 1.


The aim of the studies was to compare the behaviour of gallic
acid in the presence of different types of dendrimers. The weakest
interactions were observed for hydroxy-terminated dendrimers.
The gallic acid fluorescence was not quenched and the blue-shift
was only slight. It seems that quenching occurs through the
contact between dendrimer amino end groups and a carboxyl
group of gallic acid. The more amino groups exist on the surface,
the bigger KSV value is. Moreover, the more amino groups is
substituted by N-(2-hydroxydodecyl) chains, the less molecules
of gallic acid can interact with one molecule of dendrimer. On the
other hand, the presence of long chains on the surface allows
gallic acid to enter deeper into the dendrimer structure, which was
observed by a significant blue-shift. The biggest blue-shift oc-
curred for PAMAM-C12-25% dendrimers. Further modification
of the dendrimer surface and replacing 50% of amino groups by
N-(2-hydroxydodecyl) groups did not increase the effect. On a
contrary, the shift towards shorter wavelengths was slightly
smaller. It could happen due to sterical restrictions which are a
consequence of too densely packed surface.

4. Conclusions


Fluorescence parameters of gallic acid are strongly related to
its microenvironment. That is why we were able to conclude
where gallic acid molecules were located in the presence of
dendrimers. Especially the final ratio F355 /F395, that corre-
sponds to a saturation point, showed how deep gallic acid
molecules were incorporated into the dendrimer. The bigger
value, the deeper incorporation.


It was shown that the efficiency and depth of incorporation
of small molecules into dendrimers depend on the dendrimer's
structure and a kind of end groups. In case of acidic compounds
the presence of amino groups on the surface provides attractions
that facilitate the incorporation. Modifying surface by attaching
long chains allows small molecules to enter deeper.
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Abstract


Monomeric actin (G-actin) polymerizes spontaneously into helical filaments in the presence of inorganic salts. The slowest, rate-limiting step
of the polymerization process is formation of actin trimers, the smallest oligomers that serve as nuclei for fast filament growth (filament
elongation) by monomer addition at the filament ends. In low ionic-strength solutions, actin can be polymerized by myosin subfragment-1 (S1). In
early works it has been suggested that G-actin-S1 1:1 complexes (GS) assemble into filaments according to the nucleation-filament elongation
scheme. Subsequent studies indicated that one S1 molecule can bind two actin monomers, and that oligomerization of the initial complexes is a
fast reaction. This has led to suggest an alternative mechanism, with a ternary G2S complex and its oligomers being predominant intermediates of
S1-induced assembly of G-actin into filaments. We used dynamic light scattering to analyze the initial steps of S1-induced polymerization of actin.
Our results suggest formation of GS complexes and their oligomers in the presence of S1 equimolar to or in excess over actin. We confirm
formation of G2S complexes as intermediates of S1-induced polymerization in the presence of actin in excess over S1.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Actin; Myosin subfragment-1; Actin polymerization

1. Introduction


Actin is one of the most abundant proteins in eukaryotic
cells. Its biological function is to participate in a variety of
motile processes. Polymerization of its monomeric form (G-
actin) into helical F-actin filaments, associated with hydrolysis
of G-actin-bound adenosine-5′-triphosphate (ATP), provides
forces generating changes in cell shape and driving cell loco-
motion as well as some forms of intracellular transport. In the
filamentous form, it interacts with myosin and accelerates its
ATPase activity, which powers contraction of muscle and con-
tractile processes in non-muscle cells.


G-actin polymerizes spontaneously in the presence of inorganic
salts that neutralize its net negative charge and induce a change in
the monomer conformation. This fast initial step (activation) is
followed by slow association of activated monomers into trimers
that serve as nuclei for a fast growth (elongation) of the polymer by
monomer addition at its ends (for a review, see [1]). In living cells,
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where ionic conditions are optimal for actin polymerization, the
filament assembly/disassembly is spatially and temporally regu-
lated by a number of actin-binding proteins (reviewed in [2,3]).


In low ionic-strength solutions, actin can be assembled into
filaments by its electrostatic interaction with positively charged
residues of myosin from vertebrate skeletal muscle or its sub-
fragment-1 [4–6] encompassing theN-terminal part of themyosin
heavy chain and one of the two “essential” light chains of the
parent molecule, A1 or A2 [7,8]. Although S1 of skeletal muscle
myosin is structurally and functionally similar to the class I of
non-muscle myosins [9], there is no indication that these myosins
directly participate in actin polymerization in the cell. Neverthe-
less, myosin S1-induced polymerization of actin has been exten-
sively studied in an attempt to define the differences between the
interaction of myosin with G-actin and F-actin, as only F-actin is
able to activate the myosin ATPase activity [5,10–12]. Another
aim is to get an insight into the mechanisms of the regulation of
actin polymerization by other actin-binding proteins.


Formation by S1 of a 1:1 complex with G-actin [13–15],
saturation of S1-induced polymerization of actin at this ratio of the
two proteins [16], and an evidence for S1-induced changes in G-
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Fig. 1. Particle size distribution for S1(A2) alone (A), G-actin alone (B), and
1 μM G-actin mixed with either 0.5 μM (C) or 1 μM S1(A2) (D) in the absence
of free ATP. DLS measurements were acquired as described in Materials and
methods, at 25 °C, 10 min after mixing the proteins.
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actin structure [16,17] have led to conclusion that 1:1 G-actin-S1
complex (GS) forms “S1-decorated” filaments according to the
activation–nucleation–elongation mechanism of salt-induced
polymerization. Entirely different mechanism has been suggested
based on fluorescence titrations of pyrene-labeled G-actin with
S1, indicating that at G-actin/S1 ratios equal to or greater than 1, in
the absence of free ATP in solution, one S1 molecule binds two
actin monomers to yield a ternary G2S complex [18]. Fluores-
cence and light-scattering measurements also revealed rapid as-
sociation of the initial complexes into oligomers [19] contrasting
with the slow nucleation step in salt induced polymerization of
actin. It has been concluded that G2S complex is the major
intermediate in S1-induced polymerization of actin, its rapid self-
association leads to massively formed oligomers in which the
actin/S1 ratio is 2, and these yield S1-decorated filaments by a
slow end-to-end annealingwith concomitant further binding of S1
up to actin/S1 ratio of 1:1 [19,20].


In this work, we used dynamic light scattering (DLS) to
analyze the initial steps of S1-induced polymerization of actin.
To determine the size of the initial G-actin-S1 complexes, the
oligomerization step and formation of S1-decorated filaments
were slowed down by using low protein concentrations and S1
(A2) isoform of S1. This isoform is less efficient than S1(A1) in
assembling G-actin into filaments [13–15,18], and this differ-
ence is mostly due to lower equilibrium constant for the oligo-
mer formation [19]. Our results confirm formation of G2S
complexes as intermediates of S1-induced polymerization of
actin when actin is present in excess over S1. However, the
measurements performed at a 1:1 S1/actin ratio suggest for-
mation of GS complexes and their association into oligomers at
saturating concentrations of S1.


2. Materials and methods


Rabbit skeletal muscle actin, isolated from acetone dried
muscle powder, was purified according to Spudich and Watt [21]
and, additionally, by gel filtration on Sephadex G-100, and was
stored at 4 °C in a buffer containing 2 mM HEPES, pH 7.6,
0.2 mM ATP, 0.1 mM CaCl2, 0.2 mM DTT and 0.02% NaN3


(bufferG). Beforemeasurements, ATPwas removed fromG-actin
solutions by gel filtration on NAP™ 10 columns (Amersham
Biosciences, Sweden).


Chymotryptic S1 was prepared from rabbit skeletal muscle
myosin as described by Margossian and Lowey [22]. Isoforms
S1(A1) and S1(A2) were separated by ion-exchange chroma-
tography on SP-Trisacryl M [23], concentrated using Centriprep
Centrifugal Filter Devices (Amicon, Millipore Co., Bedford,
MA), and stored at 2 °C in 10 mMMOPS, pH 7.0, 80 mM NaCl
and 0.4 mM DTT for up to 4 days. Before use, the preparations
were dialyzed against ATP-free buffer G and clarified by 0.5 h
centrifugation at 300000 ×g.


The purity of protein preparations was controlled by SDS-
PAGE [24].


Protein concentrations were determined spectrophotometri-
cally using an absorbtion coefficient of 0.63 ml mg−1 cm−1 at
290 nm for G-actin [25] and 0.75 ml mg−1 cm−1 at 280 nm for
S1 [22].

Static light scattering measurements were carried out in a
Spex Fluorolog spectrofluorometer (Spex Industries, Edison,
NJ). The measurements were taken at a 90° angle, at 450 nm.


Dynamic light scattering measurements were performed in a
Nano ZS light-scattering apparatus (Malvern Instruments,
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Fig. 2. Time dependent changes in particle size distribution during polymerization of 1 μMG-actin by S1(A2) at G-actin/ S1 molar ratio of 2:1 (A, B) or 1:1 (C, D). The
measurements were performed in the absence of free ATP (B, D) or in the presence of 10 μMATP (A, C). DLS measurements were acquired as described in Materials
and methods, at 25 °C.
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Worcestershire, U.K.). The time-dependent autocorrelation
function of the photocurrent was acquired every 10 s, with 15
acquisitions for each run. The sample protein solution was
illuminated by a 633 nm laser light, and the intensity of light
scattered at an angle of 173° was measured by a solid-state
avalanche photodiode. The z-average diameter and the poly-
dispersity index of the sample were automatically provided by
the instrument.


3. Results


In agreement with earlier observations, polymerization of
1 μM G-actin by myosin subfragment-1 isoform S1(A2), as

monitored by measuring an increase in the intensity of static
light scattering, was an extremely slow process. After 3-h
incubation with either 0.5 or 1 μM S1 (A2) at 25 °C, the
intensity of scattered light was only about 35% of steady-state
levels reached with S1 (A1) within ∼90 min. At both S1
concentrations, the filament assembly was preceded by a lag
phase of 10–15 min (data not illustrated). The same conditions
were used in DLS analysis of the initial G-actin complexes with
S1(A2) and their oligomers.


Fig. 1 shows the particle size distributions for G-actin alone,
S1(A2) alone, and mixtures of G-actin and S1, recorded 10 min
after mixing. For G-actin alone and S1 alone, the size dis-
tributions were monomodal, with a hydrodynamic diameter of







Table 1
Particle size distributions in solutions of G-actin mixed with S1(A2) at 2:1 or 1:1
molar ratio


G-actin/S1 molar ratio Presence of 10 µM ATP Diameter (nm)


2:1 − Peak 1: 13
Peak 2: 40
Peak 3: 350–400


2:1 + Peak 1: 13
Peak 2: 45
Peak 3: 600–700


1:1 − Peak 1: 13
Peak 2: 65
Peak 3: 450–500


1:1 + Peak 1: 13
Peak 2: 60
Peak 3: 450–500


Data from Fig. 2.
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about 7.5 and 13 nm, respectively. The particle size distributions
in the mixtures of the two proteins indicated incorporation of all
actin into G-actin-S1 complexes (disappearance of particles
with the mean diameter of 7.5 nm) independent of whether G-
actin was mixed with S1 in a 2:1 molar ratio or in equimolar
ratio. This was not accompanied by a disappearance of particles
with z-average diameter (the mean diameter based upon the
intensity of scattered light) of 13 nm, the size of free S1 in
solution. As one can see in Fig. 2, particles of this size persisted
over the whole time course of the experiment (180 min) inde-
pendent of the G-actin/S1 ratio and the initial presence or
absence of free ATP in solution (that is rapidly converted into
ADP by S1 ATPase). This indicates that the hydrodynamic
diameter of the elongated S1 molecule (about 14 nm long in S1
crystals [26]) and of its complexes with one or two actin mole-
cules (5.5×5.5×3.5 nm in actin crystals [27]) are not signifi-
cantly different. Particles with z-average diameter of 40 nm and
larger ones, which appear already in the early records, undoubt-
edly represent oligomers of the initial G-actin-S1 complexes.
This is also indicated by the time dependent changes in size
distribution as shown in Fig. 2. The number of particles with z-
average diameter of 13 nm diminished with time concomitantly
with accumulation of particles with a diameter in the range 40–
65 nm.


The fast consumption of free G-actin at 2:1 G-actin/S1 molar
ratio in the mixtures of the two proteins confirms formation of
G2S complexes in the presence of G-actin in excess over S1. On
the other hand, the apparent similarity of the hydrodynamic
diameters of free S1 and its complexes with one or two G-actin
molecules, consistent with predictions from the geometry of S1
binding to F-actin [28,29], precludes direct evaluation of actin/
S1 ratio in the complexes formed at equimolar concentrations of
the two proteins. An indirect evidence indicating formation of a
different type of complex under these latter conditions comes
from comparison of z-average diameters of the oligomeric spe-
cies formed at 2:1 and 1:1 G-actin/S1 ratios (Table 1). In view of
the helical structure of acto-S1 oligomers as predicted from the
structure of F-actin [30,31] and F-actin decorated with S1
[28,32], the oligomers with the diameter of 40–45 nm, formed
in the presence of G-actin in a twofold molar excess over S1, are

likely to represent dimers of G2S complexes. The larger size of
the oligomers formed at equimolar concentrations of G-actin
and S1 (z-average diameter of 60–65 nm) indicates higher
content of the elongated S1 molecules in these oligomers,
suggesting initial formation of 1:1 complexes of the two pro-
teins (GS). Since the “longitudinal” actin dimer formation is an
intermediate step in formation of the helical actin trimers and
higher order oligomers (reviewed in [1]), the oligomerization of
GS complexes seems to proceed through their dimerization and
subsequent association of (GS)2 with GS into (GS)3 or self-
association of (GS)2 into (GS)4. Thus, peak 2 in Fig. 2C and D
may represent either (GS)3 or (GS)4, or a mixture of these two
oligomeric species.


It has been suggested [19] that the reported 1:1 actin/S1 ratio
in G-actin-S1 complexes [13,15] was due to carrying out the
measurements in the presence of free ATP which inhibits the
interaction between G-actin and S1. From experiments in which
the fluorescence of pyrene-labeled actin was used to monitor G-
actin interaction with S1 it has been concluded that MgATP, in
the micromolar range of its concentrations, is much more ef-
ficient in dissociating G2S than GS complexes [33]. As one can
see in Table 1, the presence of 10 μM ATP (in our experiments
complexed with Ca2+) did not result in diminishing the size of
the small oligomers arising from G2S complexes formed in the
presence of G-actin in excess over S1. Also the time dependent
changes in the particle size distribution in the presence or
absence of free ATP in solution (Fig. 2) were essentially similar
except that removal of ATP accelerated both the oligomer
formation and short filament assembly (peak 3).


4. Discussion


The DLS measurements strongly suggest that preferential
formation of G2S complexes as intermediates in S1-induced
polymerization of actin is limited to conditions when G-actin is
present in excess over S1. Since actin alone does not form stable
dimers even when the net negative charge of the monomers is
reduced by the charge-screening effect of inorganic salts ([34]
and references therein), the G2S complexes seem to be formed
by sequential binding of two actin monomers to one S1 mole-
cule as originally suggested by Carlier and coworkers [18–20].
An alternative possibility is that neutralization of the acidic
residues in subdomain 1 of actin by their charge interaction with
S1 [4–6] is sufficient to enable the association of the S1-bound
monomer with the second actin monomer and, consistent with
predictions from the atomic model of S1-decorated F-actin
[28,29], the actin–actin contact is then stabilized by S1 in-
teraction with the two monomers. In both mechanisms, for-
mation of the 1:1 complex between G-actin and S1 seems to be
the first event in G-actin interaction with S1. Formation of GS
complexes at S1 concentrations equal to or higher than the
concentration of G-actin is consistent with this view.


It has been argued [19] that only G2S complexes can self-
associate because their fast oligomerization shifts the equilibria
and prevents formation of GS when [S]N [G]. If this were true,
one could expect that the oligomers formed with S1 equimolar
to G-actin, and with G-actin in excess over S1 would be of the
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same or similar size. Our results show that this is not the case.
The larger z-average diameter of the oligomers formed at equi-
molar concentrations of G-actin and S1 suggests the higher
content of S1 molecules in these oligomers than in those formed
when G-actin is in excess over S1, indicating association of GS
complexes into dimers and trimers and/or self-association of
(GS)2 that are formed first. Further studies are needed to dif-
ferentiate between these two possibilities.
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Abstract


Escherichia coli is able to grow under anaerobic fermentation conditions upon a decrease in redox potential (Eh). Indeed, upon a transition of
E. coli MC4100 wild-type culture to stationary growth phase a decrease in Eh from the positive values (∼+100 mV) to the negative ones
(∼−520 mV) was observed, the acidification of the medium and the H2 production were obtained. An oxidizer, copper ions (Cu2+) affected a
bacterial growth in a concentration-dependent manner (of 0.1 mM to 10 mM) increasing latent (lag) growth phase duration, delaying logarithmic
(log) growth phase and decreasing specific growth rate. Acidification of the medium and the N,N′-dicyclohexylcarbodiimide (DCCD)- and azide-
sensitive proton–potassium exchange by bacteria were inhibited, H2 production upon growth and under assays disappeared with Cu2+ (0.1 mM).
These effects were observed with hycE but not hyfR and hyc(A–H) mutants and under aerobic conditions. Cu2+ also increased membrane proton
conductance. Copper ions are suggested to affect directly the F0F1-ATPase associated with potassium uptake transport system and/or formate
hydrogenlyase composed with hydrogenase 4. A role of the F0F1-ATPase in redox sensing under fermentation is proposed.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Copper ions; Redox potential; Proton and potassium transport; The F0F1-ATPase; H2 production; Fermentation; Bacterial growth; E. coli

1. Introduction


Escherichia coli grows well under anaerobic conditions
upon a decrease in external oxidation–reduction potential (Eh)
[1,2]. Under these conditions, this bacterium performs a mixed-
acid fermentation of sugars (glucose) when formic acid is
oxidized to carbon dioxide and molecular hydrogen [3].
Meantime, CO2 is likely to be used for the anaerobic metabolic
processes [4], whereas the fermentative gas, H2, produced by
formate hydrogenlyase (FHL) [3] is released.


At bacterial growth under these conditions, a shift in Eh to
negative values is observed [2,5] that seems to be determinant
for the E. coli anaerobic fermentation growth: an impermeable
oxidizer (ferrycyanide) [5] and a reducer (DL-dithiothreitol) [6]
affect the growth in a different manner. E. coli is likely to sense
Eh independently of oxygen concentration and of the oxidizers
or reducers [5–7]. This could suggest a role of membrane redox
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E-mail address: Trchounian@ysu.am (A. Trchounian).
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proteins, however, the mechanisms of such a redox sensing or
taxis [5–9] are unclear.


Eh might determine an electron transfer within bacterial
membrane and proton-motive force [10]. It is suggested that the
effect of Eh on proton-motive force under anaerobic conditions
is induced by the change in pH gradient across the membrane
[6,10]. The latter resulted from an alteration in the cytoplasmic
pH by fermentation acids [11]; the membrane potential is
changed slightly [6,10]. Such dependence is due to change in
the membrane proton permeability without modification of the
proton-translocating F0F1-ATPase activity [10,12]. The change
of the membrane proton permeability might depend on with the
oxidation–reduction state and distribution of thiol groups in
membrane proteins [13,14] when a dithiol–disulfide inter-
change is proposed [15]. The number of accessible SH-groups
in E. colimembrane vesicles has been shown recently [14] to be
increased by ATP or by formate suggesting an interaction of the
F0F1-ATPase with hydrogenase 4 (Hyd-4) or less probably
hydrogenase 3 (Hyd-3), components of FHL, under fermenta-
tion conditions [16–18]. This would lead to formation of a
protein–protein complex within which the energy could be
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transferred via a dithiol–disulfide interchange [19]. The latter is
likely to be an interesting energy-transferring mechanism in
fermentation conditions that is of significance for the growth. At
the same time, a correlation between Eh and the state and
distribution of thiol groups on the bacterial membrane was
found [5,13]. Therefore, a change in the state and distribution of
thiol groups can be involved in the mechanism of redox sensing
in E. coli.


Aside from the fact that copper ions (Cu2+) are required for
E. coli [20,21], in a low concentration, these ions are able to
promote the growth [22]; however, in a higher concentration,
they are toxic, disturbing the membrane by inducing perme-
ability [23]. The latter effect is suggested to result from the
break of disulfides in membrane redox proteins when Cu2+ are
reduced on cell surface or by reducers. Cu+ rather than Cu2+


could then be accumulated, but the mechanisms for homeostasis
and resistance, which involve a balance between influx and
efflux systems, are suggested [20]. At the same time, pathways
of Cu2+ uptake or its reduction and intracellular copper handling
are still not identified [20,21]; however, effects of Cu2+ on the
membrane might be important for a mechanism of redox taxis.


In the present work, the effect of Cu2+ on E. coli growth and
proton-coupled membrane transport are shown. These ions
increase a latent (lag) growth phase duration, delay a
logarithmic growth phase as well as decrease specific growth
rate; decrease in Eh is less, proton–potassium exchange is
altered and H2 production is inhibited by Cu2+.


2. Experimental


2.1. Bacterial strains, bacterial growth and preparation


The E. coli strains used in this study are detailed in Table 1.
Bacteria were grown under anaerobic or aerobic conditions


at 37 °C in peptone medium (pH 7.5) with 0.2% glucose as
described earlier [5,18,25]. Bacterial growth was monitored and
lag growth phase duration was determined as described
previously [6]. Specific growth rate was calculated over the
interval, where the logarithm of absorbance of the culture at
600 nm increased linearly with the time and is expressed as
0.693/doubling time. Fermentation under the anaerobic growth
conditions used was detected as before [25].


Preparation of bacteria for the assays was as described
[5,17,18]; the assay mixture was of 200 mM Tris–phosphate
(pH 7.5) containing 0.4 mM MgSO4, 1 mM NaCl and 1 mM

Table 1
E. coli strains used in this study


Strain Genotype a Protein absen


HD700 MC4100 Δ(hycA–H) Hyd-3


HD705 MC4100 Δ(hycE) HycE b of Hy
JRG3618 MC4100 Δ(hyfR) Hyd-4
MC4100 araD139Δ(argF-lac)169


ptsF relA1 fibB5301 rpsL150
wild-type


a hyc operon codes Hyd-3 and hyf operon codes Hyd-4 [16,24].
b Large subunit of Hyd-3 [24].

KCl (indicated if changed). For DCCD inhibition studies, cells
were incubated with the reagent at 0.1 mM for 10 min.


2.2. Determination of redox potential and H2 production


The value of Eh in bacterial suspension was measured using
platinum electrode (Hanna Instruments, Portugal) as described
[5,6,17,18].


H2 production rate was determined as a difference between
the initial rates of decrease in Eh for platinum and titanium
silicate (Enterprise of Measuring Instruments, Gomel, Belarus)
electrodes [5,6,17,18]. In contrast to titanium silicate electrode,
a platinum electrode is sensitive to H2 and O2, allowing
detection of H2 production under anaerobic fermentation
conditions. The latter is expressed in mV Eh/min/mg of dry
weight of bacteria. This difference has become obvious since H2


production confirmed also by a chemical assay and the Durham
tube method [17,18]. It would be interesting to note, by the
latter method, that CO2 and H2 could be detected; however, CO2


is likely not to be evolved and to be used for the anaerobic
metabolic processes by E. coli [4], while H2 is extruded outside.
Hence, the Durham tube method was used in confirmation with
the other one.


2.3. H+, K+ transport assays


H+ and K+ fluxes through the bacterial membrane in whole
cells were measured using appropriate selective electrodes
(Hanna Instruments, Portugal; Cole Parmer Instruments Co.,
USA) as described elsewhere [2,5,25]. Ion fluxes are expressed
as the change in external activity of the ion in mmol/min/
1012 cells. Small changes in external pH and K+ activity were
recorded using a potentiometer, and they were calibrated by
titration with 0.01 N HCl and 0.02 mM KCl.


2.4. Determination of membrane proton conductance


The membrane proton conductance (Cm
H+) was determined


by the acid-pulse technique described by Maloney [26] and
employed before [27]. Cells were washed with 300 mM KCl
and transferred into the assay mixture containing 300 mM KCl,
50 mM potassium thiocyanate and 10 μM valinomycin. After
incubation for 1–2 h and establishment of a steady-state pH,
0.01 N HCl in small portions (acid pulse) were added to change
pH for ∼0.1 unit, then H+ flow kinetics was measured as

t Source or reference


S. C. Andrews (School of Animal and Microbial Sciences,
The University of Reading, Reading, UK) [24]


d-3 S. C. Andrews [24]
S. C. Andrews [18]
A. Bock (Laboratory of Microbiology, Munich University,
Munich, Germany) via S.C. Andrews [24]
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Fig. 2. Effects of Cu2+ in different concentrations on the growth characteristics
of E. coliMC 4100: (A) lag growth phase duration; (B) specific growth rate. The
conditions were the same as in Fig. 1; concentrations of CuCl2 added into the
growth medium were indicated; for the others, see Experimental.
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detailed above. Cm
H+ was expressed in μmol H+/s per unit of pH


and the dry weight of bacteria.
Note, the addition of a protonophore, carbonylcyanide-m-


chlorophenylhydrazone (CCCP), 2 μM, in 30 s after the acid
pulse did not change pH indicating the achievement of
electrochemical equilibrium in the H+ distribution on each
side of the membrane. The change in buffer capacity was very
little after the acid pulse, and this had no effect on the H+ flow.


2.5. Others and reagents


Bacterial titre and dry weight of bacteria were determined as
described [5,6,18,25]. The average data are presented from two
or three independent measurements; the standard error does not
exceed 5% (if not indicated). Agar, CCCP, CuCl2, DCCD,
peptone, NaN3 and valinomycin were from Sigma (USA), and
other reagents were of analytical grade.


3. Results and discussion


3.1. Bacterial growth inhibition with Cu2+


It is a matter of interest that the anaerobic growth of E. coli is
coupled with a shift of Eh from the positive to the negative
values, which probably determine the growth [2,5,25]. Indeed,
E. coli MC4100, wild-type strain (Table 1), grew well under
anaerobic conditions, resulting in a shift in Eh from the positive
values (∼+100 mV) at the beginning of a lag growth phase to
the negative ones (∼−520 mV) (Fig. 1) upon transition to a
stationary phase. The drop of Eh gives evidence of the
amplification of reduction processes, which are apparently
characteristic of metabolism under anaerobic conditions. Under
these conditions, upon the fermentation of glucose, the medium
was acidified and the production of H2 was detected (not
shown).


The addition of 0.1 mM and 2 mM Cu2+ ions (CuCl2) into
the growth medium resulted in a delayed decrease of Eh


although a drop in Eh was less for rather 2 mM than 0.1 mM
(Fig. 1). Duration of a lag growth phase was considerably
increased and growth rate was decreased in the presence of Cu2+


in a concentration-dependent manner (for concentrations of

-700


-600


-500


-400


-300


-200


-100


0


100


200


300


0 1 3 4 52 6 7


Time, h


E
h,


 m
V


control
0.1 mM
2 mM


Fig. 1. Decrease of Eh during E. coli MC4100 wild-type cells anaerobic growth
in the peptone media with various concentrations of CuCl2 indicated. For the
others, see Experimental.

0.1 mM to 10 mM used) (Fig. 2). It should be noted that a higher
concentration value inhibiting E. coli growth was reported by
Jun et al. [22]. This could be due to different growth conditions
and bacterial strains.


The suppression of bacterial growth in the presence of Cu2+


may be resulted by action of the reagent on Eh or by direct effect
of these ions on bacterial membrane. The first of these
possibilities seems to be not likely since Eh measured with
titanium silicate electrode did not decrease markedly (not
shown). Anyway, the results are in accordance with data of
Kirakosyan et al. [6] and Riondet et al. [28] indicating that a
decrease in Eh has brought about a longer lag phase and a slower
growth rate and even led to growth failure.


3.2. Effects of Cu2+ on proton-coupled transport


E. coli requires Cu2+ [20,21], however in a higher
concentration these ions have bactericide action [22] (see Fig.
2). The latter could be due to direct effect of the reagent on thiol
groups having a role in the affinity and activity of transport
systems and membrane-associated enzymes [14,21].


Cu2+ in a low concentration (0.1 mM) resulted in change of
medium acidification by proton secretion and of potassium
accumulation by E. coli MC4100 (Table 2). Proton–potassium
exchange carried out by E. coli has been shown to be sensitive
to DCCD and azide as well as to have a fixed stoichiometry of
2H+ for K+ for DCCD-inhibited fluxes [25]. Moreover, the
F0F1-ATPase associated with potassium uptake TrkA system is
responsible for such an exchange [19]. Indeed, H+ efflux and
K+ influx by E. coli wild-type cells at slightly alkaline pH upon
applying glucose (10 mM) were inhibited by DCCD (Table 2)
and azide (not shown), and this exchange had a stoichiometry of







Table 2
Effects of Cu2+ on proton and potassium ions fluxes through the membrane of E. coli wild-type and mutant cells grown in anaerobic (fermentative) or aerobic
conditions a


Assay conditions Ion fluxes (mmol/min per 1012 cells)


Fermentation Aerobic respiration


MC4100 (wild-type) HD705 (hycE) MC4100 (wild-type)


H+ K+ H+ K+ H+ K+


Control (no additions) 5.45±0.10 0.23±0.03 5.50±0.06 0.19±0.02 3.50±0.08 0.21±0.02
+DCCD (0.1 mM) 5.10±0.04 0.08±0.01 5.25±0.03 0.09±0.01 2.80±0.04 0.15±0.01
+CuCl2 (0.1 mM) 3.60±0.21 0.14±0.01 4.56±0.23 0.22±0.00 3.30±0.12 0.18±0.01
+DCCD (0.1 mM)+CuCl2 (0.1 mM) 1.74±0.12 0.12±0.01 5.50±0.15 0.18±0.02 2.85±0.03 0.14±0.01
a Glucose in concentration of 10 mM added in the assay medium; for the others, see Experimental.
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Fig. 3. Effects of Cu2+ (0.1 mM) on the molecular hydrogen production by E.
coli wild-type and mutant cells grown under anaerobic conditions. For mutants,
see Table 1. H2 production was assayed with cells washed and transferred into
the assay mixture, 10 mM glucose was added; for the others, see Experimental.
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2H+ for K+ (could be calculated from data represented in the
Table 2) fixed for variable K+ activity in the assay medium (not
shown). However, these fluxes were markedly decreased with
0.1 mM Cu2+ (Table 2), and the stoichiometry became non-
fixed (not shown). Interestingly, DCCD and Cu2+ adding
together had a more strong effect on H+ efflux (Table 2)
requiring a further study.


In the E. coli HD705 mutant with deleted hycE gene (Table
1), the H+ efflux and K+ influx both were inhibited with DCCD
(Table 2); however, the stoichiometry for DCCD-inhibited
fluxes is changed (not shown). This is in confirmation of data
reported before [18,29–31] indicating that the hycB gene only
and the hyf operon products are involved in 2H+/K+-exchange.


In hycEmutant, proton-potassium exchange is carried out by
the F0F1-ATPase and via the TrkA system, which are operating
in association of each other as suggested [29,30]. This mode of
H+–K+-exchange is characteristic for E. coli wild-type strain
grown in anaerobic but not in aerobic conditions [19,25]
although proton fluxes having lower values (Table 2). Note that
in aerobic conditions the F0F1-ATPase is functioning to
synthesize ATP and H+ are secreted through electron transfer
chain of E. coli, which is also DCCD-inhibited (Table 2) [25]. It
was of the most interest that, in hycE mutant but not in
aerobically grown wild-type cells, Cu2+ decreased the H+ efflux
but had negligible effect on K+ influx (Table 2). These indicate
that Cu2+ might affect the F0F1-ATPase but not the TrkA
system.


It should be noted that Cu2+ were not effective in changing
H+ fluxes through the membrane measured without glucose
applied (not shown), in spite of active H+ efflux changed (Table
2). Moreover, in E. coli MC4100 cells, the proton conductance
measured (see Experimental) was of 0.33 μmol H+/s per pH
unit and g of dry weight, and Cu2+ increased proton
conductance in ∼2-fold confirming the suggestion of Lebedev
et al. [23]. This might be counted for a decrease in H+ secretion
(see Table 2) and effects of DCCD with Cu2+, although the
bacterial membrane without the F0F1-ATPase (atp operon
deleted) has a less proton conductance (K. Akopyan, personal
communication), and the relationship between passive and
active pathways in circulation of H+ through the membrane is
not studied well.


Therefore, the effects of Cu2+ in a low concentration on
proton-coupled transport in fermenting cells could be explained

by a direct effect of Cu2+ on the F0F1-ATPase. Some
conformational change in F0F1 leading to modulation of activity
by Cu2+ is possible. For the functioning of F0F1-ATPase in
association with the TrkA system under fermentation condi-
tions, a dithiol–disulfide interchange is suggested to transfer
energy from F0F1 to TrkA [15,19], hence the change in
accessible SH-groups under defined conditions has been
determined [14]. The effect of Cu2+ on proton-coupled transport
might be because of affecting such a dithiol–disulfide
interchange. This could be in accordance with a break of
disulfides in membrane proteins when Cu2+ ions are reduced on
cell surface or by reducer that is suggested by Lebedev et al.
[23]. Direct action of Cu2+ on the TrkA protein is ruled out. In
addition, under aerobic conditions, the absence of the effect of
Cu2+ on K+ uptake (Table 2) might point out a distinguish mode
for proton-coupled transport. The results are agreed with an idea
that oxygen has no effect on Cu2+-induced change in membrane
properties; otherwise, oxygen is able to protect reduction of
these ions on the membrane [32].


3.3. Effects of Cu2+ on H2 production


E. coli has been shown to produce H2 by FHL, the second
pathway of which composed of Hyd-4 is major at alkaline pH
[17,18]. This FHL is suggested to function in a proton-coupled
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manner when the F0F1-ATPase associates with the enzyme [19].
In fact, H2 production by a wild-type strain after the addition of
glucose was inhibited with Cu2+ (Fig. 3). Such an inhibition was
observed (Fig. 3) with hycE mutant (Table 1). In this mutant,
Hyd-4 is responsible for H2 production [18,29,31]. To confirm
this, H2 production was shown to be insignificant in hyc(A–H)
(HD700) and hyfR (JRG3618) mutants (Fig. 3) in which Hyd-4
did not function [18,29,31]. This could also point out an
interaction between the hyf operon and the genes determining
the synthesis of other hydrogenases that is discussed in different
papers [16,17,24].


The results indicate the action of Cu2+ on FHL composed of
Hyd-4 that could be again explained by an effect of Cu2+ on the
F0F1-ATPase, which is associated with formate hydrogenlyase
under fermentative conditions [19]. Direct effect of Cu2+ on the
E. coli FHL is not ruled out. Interestingly, inhibitory action of
copper ions on hydrogenase activity in arche-bacteria has been
shown by Sapra et al. [33]; however, the enzyme, which may
have different forms, is not yet identified.


4. Concluding remarks


It is clear that the oxidation–reduction processes play an
exclusive role in the habitability of bacteria. The majority of
these processes implemented on bacterial membrane depend on
Eh [6,12,17,18]. In this respect, Cu2+ as oxidizers are shown to
affect the growth of E. coli as well as their effects on the growth
is suggested can be intermediated through Eh. If so, a
concentration-dependent effect should be observed (Fig. 2).


Moreover, Cu2+ are likely to affect directly the F0F1-ATPase
and to change proton permeability of the bacterial membrane
(see Results and discussion). This could be the break of
disulfides in membrane proteins [23]; inhibition of a dithiol–
disulfide interchange between proteins proposed [15,19] is
possible. The latter is a mechanism for transfer of energy in
functioning of the F0F1-ATPase, which could associate with
secondary transport system (TrkA) and/or anaerobic redox
enzyme (FHL) under fermentation conditions [19]. This
suggestion seems to be in favor with an idea that the F0F1-
ATPase itself is a redox mechanism [2,12,14,34]. If so, this
enzyme might be a target having a significant role or involving
in redox taxis of bacteria.


Interestingly, Cu2+ have specific effects on yeast cells
eliciting changes in the membrane permeability with release of
K+ and amino acids [35], however the effects with E. coli
appear to be different.


Besides, oxidizers and reducers modifying the redox
environment and affecting bacterial fermentation [5,6,24] are
being used in many biotechnological processes [36] and
understanding of the mechanisms of this could lead to directed
regulation of cellular metabolism.
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Abstract


Experiments show significant effects of an electric field on lipid membrane, leading to a pore formation when a high intensity field is applied.
The phenomenon of electroporation is preceded by the induction and expansion of defects, responsible for the pre-pore excitation. We examine the
mechanism of the induction of the field-driven defects by Monte Carlo simulations. The study is based on the improved Pink's model, which
includes explicit interactions between the polar heads and energy of interactions between the heads and the field. No anomalous deformation of the
molecules is considered. The study, provided for bilayer dipalmitoyl-phosphatidylcholine (DPPC) membrane in the gel (300 K) and fluid (330 K)
phases, shows dependence of the membrane conformational and energetical state on the value of the electric field. We observe that the electric
field affects the number of molecules in the gel and in the fluid states. In the layer at the negative potential, when the transmembrane voltage is
above Uc≈280 mV, lipid heads abruptly reorient and the number of local spots with fluid conformation increases. The other layer slightly tends to
tighten its structure, producing additional mechanical stress between layers. Lipids showed complete insensitivity to the electric field within
physiological limits, Ub70 mV.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Model membrane; Electric field; Monte Carlo; Electroporation; Pre-pore

1. Introduction


A high intensity electric field applied to a lipid membrane
changes its properties, leading to the creation of conducting
hydrophilic nanopores. This phenomenon, called electropora-
tion, is preceded by pre-pore membrane excitation and creation
of hydrophobic pores. In the process, the hydrophobic pores can
eventually make the transition to hydrophilic pores [1–8].


Pre-pore excitation, which is of our special interest in this
paper, develops either as a first stage of the full electroporation
process or it accompanies the application of electric impulses
which are too short for the pores to appear. At this stage the
membrane evolves into an anomalous excited state (a “stress
state”) observed for tens of minutes. Although no pores appear,
the membrane displays large conductance and current fluctua-
tions, even at low voltage [2]. The first step of the pre-pore
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excitation, called the “induction step” [3], probably results from
local defects which appear when the field reaches a critical value
of about 200 mV, the value depending also on the buffer com-
position. A molecular mechanism leading to these defects is still
not clear.


The most commonly accepted explanations of this phenom-
enon are based on variations of the electrocompression theory.
Due to this theory, a high field causes continuous deformation of
lipid molecules, which assume anomalous conformations differ-
ent from those occurring in typical gel or fluid phases [9]. As a
result an overall decrease in membrane thickness appears.
However, the electrocompression theory is [2] still debatable.
Although for smaller transmembrane potential V the capacitance
increases by 3–5%, it may be due to the different membrane
geometry, rather than altered dielectric properties of the
membrane [2] (and references therein). This observation supports
the idea that the electric field may enlarge distances between
molecules, with no large-scale compression of the hydrophobic
part. There is a possibility that local defects, giving rise to pre-pore
excitation, are not resulting from electrocompression. This idea is
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explored in this paper by Monte Carlo simulations studying the
field-driven effects.


In our model, we assume that lipid chains accept only typical
conformations represented by 10 energetical classes [10,11]. At
temperature T=300 K the conformation characteristic for the gel
phase (all-trans) prevail, at T=330 K fluid conformations are in
the majority. The electric field affects the membrane only
through interactions with polar heads, represented by mobile
dipoles. Since conformation of lipid chains is sensitive to the
polar part of the molecule, the electric field may have an
influence on the hydrophobic part of the membrane, too. The
total energy of the membrane is calculated in accordance with
Pink's model [10], which involves interactions between the
hydrocarbon chains and internal conformational energy. How-
ever, in place of the surface energy term, explicit electrostatic
interactions for polar parts were added [12–18]. Hence,
interactions between molecules and electric field could also be
considered. The model includes the energy of interactions with
the electric field as well. Monte Carlo (MC) simulations allow to
choose the energetically favorable state, representative for each
value of external electric field. The model can be used to observe
an influence of the electric field on the membrane structure. The
model is sensitive to the ionic strength of the buffer [19,20],
whose effect is observable in electropermeabilization [3].


2. Method


The bilayerwasmodeled as two triangular lattices. The direction
of the electric field is perpendicular to the membrane surface
(Fig. 1). The layer at the positive potential (PL) and the layer at the
negative potential (NL) were treated and calculated separately. No
interactions between layers or molecule migration (flip-flop) were
considered. Since all the nodes were occupied, the model did not
allow to study a possibility of an electropore appearance.


Each node of the lattices represented an acyl chain and two
chains were attached to one lipid head group. The whole
molecule could rotate 180° around the normal to the membrane
surface. The chains were treated separately and each of them

Fig. 1. Exemplary conformations of lipids in the electric field with an angle θ
between a field direction and a head (Eq. (9)). A. Both chains in all-trans
conformation, the angle of C–C bond to the membrane normal is 35° or 145°,
standing head (78°). B. Both chains have one gauche C–C bond with the angle
90° to the bilayer normal, lying head (30°).

could take one of ten possible states based on its con-
formational energy. The number of actual conformations in
each state α was represented by degeneracy Dα ranging from
D1=1 for all-trans conformation to D10=354,294 for the fluid
state [11]. Chain conformation is defined by the angles
between C–C bonds. The angle was approximated as 35° or
145° to the bilayer normal for trans bonds and 90° for gauche
bonds. The chain closer to the polar head is effectively shorter
of two C–C bonds (two bonds in the β-chain are directed along
the membrane surface) [21], which was incorporated into the
model. The distance between positive charge at N-atom of the
choline group and negative at the P-atom was fixed,
dPN=5 ·10


−10 m. Each chain from the lattice interacted with
six nearest neighbors.


In the original Pink's model, the structure of lipid polar
heads was not considered and the surface energy term
represented the dipolar interactions responsible for the
membrane integrity. This approach provided good models of
the gel–fluid transition but it did not allow the study of the
influence of ions on lipid membrane. The experiment presented
here is based on the model in which the dipolar structure of the
head was explicitly incorporated so that the polar part of the
molecule could contribute to the final state of the membrane. In
the model lipid heads were zwitterionic, represented as dipoles.
They could assume one of two possible tilts toward the
membrane surface 78° (standing) and 30° (lying), Fig. 1. This
assumption modeled two extreme positions of the heads [16]
(and references therein). Polar heads could rotate toward their
nearest six neighbors (nodes). Electrostatic interactions be-
tween dipoles, incorporated into the model, included 14
neighboring dipoles [17]. Periodic conditions were imposed
on the boundaries of the whole lattice.


The Hamiltonian of the studied system involves 4 terms —
the energy of van der Waals interactions HvdW, the conforma-
tional energy Hconf, the energy of electrostatic interactions
between polar heads Hdip, and the energy of interactions with
electric field He.


H ¼ HvcdW þ Hconf þ Hdip þ He ð1Þ


HvdW ¼ −
JM0
2


XN
i;j¼1


X10
n;m¼1


f ðrnmÞSnSmLniLmj ð2Þ


J0
M (denotes the interaction energy between two parallel chains


in all-trans conformation. Lattice coordinates are i (site index
ranging from 1 to N) and j (index of 6 sites neighboring with site
i). The index of chain conformational state n and chain con-
formational state m range from 1 (all-trans) to 10 (fluid) [10].
The distance rij between the two chains at sites i and j depends on
their conformational states. State operator Lni of the chain
located in site i equals 1 if the i-th chain assumes conformation n,
and 0 otherwise.


Order parameter Sn for the acyl chain in conformation n
yields


Sn ¼
P


p SnpP
p S1p


ð3Þ
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where Snp order parameter of the p-th C–C bond


Snp ¼ 1
2
ð3cos2hnp−1Þ ð4Þ


p is the index of C–C bond in the chain. The bond is characterized
by the angle θnp between the bilayer normal and the normal to the
plane spanned by the p-th CH2-group of the chain.


Distance dependence of the van der Waals interactions
between the chains in the m-th and n-th conformations rnm is
expressed by f(rnm)


f ðrnmÞ ¼ wn
r21
rnrm


� �5=2


ð5Þ


where rn denotes the radius of the space occupied by an average
chain in the n-th conformation, wn is a weakening factor, w10=0.4
for chains in the fluid state and wn=1 if n≠10. The factor was
introduced byMouritsen [11] in themodification of Pink'smodel to
provide good agreement between themodel and experimental data.


The conformational energy Hconf is defined according to the
internal energies En of the predefined [11] chain conformations


Hconf ¼
XN
i¼1


X10
n¼1


EnLni ð6Þ


The interactions between polar heads Hdip, which are due to
electrostatic interactions, are given by:


Hdip ¼ 1
2


XN
i¼1


X14
j¼1


X
a;b¼1;−1


aQaibQbjexpð−jraibjÞ
4kee0raibj


ð7Þ

where ε is the electrolyte dielectric constant, ε0 is the
permitivity constant and Qαi is the effective polar head charge
with Qαi=q /2, where q is the actual dipole charge which equals
an elementary charge [16] and α denotes the charge sign, α=1
for a positive charge and α=−1 for a negative. The distance
between charges α and β of the dipoles at sites i and j is
represented by rαiβj.


The inverse of Debye length κ defines the range of
electrostatic interactions with screening


j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2z2F2c
e0eRT


s
ð8Þ


where z=1 is the valency of polar head charge, F is Faraday's
constant, T is the absolute temperature, c is the ionic strength of
the solution and R is the ideal gas constant.


The energy He reflects the interactions between the polar
parts of the molecules and the electric field


He ¼
XN
i¼1


QidEð1−cosðhÞ
�


ð9Þ


where Qi is a dipole charge, d is its length, θ denotes the angle
between the directions of the electric field E and the dipole
(Fig. 1). The variable E represents an effective electric field
acting on lipid molecules, which involves all possible effects
occurring during electropermeabilization (e.g. interfacial phe-
nomena, divider effect, etc.) incorporated into one variable.
Therefore, it may differ from the value of the external field set
by an experimenter.


The influence of the electric field on the bilayer lipid
membrane was analyzed in the range 0−1010 V/m. The
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membrane was examined at temperatures characteristic for gel
and fluid phases, T=300 K and T=330 K, respectively. The
conformation of lipid molecules was studied based on the tilt of
polar heads, number of chains in two extreme energetical states
— the most condensed gel (all-trans) and relaxed fluid
conformations, and the average area occupied by one lipid
molecule. We investigated if the field causes noticeable changes
in the membrane structure that may lead to electropermeabiliza-
tion in the pre-pore stage of electroporation. As assumed in the
model, the electric field affects the membrane through interac-
tions with polar heads. The heads, represented by mobile
dipoles, are expected to reorient in the non-zero electric field.
Positively charged choline groups are attracted by the field of
lower potential so the heads from NL tend to assume a standing
configuration (78°). For the positive field, in contrast, choline
groups are repelled by the field. Therefore, the heads from PL
should have a tendency to assume a lying configuration (30°).
Additional effect on the conformation may have the energy of
interactions between the electric field and the membrane.


The simulations were carried out for a bilayer dipalmitoyl
phosphatidylcholine (DPPC) membrane with 16 C atoms in
each acyl chain, represented by a hexagonal lattice with 10×10
nodes and periodic conditions imposed on the boundaries of the
lattice. A canonical ensemble was assumed. The system was
equilibrated for 1000 Monte Carlo steps per site, then 10,000
steps per site were performed.


A series of microconfigurations, which is a Markov process,
was selected by means of Metropolis method [11].


3. Results and discussion


The simulations confirmed that the tilt of the heads is
sensitive to the external electric field (Fig. 2), consistent with the
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Fig. 3. The rate of the chains in gel (all-trans) conformation depends on the field va
T=300 K and B. T=330 K.

experiments on supported lipid membranes mimicking field-
driven membrane processes in cells [24]. Interestingly, in our
study the dipoles do not react to attracting and repelling forces if
the field value is below E=106 V/m. Noticeable effects appear
only above E0≈107 V/m. When the field is further increased,
rapid reorientation of dipoles starts at the critical value
Ec≈0.5 ·108 V/m and at E=1010 V/m all heads assume the
expected final orientations. In two studied temperatures,
characteristic values of E do not depend on the temperature.
The number of reoriented dipoles is greater for NL since more
heads are in the lying position if no electric field is applied.


Similarly, the field effect on other parameters related to the
membrane conformation, such as the average number of chains
in gel (all-trans) conformation (Fig. 3), the average number of
chains in fluid conformation (Fig. 4), and the average surface
area per one chain (Fig. 5) is negligible if the applied field is
lower than E0. This finding suggests that it is not energetically
favorable for the membrane to change its conformation when the
electric field is not very high. The value of E0 corresponds to the
membrane potential U0≈50 mV, which indicates that at
physiological values of membrane potential, conformation of
the plasma membrane in cells is unaffected by the field. The
value of Ec is also consistent with the electroporation
experiments [2], which show that the membrane is endangered
by electroporation if the membrane potential is above 250 mV
[2].


An increase in the field intensity above Ec leads to a sudden
transition of the membrane characteristics, generated by the
displacement of the heads and additional energy of interactions
between the field and polar parts of lipid molecules. The effects
are different for each layer and depend on the temperature.


At temperature T=300 K, in NL, the average number of
chains in all-trans conformation decreased from 41.4% to 40.6%
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(Fig. 3 left panel, solid) and the average number of chains in fluid
conformation increased from 1% to 1.2% (Fig. 4 left panel,
solid). Chains in conformations initially other than gel or fluid
also tended to assume a less compact conformation, which fi-
nally resulted in increased average area occupied by a single
chain (Fig. 5 left panel, solid). Total area taken by one lipid
molecule increased on average by 0.1 nm2. A different response
came from the layer at positive potential. The average number of
chains in all-trans conformation increased from 41.2% to 41.4%
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(Fig. 3 left panel, dotted). However the average number of chains
in fluid conformation remained almost constant (Fig. 4 left
panel). In total, the average area occupied by lipid molecule in
PL (Fig. 5, left panel, solid) decreased by 0.02 nm2.


At temperature T=330 K the tendency is similar although
compression in PL is more pronounced than in lower tem-
perature. It was observed that the average number of chains in
all-trans conformation decreased from 0.42% to 0.36% (Fig. 3
right panel, solid), the average number of chains in fluid
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conformation increased from 94.5% to 95% (Fig. 4 right panel,
solid). The total area taken by one lipid molecule increased on
average by 0.15 nm2 (Fig. 5 right panel, solid). In PL, the ave-
rage number of chains in all-trans conformation increased from
0.4% to 0.45% (Fig. 3 right panel, dotted). The average number
of chains in fluid conformation decreased from 94.6% to 94%
(Fig. 4 right panel, dotted). In total, the average area occupied by
lipid molecule in PL decreased by 0.12 nm2 (Fig. 5 right panel,
dotted).


The simulations showed that in the gel temperature the
structure of the layer at a negative potential gets less compact
with increased distances between molecules, while the other
layer remains almost unaffected by the field. Although the
expanding effect is much less significant than in the phase
transition, it is very distinct and reproducible, indicating that for
energetical reasons a less compact structure of the negative layer
is more likely. At higher temperature, T=330 K, the expanding
tendency for NL is comparable with the compression of PL.
Consequences of the opposite processes in two layers could not
be investigated within this model, which treats the layers
separately. It is possible however that such an asymmetry
produces an additional mechanical stress between layers, and it
may result in additional curvature of the membrane or encourage
displacement of molecules from PL to NL in the flip-flop
process. Finally, it may contribute to the appearance of defects in
the membrane leading to the creation of pores [22,23]. It could
be noted that just below the critical field valueEc opposite effects
appear, the tendencies of NL to expand and PL to compact are
temporarily reversed for both, separately calculated, layers. This
effect is more evident for the higher temperature.


4. Conclusions


The Monte Carlo simulations, based on modified Pink's
model with explicitly incorporated interactions between polar
parts and the energy of the electric field, examined the influence
of the electric field on the structure of lipid bilayer. We
investigated whether the field alters the membrane in the pre-
pore stage of electroporation in a way that may account for the
“induction step” of electropermeabilization.


The model did not consider any electrocompression effects,
chains could assume only typical conformations occurring in the
studied temperatures. The model assumed that the electric field
affects the membrane through interactions with the polar heads,
introducing the energy of interactions and changing the orien-
tation of the polar heads. Since the conformation of the hydro-
phobic part of the membrane is sensitive to the state of the
hydrophilic part, the chains should be responsive to the field, too.


The simulations confirmed that the tilt of the heads is sen-
sitive to the external electric field as expected. However, the
orientation of the dipoles changes only if the field exceeds the
value E0=10


7 V/m, which corresponds to the membrane po-
tentialU0≈50mV. Similarly, the field effect on other parameters
related to the membrane conformation, such as the average
number of chains in the gel and fluid conformations and the
average area occupied by a single lipid, is negligible if the
applied field is lower than E0. This finding suggests that it is

energetically favorable for the membrane lipids to maintain the
same conformation when the electric field is within physiolog-
ical limits of the membrane potential occurring in cells. This
observation is especially relevant for plasma membranes of ex-
citable cells, indicating that lipids maintain the same character-
istics throughout the action potential. When the field was
increased over the critical value Ec≈0.5 ·108 V/m (corres-
ponding to Uc≈250 mV), the reorientation of the polar heads
became very rapid. At this field value, more distinct changes of
membrane conformation could be observed — increased num-
ber of spots with the molecules in fluid conformation and the
asymmetry between layers, which may stimulate appearance of
the defects facilitating subsequent electropermeabilization.


The critical values of electric field accompanying structural
changes in the membrane are comparable with experimental
data, showing the physiological limit of negligible field in-
fluence and the limit of abrupt reconfiguration. However, the
significance of the observed structural changes is still debatable.
It remains an open question whether the structural changes ob-
served from the model may entirely account for the first stage of
the electropermeabilization, or contribute to this phenomenon in
concert with other effects.
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Abstract


The application of electric field pulses to Chinese Hamster Ovary (CHO) cells causes membrane electroporation (MEP). If a voltage or current
ramp is applied to the cellular membrane of a single CHO cell, the membrane conductance increases nonlinearly with field strength reaching
saturation. In particular, the kinetics of the induced conductance changes represents the data basis for the interpretation in terms of underlying
structural changes. The current/voltage characteristic is found to be continuous, but displays occasionally a sharp increase in the conductance. The
step-like increases are interpreted to reflect the formation of one (or more) larger pore(s). The analysis of current clamp data yields pores of radius
(rp) in the range of 2.5≤ rp/nm≤20; the pores of the voltage clamp data are in the range of 2.5≤ rp/nm≤55. The larger pores occur predominantly
during hyperpolarising and less frequently during depolarising conditions, respectively. The different kinetics of pore formation in the
hyperpolarising condition, where the inward field increases, and the depolarising condition, where the inward field first decreases and then
increases in the opposite direction, suggests structural asymmetry with respect to the direction of the electric membrane field. At the required
higher voltage, the effect of the resting potential is negligibly small.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Membrane electroporation; Single cell configuration; Whole cell clamp; Large pores; Current/voltage characteristics

1. Introduction


The lipid bilayer membrane is functionally an effective
barrier for the transport of small ions and polyions, like DNA.
Non-polar and small-polar molecules like water can diffusively
penetrate and cross the lipid phase of membranes. Membrane
electroporation (MEP) renders cellular and artificial lipid
membranes transiently permeable to all types of molecules.
The seminal early example for the first functional electrotransfer
of naked DNA to suspended cells [1], already provides basic
information useful for optimisation strategies in the newmedical
disciplines of electrogenetherapy and electrochemotherapy
[2,3]. Another fruitful application of MEP is the enhancement
of transdermal drug transport. Here it is the stratum corneum of
the skin which is effectively permeabilized by MEP [4].

⁎ Corresponding author. Tel.: +49 521 106 2053; fax: +49 521 106 2981.
E-mail address: eberhard.neumann@uni-bielefeld.de (E. Neumann).
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Originally, the concept and methodology of MEP received
great attention in cell biology and biotechnology. The scientific
discipline of biophysics has used MEP as a research tool for
providing guidelines for the efficient control of goal-directed
manipulations of organelles and cells [5]. As a new approach,
we use here the whole-cell clamp technique (WCC) and apply,
respectively, depolarising and hyperpolarising electric field
pulses to the plasma membrane of a single cell. The WCC-
configuration is different to conventional set ups for MEP of
cells, organelles and lipid vesicles in suspensions, where ef-
fectively only the pole cap areas of the spherical shell objects
are electroporated during one pulse. In the WCC configuration
[6], the entire membrane is identically exposed to the same
electric field strength. The direction of the natural membrane
field of a CHO cell, corresponding to a negative membrane
potential, is from the outside to the inside of the cell.


The increase in the electrical conductance caused by MEP is
usually interpreted to reflect an increase of the number of pores
within the lipid bilayer part of the membrane [1,4–6,8]. In the
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WCC mode, the respective conductance–time curves are calcu-
lated from the kinetic data of voltage clamp and current clamp
configurations, respectively.


The analysis of the data finally aims at establishing the basis
for the optimisation of pulse protocols for biotechnological and
biomedical applications. TheWCCmethod, as such, may be used
for the electrical characterisation of biological cells. One key
result of this study is the perspective that, for cells and cell pellets
in the conventional mode of measurement between two planar
electrodes, it is the anodic pole cap (hyperpolarised) which is
affected more strongly than the cathodic pole cap (depolarised).


1.1. Depolarising and hyperpolarising field pulses


The natural membrane potential Δφnat is conventionally
defined as the difference between the electric potentials of the
cytosolic (inner) side φin and the extracellular side φout,
according to:


Dunat ¼ uin−uout; ð1Þ


where in electrophysiology the definition φout=0 is used as the
reference. In the presence of an externally applied electric field,
the total membrane potential Δφm is given by the sum ofΔφnat


and the induced membrane potential Δφind:


Dum ¼ Dunat þ Duind ð2Þ


Since the membrane field is defined by Em=−Δφm/dm, Eq.
(2) yields:


Em ¼ Enat þ Eind; ð3Þ


where Enat=−Δφnat/dm and Eind=−Δφind/dm, respectively. In
this context, the hyperpolarising pulse mode is specified as:


Duind V 0; Eind z 0 ð4Þ


and, respectively, the depolarising pulse mode as:


Duind z 0; Eind V 0 ð5Þ
During hyperpolarisation the membrane field Em increases in


the direction of the natural field vector (Enat). During
depolarisation the Em first decreases down to zero and then
increases in the opposite direction to the natural field vector
(Enat) (see Fig. 1).

Fig. 1. Hyperpolarisation Δφind =Δφm−Δφnat≤0 and depolarisation
Δφind≥0, represented in terms of field strength Em=−Δφm/dm, respectively.

2. Material and methods


2.1. Single cells


CHO-K1 cells, a subclone of an isolated somatic Chinese
hamster ovary (CHO) cell line, is used throughout our ex-
periments. They are cultivated in DMEM/F12 medium contain-
ing 5% FCS and 10–100 mg/L of the antibiotics benzyl
penicillin and streptomycin sulphate at 310 K (37 °C) in an
incubator (5% CO2). Normally, before use, the cells are washed
in buffered 0.15 M KCl, 1 mM HEPES (TMA) solution, pH 7.2
at 296 K (23 °C) and resuspended in buffer. Here, in order to
handle undisturbed cells, we use culture medium, pH 8 at 293 K
(20 °C) as the external solution for the cell.


2.2. Glass capillaries


Patch glass capillaries (PG120T-7.5 HARVARD Part No. 30-
0091) as well as borosilicate glass capillaries (GC120T-7,5
HARVARD Part No. 30-0049) have been used. Both have an
outer diameter of 1.2 mm and an inner diameter of 0.93mm (resp.
0.94 mm).


A DMZ-Universal Microelectrode Puller (Zeitz, Munich,
Germany) is used to produce tip diameters between 2 and 3.5 μm.
The resistance of the pipette filledwith culturemedium is between
2 and 3.5 MΩ.


2.3. Measurement chamber


The central part of the measuring chamber contains the culture
medium in which the single cell is placed [6,7]. The measuring
temperature is 296 K (23 °C). An Ag/AgCl electrode is fixed on
the inner wall of the chamber. The second electrode is inside the
mobile pipette filled withmedium. The tip of the pipette is located
near the cell surface. A liquid flow is initiated by careful reducing
the pressure inside the pipette. The cell attaches to the tip and a
connection between cytosol and the second electrode is es-
tablished. The attachment quality is controlled by video micros-
copy and verified by measuring the resistance.


2.4. Microscope


A phase contrast microscope (Olympus CH-2) with a 63×
water immersion objective (ZEISS 1036-024 chropla 63×/
0.95W Ph3 ∞/0) is equipped with a CCD camera (Panasonic
WV-BP100/G) for monitoring the cell during the experiments.


The videos have been captured with full frame rate (50 fps,
DVnov video capture card) for further processing.


2.5. Arbitrary function generator


The microcontroller-based device is generating waveforms up
to 10 s with a temporal resolution of 500 μs. Using proper
feedback, the voltage across the membrane or the total current has
been controlled with 12-bit resolution. The applied voltage is in
the range −10≤U/V≤+10; the current is controlled in the range
−350≤ I/nA≤+350. A higher resolution of smaller voltage and







Fig. 2. (A) Voltage (bold line),U(t), as the response to a current ramp (thin line) I
(t), during hyperpolarisation of the plasma cell membrane of a single CHO cell,
bathed in culture medium at pH 7.4 and 296 K (23 °C) and (B) cell membrane
conductance G(t)= I(t)/U(t), as a function of time (t), respectively. The convex
appearance of G(t) at the beginning is due to the not fully compensated resting
potential of the membrane. The conductance in the absence of the applied
(hyperpolarising) voltage is G=105 nS.


Fig. 3. (A) Distinct step in voltage (bold), at 100 ms, during current (thin)
controlled stimulus I(t). (B) Membrane conductance G(t)= I(t)/U(t) showing a
sharp increase at 100 ms. For experimental conditions, refer to Fig. 2.
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current is achieved by a feedback gain. The current and voltage is
monitored using matching amplifiers and a 12-bit ADC.
Electronic compensations are made for the dc-offset and the
liquid junction potentials, using the generalised Henderson
equation. The device consists of a headstage with the matching
amplifiers and a basic station connected to a PC.All programming
at the PC is in MATLAB; the basic device is programmed in
ASSEMBLER. The entire apparatus, including themicroscope, is
mounted on a stone plate for acoustic damping and is surrounded
by a faraday cage for electrical shielding.


All experimental traces are monitored by video microscopy.
For synchronisation of the video with the electrical measurements
we use the audio-channels, one for recording the electrical signal
and the other one for recording the frame synchronisation signal
of the video. Further on, the highly automated processing of the
video sequences is programmed in MATLAB.


2.6. Pulse protocols


The shape of the applied pulses is chosen according to the
parameters tested. The current/voltage characteristic of the
plasma membrane of a single cell is derived from ramp

functions. Rectangular pulses are applied when we aim at the
relaxation kinetic parameters at a constant membrane field.


In order to estimate the field strength range of MEP, it is
appropriate to control the current rather than the voltage. For the
kinetics of pore formation at a given field strength, the voltage is
controlled. Note that it is the voltage across the plasmamembrane
rather than the voltage across the pipette. This control is ac-
complished by a feedback circuitry, applying an equivalent circuit
for the pipette. Prior to the actual experiment, in each case the
equivalent circuit is adjusted to the behaviour of the individual
pipette.


In the experiments, the polarity of the pulses (negative for
hyperpolarisation and positive for depolarisation), the voltage/
current function and the stimulus/time—function (ramp slope,
pulse duration) are varied, respectively. Before and after each
pulse, the impedance spectrum is measured using a time domain
approach with a rectangular wave (100 Hz) as stimulus for 0.5 s
(before) and 6.2 s (after), respectively.


3. Results


The aim has been to characterise the electroporated plasma
membrane of a single cell under stationary conditions, where
induced pore formation and resealing have the same rate. For
our working conditions, the natural current sources from ionic







Fig. 4. (A) Current (thin line) I(t) as the response to a voltage ramp (thick line) U
(t), applied to the plasma cell membrane of a single CHO cell, bathed in culture
medium at pH 7.4 and 296 K (23 °C), during a depolarising voltage clamp
configuration and (B) the respective calculated conductance G(t)= I(t)/U(t) as a
function of time, respectively.


Fig. 5. (A) Sharp decrease in the current (thin line) I(t) and (B) calculated
membrane conductanceG(t)= I(t)/U(t), respectively, at the time t=0,65 s, during
hyperpolarising voltage (thick line) clamp, U(t). For experimental conditions,
see the legend to Fig. 4.


Fig. 6. Current–voltage characteristics at two different negative and positive
ramp slopes, respectively: vr/(V/s)=−1 (a), −0.01 (b), +0.1 (c), +0.01 (d). At
vr =1 V/s, instantaneous breakdown (rupture) of the membrane occurs. A new
cell is used for each ramp stimulus.
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channel proteins and pump proteins of the living cells are
negligibly small compared to the clamp-induced currents. In
CHO cells, the short circuit current of the plasma membrane is
about 3 nA, which is significantly below the current stimulus,
which is between −404 and +404 nA. Thus, only the initial
stimulated currents and voltages are slightly distorted by the
natural ones, respectively. Fig. 2 shows that the conductance
continuously increases with increasing current in current clamp
configuration. This is interpreted as reflecting the formation of
an increasing number of small conductive pores.


While the stimulus I(t) increases, there is occasionally a sharp
decrease in voltage Um (Fig. 3), equivalent to a decrease in the
membrane field strength Em=Um/dm, where dm≈10 nm is the
estimated plasma membrane thickness. Such a sharp step of
current increase, and thus conductance increase, occurs in about
40% of the measurements, suggesting the occasional creation of
one (or more) larger pore(s) probably at the expense of smaller
pores.


In voltage clamp experiments (Figs. 4 and 5), the continuous
part of the current and conductance traces similarly reflects an
increasing number of small pores as a response to both, hyper-
polarisation as well as to depolarisation, because the contribution
of Δφnat is negligibly small.

The data show that under hyperpolarising conditions the
probability of appearance of occasional step-like jumps is
significantly higher than under depolarising conditions.
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It is found that the current–voltage relationship is highly
dependent on the slope of the voltage ramp (Fig. 6). A larger
slope of the voltage ramp causes a larger conductance slope.
Therefore, the voltage Um=Em·dm across the membrane is
higher for current stimuli with higher slope; reaching, for
instance, the value ofΔφ=−1.5 V for the slope rate vr =100 V/s.


4. Discussion


The clamp-induced conductance changes in the plasma
membrane of single CHO cells clearly reflect MEP. Electro-
thermodynamically, MEP is described in terms of structural
transitions from closed (C) to porated (P) membrane states,
according to: (C)⇌(P). For densely packed cell pellets, the
minimum reaction scheme for MEP of CHO cell pellets is a
three-step reaction cascade between two (closed) prepore states
and two types of (open) pore states [8]. A part of the current,
voltage and conductance traces obtained for single cells (Figs. 2
and 4) can be interpreted along a similar reaction scheme.


In the particular examples of Figs. 3 and 5, 52% of the current
clamp and 39% of the voltage clamp data, the conductance
occasionally shows a step-like increase, at random times, during
pulse application. These sharp conductance changes are inter-
preted as the formation of one (or more) larger pore(s). This
behaviour may be compared with reports [9] on the pore kinetics
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Fig. 7. Histogram of the number of pores with the radius r (A) during current
clamp and (B) during voltage clamp, respectively, of single CHO cells.
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Fig. 8. Histogram of the number of pores with the radius r (A) during
hyperpolarisation and (B) during depolarisation, respectively, of single CHO
cells.

in tense planar lipid bilayer membranes (BLM), where the for-
mation of a larger pore starts as a singular event, leading finally to
irreversible electrical breakdown (rupture). The sharp conduc-
tance steps in the otherwise continuous conductance changes of
cellular membranes [5–10], studied here, however, cannot be
compared with the electrical behaviour of the BLM.


A lipid membrane may be physically approximated as a two-
dimensional fluid system, where the lipid bilayer configuration is
held together by the polar solvent water. The irreversible
breakdown of the artificial BLM in an externally applied voltage
is essentially caused by preponderance of the outer tension
exerted by the lipid torus, a component which is missing at
cellular membranes. It appears that, in a planar BLM, once one of
the induced smaller pores exceeds a critical size, it finally leads to
mechanical rupture.


In partially supported lipid bilayers or lipid/protein mem-
branes, the interacting forces can be quite different. A cellular
plasma membrane spans over the supporting scaffolding of, for
instance, spectrins, connected with integrins and actin com-
plexes. It is only with respect to the tension that the curved
plasma membrane may be compared with a tense BLM rather
than with a curved lipid vesicle membrane.


The plasma membrane, anchored to external and internal
supporting sites, is under additional strain and stress, where
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cytoskeleton elements appear to contribute to a kind of inner
membrane tension. The membrane appears overall stable and
relaxed after the formation of one (or more) larger pore(s). The
formation of larger pores appears to occur, spontaneously, from
initially smaller electropores. The probability of the formation
of larger pores is increased at higher field strength. The
probability distribution of the occurrence of a larger pore (Figs.
7 and 8), however, presently cannot be quantified.


4.1. Calculation of the pore radius in the single pore model


The pore radius rp of a cylindrical pore of area Ap and
thickness dm is calculated from the step-like increase in the
conductance, viewed as the formation of one single larger pore.
The pore resistance RP is viewed as the sum RP=RI +RS. RI is the
resistance of the pore itself while RS is the spreading resistance
due to the deformation of field lines around a pore within the
bulk medium. While for small pores (rpb1 nm) the spreading
resistance is negligibly small, it is increasingly important for
larger pores. For a cylindrical pore, RI is calculated according to:


RI ¼ 1
r
d
dm
Ap


¼ 1
r
d


dm
pd r2p


ð6Þ


where σ is the conductivity of the liquid inside the pore. The
differential change dRS of RS is given by:


dRS ¼ 2d
1
r
d
dx
Ap


¼ 1
r
d


dx
pd x2


; ð7Þ


where x is the distance to the membrane surface. Integration
within the boundaries x= rp and x=∞, yields:


RS ¼ 1
pr


d


Z l


rp


1
x2


dx ¼ 1
pr


d
1
rp
−


1
l


� �
¼ 1


pr
d
1
rp
; ð8Þ


Inserting Eqs. (4) and (6) into the expression for the pore
resistance RP=RI+RS, yields:


RP ¼ 1
r
d


dm
pd r2p


þ 1
pd r


d
1
rp
; ð9Þ


where we may assume that the pore interior is bath medium. The
measured conductivity is σMedium=15.2 mS/cm and is set equal
to σ.


4.2. Statistical distribution of larger pores


The number of larger pores caused by MEP under current
clamp conditions is relatively small (Fig. 7(A)); about 98% of
the pores are in the range of 1≤ r/nm≤15.


Using Ohm's law, an increase in conductance at constant
current results in a definite decrease of the voltage Um, and
thus of the field strength Em=Um·dm. The enlargement of
pores in the current-controlled configuration (current clamp)
appears to be a self-inhibiting process. The number of larger
pores formed during electroporation under voltage clamp
conditions is even greater (see Fig. 7(B)); where about 62%
of the pores are in the range of 15≤ r/nm≤55. It is recalled
that the sharp increase in the conductance results from MEP

at constant voltage, where apparently the enlargement of
pores is a self-enforcing process.


The largest pore in the single-pore assumption, calculated
from the largest step, has a radius r=55 nm. This upper limiting
value is in the same order of magnitude as the average linear
distance between the cytoskeleton elements touching the inner
surface of the plasma membrane [11]. Thus, the structure of the
cytoskeleton appears to determine the largest radius of the
electrically induced pores by supporting the membrane and thus
preventing mechanical rupture. The spectrin mesh appears to
limit further increase in the pore size.


A significant higher probability of appearance of larger pores
at hyperpolarisation conditions, as compared to depolarisation,
is evident in Fig. 8. There is, however, no difference in the
distribution of pore size at comparable field strengths.


Since CHO-cells are not excitable, voltage-gated channels
appear not to be involved. A probable origin of the electrical
asymmetry is the asymmetry of the membrane. In cellular mem-
branes, some types of lipids are predominantly found in the
cytosolic layer, others in the extracellular one. The field effect on
the lipids obviously depends on the local field strength and the
field direction. Such an asymmetry may account for a sidedness
due to different lipid composition in the two layers of the lipid
bilayer parts of plasma membranes.


4.3. Conclusion


The electrically induced larger pores are apparently the
local membrane structures which appear to be involved in the
electrically mediated uptake of large molecules like DNA or
anticancer drugs by the cells under voltage or current clamp
conditions, respectively. The formation of larger pores is also a
key information for optimisation strategies to efficiently elec-
trotransfer drugs and DNA into cells. Interestingly, the current
and voltage parameters are the same for conductive (voltage
clamp) and for non-conductive (current clamp) media, surround-
ing the plasma membranes.
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Abstract


Under the influence of electric pulses cells undergo membrane electroporation (EP), which results in increased permeability of the membrane
to exogenous compounds. EP is applied in oncology as a method to enhance delivery of anticancer drugs.


For that reason it was essential to combine photodynamic tumor therapy (PDT)—the cancer treatment method based on the use of
photosensitizers that localize selectively in malignant tumors and become cytotoxic when exposed to light, and EP, with the aim to enhance the
delivery of photosensitizers into the tumor and therefore to increase the efficacy of PDT.


Thus, the aim of study was to evaluate the cytotoxic effect of PDT in combination with EP. A Chinese hamster lung fibroblast cell line (DC-3F)
was used. The cells were affected by photosensitizers chlorin e6 (C e6) at the dose of 10 μg/ml and aluminium phthalocyanine tetrasulfonate
(AlPcS4) at the dose of 50 μg/ml. Immediately after adding of photosensitizers the cells were electroporated with 8 electric pulses at 1200 V/cm
intensity, 0.1 ms duration, 1 Hz frequency. Then, after 20 min of incubation the cells were irradiated using a light source—a visible light passing
through a filter (KC 14, emitted light from 660 nm). The fluence rate at the level of the cells was 3 mW/m2. Cytotoxic effect on cells viability was
evaluated using MTT assay.


Our in vitro data showed that the cytotoxicity of PDT in combination with EP increases fourfold on the average. Based on the results we
suggest that EP could enhance the effect of PDT.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electroporation; Photodynamic tumor therapy; Photosensitizers; MTT assay

1. Introduction


Electroporation (EP) is a membrane phenomenon that
involves the fundamental behaviour of cell membranes [1].
When a cell is exposed to short external electric pulses of high
power, the anode-facing side becomes hyper-polarized and the
cathode-facing side becomes depolarized depending on the size
and the shape of the cell [2,3]. The most frequent application of
EP is the introduction of DNA into cells and introduction of
some anticancer drugs [4].


Some chemotherapeutic agents used in cancer therapy have
limited access to the tumor cells. EP of the cell membrane offers

⁎ Corresponding author. Tel.: +370 68682228; fax: +370 5 2720164.
E-mail address: labajura@gmail.com (J. Labanauskiene).


1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.03.009

an approach for increased drug delivery into the cells and
enhances antitumor effectiveness [5,6]. Electrochemotherapy
(ECT) combines administration of non-permeant or poorly
permeant chemotherapeutic drugs with application of electric
pulses to the tumors in order to facilitate the drug delivery into
the cells [5,8].


In vitro studies tested several anticancer drugs for potential
application in combination with EP [4,7]. The results of these
studies were that only two drugs have been identified as
potential drugs for ECT: bleomycin and cisplatin. Bleomycin is
hydrophilic and therefore has very restricted capacity of
transport through the cell membrane. Its cytotoxicity could be
potentiated several times with EP of cells [7]. The transport of
cisplatin through the cell membrane is also hampered under
usual conditions and therefore EP of cells demonstrated
increased cisplatin cytotoxicity [8,9].
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It was shown that in vitro cytotoxicity of some chemother-
apeutic drugs could be potentiated several times by exposing
cells to short intense electric pulses. When it is essential to
introduce photosensitizers into tumor cells, one can expect EP
to help photosensitizers penetrate through the cell membrane
barrier and thus increase the efficacy of PDT.


Thus, the influence of EP combining with PDT on DC-3F
cells viability was studied with the aim to increase the cytotoxic
effect of PDT.


2. Materials and methods


2.1. Chemicals


Aluminium phthalocyanine tetrasulfonate (AlPcS4) and
chlorin e6 (C e6) were purchased from Porphyrin Products,
USA. The stock solution of AlPcS4 was prepared in Dulbecco's
phosphate buffered saline (DPBS) (5 mg/ml), the stock solution
of C e6 was prepared in ethanol (10 mg/ml) and both were
stored at −20 °C in darkness. All experiments were performed
diluting the stock solutions to get the appropriate concentration.
C e6 from stock solution of 1 mg/ml at a dose of 5 μg/ml and
AlPcS4 from stock solution of 5 mg/ml at a dose of 50 μg/ml
were prepared.


2.2. Cell line


The DC-3F, a Chinese hamster lung fibroblast cell line,
originates from the Institut Gustave-Roussy and was kindly
provided by Dr. Julie Gehl, Copenhagen University, Herlev
Hospital, Denmark. Cells were maintained in MEM culture
medium (Gibco, Grand Island, NY) with 10% fetal calf serum
(FCS) and penicillin-streptomycin.


2.3. Electroporation


Cells were harvested using trypsin-EDTA, washed once in
SMEM medium (Gibco, Grand Island, NY) and counted.
Viability was estimated using Nucleo Counter (ChemoMetec,
Denmark) exclusion test. Cells were chilled on ice and 400 μl of
cell suspension (2.2×106 cells/400 μl) was put into each of 4-
mm-wide cuvettes (CLPDirect, USA). Then 40 μl of the
photosensitizer solution or in the case of controls, the same
amount of isotonic saline was added. After that some of the

 
 
 
 


 


 
 


Control groups 


I, Control,untreated


II,  EP (1.2 kV/cm, 0.1 ms, 8 el.pulses)
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Fig. 1. Design of th

cuvettes were exposed to eight electric pulses at an electric field
intensity of 1.2 kV/cm, with pulse duration of 0.1 ms, 1 Hz
frequency using a BTX T820 square wave electroporator (BTX,
San Diego, USA). Then, pulsed and unpulsed cuvettes covered
with lids to maintain the pH and sterility were placed in a heat
block at 37°C for 20 min.


2.4. PDT procedure


While handling the samples containing photosensitizers,
precautions were taken to avoid irradiating the samples with
room light. This was done by reducing the sources of
illumination to a minimum and by protecting the samples
from light with aluminium foil. After EP, the cells were replaced
in the glass test tubes and incubated for 20 min to let cells
membrane recover after EP. After that selected specimens of cell
suspension were exposed to light. For irradiation a visible light
source (lamp) which passing through the KC 14 filter (emitted
light from 660 nm) was used. The fluence rate at the level of the
cells was 3 mW/m2. After 20 min, exposure cells were placed
into the incubator for 20 min. Then cells in suspensions were
diluted by a factor of 100 with RPMI 1640 culture medium
(Gibco, Grand Island, NY) with 10% FCS and penicillin–
streptomycin and seeded in 96-well plates.


2.5. MTT assay


The 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) test was used for the assessment of cell
viability. After culturing for 96 h, 10 μl of 5 mg/ml MTT stock
solution (dimethylthiazol-diphenyltetrazoliumbromide thiazolil
blue; Sigma, USA) was added to each well. Four hours later, the
reaction was stopped by addition of 10% sodium dodecylsulfate
in 0.01 MHCl. After 20 h of incubation at 37 °C, optical density
(OD) was measured in a Multiscan MS ELISA reader
(Labsystems, Finland), with a 540-nm filter.


2.6. In vitro experimental design


In each experiment, there were seven experimental groups: I,
Control, untreated and sham exposed; II, EP (1.2 kV/cm, 99 μs,
8 el. pulses); III, Photosensitizers, C e6 (10 μg/ml) or AlPcS4
(50 μg/ml); IV, Light exposure (3 mW/cm2); V, Combination of
EP and light illumination; VI, PDT only, cells with C e6 or
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Fig. 2. Combined effect of chlorin e6 mediated-PDT and electroporation on viability of DC-3F cells. EP—electroporation, C e6—chlorin e6.
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AlPcS4 exposed to the light; VII, Combined treatment, EP and
PDT: after adding photosensitizers C e6 or AlPcS4 cells were
electroporated and exposed to light (Fig. 1).


3. Results and discussion


The aim of this in vitro study was to determine whether EP
could potentiate the cytotoxicity of PDT. Our previous
preliminary data indicated that EP enhances accumulation of
photosensitizers C e6 and AlPcS4 inside the tumor and
determines its more even distribution in cancerous tissue
[10,11].


The C e6 is a second-generation photosensitizer, which
belongs to the group of chlorines. The long-wavelength
absorptions naturally led to the studies of their potential
usage as photosensitizers in PDT. The other photosensitizer
used–AlPcS4 belongs to phthalocyanines–tetrapyrrolic macro-
cycles that, unlike the porphyrins and chlorins, have nitrogen
atoms linking the individual pyrrole units instead of methine
bridges. The periphery of the macrocycle is extended by
benzene rings, which strengthens the absorption at longer
wavelengths as compared to porphyrins. An incorporated
metal ion-aluminium enhances photosensitizer's triplet yield
and lifetime, which is important in order to increase the
photodynamic activity [12].
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Fig. 3. Combined effect of aluminium phthalocyanine tetrasulphonate—mediated PD
—aluminium phthalocyanine.

To determine the cytotoxicity of C e6-mediated PDT in
combination with EP DC-3F cells were exposed to PDT as well
as to PDT in combination with EP and cells viability was
evaluated (Fig. 2).


The difference of cells viability in control groups–untreated
cells (I), affected by a pulsed electric field (II), exposed to light
(III), treated by photosensitizer (IV)–was statistically insignif-
icant. The influence of EP and light (V) and PDT (VI) on
viability of DC-3F cells was noticed but the effect was
insignificant. Statistically significant (p<0.03) suppression of
cells viability was obtained combining PDT and EP (VII). Cells
viability suppression was 3.8-fold greater than that of PDT
alone. For comparison at the PDT group cells viability was
suppressed 1.5 times from the control while at PDT-EP group it
was 6 times from the control.


In order to determine DC-3F cells' response to AlPcS4-
mediated PDT and its combination with EP the similar
experiment as in the case of C e6-mediated PDTwas performed
(Fig. 3).


Statistically significant changes in cells viability were
obtained in both groups—cells treated with AlPcS4-mediated
PDT (VI) (p<0.05) and treated with PDT in combination with
EP (VII) (p<0.045) in comparison with cells viability in the
remaining groups (I–V). The viability of the cells in the group
(VII) was suppressed 3.7-fold greater than that in PDT alone

I, Control


II, EP (1.2 V/cm, 0.1 ms, 8
pulses


III, Light (20 min. 3mW/cm2)


IV, AlPcS4 50 µg/ml


V, EP+Light


VI, AlPcS4+Light (PDT)


VII, AlPcS4+EP+Light
(PDT+EP)


VI VII


T and electroporation on viability of DC-3F cells. EP—electroporation, AlPcS4
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group. For comparison at the PDT group cells viability were
suppressed 1.3 times from the control while at PDT-EP group it
was 4.8 times from the control samples.


As the aim of the study was to reveal the combination
efficacy of PDT with EP, for this purpose the different doses of
photosensitizers were chosen to reveal the dependence on the
strength of the effect.


In Figs. 4 and 5, the influence of EP on the efficacy of PDT
using different doses of photosensitizers was demonstrated.
Statistically significant (p<0.05) values were calculated from
six averaged samples per group. The EP has positive effect on
PDT activity even applying from 5 to 10 times smaller doses of
photosensitizers (C e6 applied in three different doses: 1, 5 and
10 μg/ml, AlPcS4: 10, 25 and 50 μg/ml). This suggests that
applying electric pulses it is feasible to reduce the dose of
photosensitizers used in PDT thus achieving the effect and
herewith excluding the possibility of high doses phototoxicity.


Thus, according to our in vitro results combining the AlPcS4
or C e6-mediated PDT with EP the viability of DC-3F cells
considerably decreases as compared to the effect of PDT alone.
The higher effectiveness of combined PDT and EP on cells
viability could lie in the hydrophilic nature of those photo-
sensitizers since electroporation could facilitate drug transport
through cell membrane for those molecules that are poorly or
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Fig. 5. Dependence of DC-3F cells viability on AlPcS4 dose (10, 25 and 50 μg/ml) in
EP—electroporation, AlPcS4—aluminium phthalocyanine tetrasulphonate.

fully non-permeant and the selection of hydrophilic compounds
is limited.


There is only some data published on delivery of
photosensitizers into tumor cells by EP. According Zhou et al.
[13] the photosensitizers–thiopyronine, protoporphyrin, zinc
phtalocyanine, copper phthalocyanine–rapidly diffuse into the
electroporated cells. Johnson et al. [14] has used EP for delivery
of 5-aminolevulinic acid (5-ALA) into the tumors. The authors
have shown that 5-ALA can be efficiently delivered transder-
mally. Such delivery results in a nearly three-fold increase in
protoporphyrin IX production in comparison with the passive
transdermal delivery. Therefore, the enhanced delivery of
photosensitizers by applying EP is subject for the further
investigation, comparing different photosensitizers and differ-
ent experimental models and regimes trying to achieve the most
optimal effect.


4. Conclusion


Our results demonstrate that electric pulses used in
combination with PDT enhance the photodynamic effective-
ness. EP, applied with PDT, increases its cytotoxicity 4-fold on
the average greater comparing to cytotoxic effect of PDT alone
in appropriate conditions. Based on the results we suggest that
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EP could enhance uptake of certain photosensitizers (AlPcS4
and C e6) by cells and therefore the cytotoxic effect of PDT on
cells viability is increased. Also reducing the doses of
photosensitizers in magnitude (from 5 to 10 times) the same
effect could be achieved when combined with EP. A very
interesting perspective of these experimental data is that with
the help of EP it may be possible to avoid the high dose
phototoxicity of sensitizers used in PDT.
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Abstract


Chronopotentiometry on planar lipid bilayer (BLM) is proposed as a method for modeling the electrical phenomena in electroporated cell. Two
techniques are discussed: constant-current and linear-current chronopotentiometry. It is proposed that the constant-current chronopotentiometry
may provide basis for modeling the electroporated cell shortly after the removal of the electric field, when activity of cellular pumps counteracts
ionic fluxes through the electropore and ionic channels. The linear-current method can be considered for modeling the cell in the later stage after
electroporation, when energetical resources of the cell are gradually getting exhausted and the activity of pumps decreases. Based on this idea, it
may be postulated that the electropore in the cell has fluctuating dynamics whose stochastic characteristics, similarly as biological channels, shows
1/f noise. The model implies that the fluctuations would disappear leaving the electropore with a constant resistance when efficiency of the pumps
becomes very small. The results of chronopotentiometry also may suggest that opening time, conductivity and selectivity of the electropore can be
controlled by the cell environment or membrane composition.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Bilayer lipid membrane; Electroporation; Chronopotentiometry; Current–clamp experiment; Electropore resealing

1. Introduction


Application of intense electric field increases membrane
permeability which results in appearance of hydrophobic and
subsequently hydrophilic electropores [1]. If the field intensity
is too high or applied for long time without control over the
electropore size, an irreversible breakdown of the membrane
occurs [2]. The phenomenon of electroporation, although still
not fully understood, is important in practical applications,
especially for administration of biologically active compounds
directly into the cell, e.g., anti-tumoral drugs [3,4]. It is difficult,
however, to control the process of cell electroporation. Abrupt
changes of the electropore diameter and a high risk of a
complete membrane destruction limit the use of electroporation
procedures. Currently, in medical applications a method based
on very short-time impulse field is used. This technique ensures
that electropores do not grow exceedingly. The duration of

⁎ Corresponding author. Fax: +48 89 5240408.
E-mail address: stankor@uwm.edu.pl (S. Koronkiewicz).
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electric pulses is usually in the range of micro- or milliseconds.
Another factor influencing the electroporation is the pulse
shape. The exponential (charge-pulse) and rectangular pulses
are most frequently used [2,5]. Unfortunately, in this method, a
control over the size and opening time of the electropores is
rather limited [5]. Therefore, size of the molecules flowing into
and out of the cell and duration of this process is practically
beyond the control.


Another important aspect, still poorly explored, is function-
ing of a cell injured by electroporation. Direct observation of the
electropore and its effect on the cell is very difficult [1,6],
theoretical models are still inaccurate. A cell is a complex
structure, surrounded by inhomogeneous lipid membrane with
incorporated proteins. Natural transmembrane potential of the
cell in the physiological state may reach Um=100 mV [7] even
in non-excitable cells. After electroporation the membrane
potential may change but it still affects the electropores. Better
understanding of the processes in electroporated cell would help
to design a safer and optimized drug administration. It may also
help to reveal the actual role of electroporation in cardiac
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Table 1
States of the cell before, during and after electroporation
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Sodium–potassium pumps
maintain a negative
potential inside the cell
and appropriate Na+ and
K+ concentrations. The
characteristic potential
and the concentration
gradient play an important
part in the inward
transport of organic
substrates. ATP synthesis
requires high
transmembrane potential.


2 short pulse
for electroporation


pores


electrode


Application of a short-
time intense electric
impulse to the cell
generates electropores in
the plasma membrane
resulting in nonselective
flow of ions through the
membrane.


3


2K+
2K+


2K+


2K+
2K+


3Na+
3Na+


3Na+


3Na+
3Na+ When the electric


field is removed the
electropore is still open
and nonselective flow
of ions continues
depolarising the cell
and destroying ionic
gradients. Ionic pumps
tend to restore the
gradients and potential,
excessively consuming
ATP supplies. The
process is not yet fully
understood.
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Restoration of the
membrane structure which
may take up to a few
hours. The process is not
yet fully understood.
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defibrillation— so that we could determine whether to treat the
electropore appearance as a dangerous side effect or rather as a
necessary factor for a successive emergency treatment [8].


In this study we focus on the processes in electroporated cell
and chances for their better control or modification. A method
to model a cell with an electropore, based on experiments on
BLM with controlled current-source, is proposed and tested. By
this method, the influence of non-native ions and compounds
from extracellular fluid on the characteristics of electroporated
cell may be investigated. The method also may be used to model
the response from cellular ion pumps and channels and their
functioning altered by electroporation.


1.1. Ionic fluxes in an electroporated cell and modeling the
electropore


Under physiological conditions, ionic channels and pumps,
mainly electrogenic Na+/K+-ATPase, regulate the natural
transmembrane potential of a non-excitable cell (state 1, Table
1). This pump exchanges 3 Na+ for 2 K+ ions between
intracellular and extracellular compartments, which generates a
transmembrane potential characteristic for a particular cell.


Application of an electric pulse of sufficiently high
amplitude and duration creates a conductive hydrophilic
electropore (state 2, Table 1) [9]. If the generated transmem-
brane potential exceeds a breakdown potential UB, the
probability of the membrane to break up abruptly rises. The
value of UB depends on the cell type, although it is typically
lower than 0.5 V [1,2]. The electropore probably appears in the
area with a defect or increased local fluidity resulting from the
field application. Monte Carlo simulations based on modified
Pink model show changes in local conformation of the
membrane and its fluidity, which may lead to defects [10].
Another possible reason for increased probability of breaking
up the membrane is the electropermeabilization following local
thermal fluctuations [1,11].


When an electropore appears, the plasma membrane loses its
most important function as a barrier, resulting in non-selective
flow of ions and the depolarization of the membrane. There are
two opposite processes in electroporated cell with no external
field applied (state 3, Table 1). On the one hand the decreased
potential allows for gradual closing of the electropore. On the
other hand ionic pumps in the membrane increase their
efficiency, trying to restore the characteristic value of the
membrane potential. The increased activity of ionic pumps
generates a higher electric field that counteracts the resealing.
The final stage of electroporation in the cell is eventual
electropore resealing, a very slow process which may take up to
several hours [11–13] (state 4, Table 1). The resealing time is
variable for each cell and difficult to predict.


Electrically, an ion pump in the plasma membrane is
analogous to a controlled current source activated when
transmembrane potential drops below the value characteristic
for the cell (Fig. 1). In the electroporated cell, ions move
freely across the plasma membrane, thereby reducing the
concentration gradients and, consequently, the potential.
Simultaneously, electrogenic pumps of the cell (e.g. Na+/K+

pump) transport specific ions between intra- and extracellular
fluids to restore the gradients. A systematic observation of
these processes in situ is very difficult because of the small
size of the electropores. An alternative solution is to develop
a less complex model system whose parameters are easier to
control. We propose chronopotentiometry as a method to
model the electroporated cell under physiological or other
specific conditions (Fig. 2).


Chronopotentiometry provides time series of transmembrane
potential U from experiments with a controlled current source
(Fig. 3). Electropores generated by this method have a very long
lifetime (up to 4 h) [14–16], which has been considered as a







A B


Fig. 1. Ion pump (A) as a regulated current source in current–clamp mode (B).
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main asset of this method. Two possible chronopotentiometric
experiments are discussed here: constant-current and linear-
current methods. In the constant-current measurements, a
current with a constant value is applied. In these experiments,
the membrane initially accumulates the charge due to its
capacitance, which causes the voltage rise exponentially (Fig.
4). Then, a sudden decrease in potential occurs, which indicates
an appearance of an electropore. The stage of electropore
formation is followed by stochastic fluctuations of the voltage.
The fluctuations and the long lifespan of the membrane are due
to a negative feedback mechanism. When the electropore opens
excessively, the transmembrane potential drops. The electropore
size, which is potential dependent, decreases so the conductivity
of the electropore is reduced. As an effect the membrane
potential increases and the electropore is likely to increase its
size again. Then the cycle repeats again. The feedback hampers

A


Fig. 2. Ion transport through electroporated plasma membrane (A) an equiva

uncontrolled growth of the electropore and elicits fluctuations.
The chronopotentiometric method allows the maintenance of
the electroporated membrane for a long time under well-
controlled conditions. We propose that it also may provide basis
for modeling ionic transport in electroporated cell.


In the cell in state 3 (Table 1), two opposite processes can be
observed: non-physiological ionic flux through the electropore,
adding to the physiological flux through the channels, and the
action of the ion pumps trying to restore the physiological
transmembrane potential. In the chronopotentiometric experi-
ment on the membrane with the electropore, the controlled
current source can be considered as a model for the action of the
ion pumps.


It could be expected that when the electropore stays open for
too long, elevated energy consumption by the pumps reduces
cellular energy resources, which leads to decreased activity of

B


lent model system with a planar lipid membrane and a galvanostat (B).
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Fig. 3. Chronopotentiometric experiments in 2-electrode (A) and 4-electrode (B)
modes. Flow of the constant current through RE–WE electrodes (2-electrode
mode) or CE1–CE2 electrode (4-electrode mode) is controlled by galvanostat.
Transmembrane potential is measured between reference and working
electrodes (RE–WE, 2-electrode mode) (A) or two control electrodes (RE1–
RE2, 4-electrode mode) (B).
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Fig. 4. Reversible electroporation in current–clamp chronopotentiometry. A —
exponential charging of the membrane; B — pore creation; C — potential
fluctuations. P — point selected for the calculation of pore conductance.
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the pumps. This hypothesis may explain why the tendency for
resealing eventually prevails in the cell. As an effect the
electropore closes instead of remaining in the fluctuating state,
as observed in constant-current chronopotentiometry on planar
lipid membranes. It may be expected that supplying the cell
with additional energy precursors (e.g., glucose or fatty acids
in cardiac cells) should extend the electropore lifetime. On the
other hand, it suggests that electropores in anoxic cells should
close faster.


Based on this idea, it is proposed that the linear-current
chronopotentiometry can be considered for modeling and
studying the resealing of the electropore. A cell in state 4
(Table 1) is trying to restore the membrane structure,
gradually closing the electropore. Resealing of the electropore
was previously investigated by means of two voltage pulses
switched on at the same time instant [11]. Electrical
breakdown of the membrane was induced with a voltage
pulse of high intensity and short duration. The time course of
the changes in membrane conductance after application of
high and short-time voltage pulse was measured with a longer
voltage pulse of low amplitude. However, this method may
disturb the natural mechanism of electropore sealing.


The observations from chronopotentiometric experiments
may provide more insight into the processes of electroporated
cell in vivo due to limitations in available experimental
techniques. This approach does not take into account other
factors affecting electropore dynamics, for example the
mechanical influence of the cellular cytoskeleton has not
been considered. However, the model may help to understand
the electrical phenomena in electroporated cell in various, also
non-physiological, conditions.


2. Materials and methods


2.1. Chemicals


Egg yolk phosphatidylcholine (PC) and phosphatidylserine
(PS) were obtained from Fluka (Buchs, Switzerland), cholesterol
(Chol) obtained from Sigma (St. Louis, USA), analytical-grade

KCl and AlCl3 obtained from POCH (Gliwice, Poland) and n-
decane from Aldrich (Gillinghem-Dorset). The chemicals were
used without additional purification. The electrolytes (0.1M
KCl) were buffered with HEPES (Aldrich, Gillinghem-Dorset)
to pH=7.0. Ultrapure water was prepared in the Milli-Q system
(Millipore).


2.2. Measurements


The experiments were performed on planar lipid bilayer
membranes formed by the Mueller–Rudin method [17]. The
forming solution contained phosphatidylcholine (PC) dissolved
in n-decane (20 mg/ml). The membranes were formed in round
aperture, 1.0 mm in diameter, in two Teflon hydrophobic septum
separated cells filled with 10 ml of electrolyte. The experiments
were performed at temperature T=22±1 °C.


The measuring system was fully controlled by a PC
computer and software developed in our laboratory. A
programmable chronopotentiometry with scheduled current–
time dependence was available [18]. Electrical measurements
were performed with a four-electrode (Ag/AgCl ) capacitance
meter and potentiostat–galvanostat described in our previous
papers [19,20]. A schematic of experimental setup for
chronopotentiometric experiments is shown in Fig. 3.


The process of membrane formation was monitored by visual
observation of transmitted light and recorded membrane
capacitance. Since the membrane capacitance C rises when the
bilayer is forming, it was assumed that the membrane was fully
formed when the capacitance drift was lower than 10 pF/min.
The membrane resistance was calculated based on voltammetric
curves, recorded in the range of ΔU=±50 mV, with the least
squares method. The data was processed and analyzed with
Excel (Microsoft) and the software from our laboratory.


2.3. Calculation of electropore conductance and diameter


During current–clamp experiment a pore with fluctuating
size is created. Electropore conductanceGp at any selected point
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P (Fig. 4) was calculated by the method described previously
[21] as:


Gp ¼ i
UM


−
1
RM


� �
d 1−


Vp


V


� �
ð1Þ


where i is total current flowing through the electrodes and
membrane, UM is the membrane potential, RM is the membrane
resistance, V and Vp are the slopes of the chronopotentiometric
curve (dU/dt) at the potential UM for the membrane without and
with the electropore, respectively. This method takes into
account the resistance of the membranes without the electropore
and changes in the membrane capacitance caused by the
membrane potential [21].


The electropore diameter was calculated based on the
following assumptions: (a) the shape of the electropore is
cylindrical, (b) the electropore is filled with the same electrolyte
as a bulk electrolyte, (c) the change in the temperature inside the
electropore, resulting from the current flow, did not significantly
change the electropore conductance. These assumptions, which
are made for analytical purposes, may not reflect the reality in
the cell plasma membrane. Based on the assumed cylindrical
shape, the electropore diameter d was calculated as:


d ¼ 2d


ffiffiffiffiffiffiffiffiffiffi
GpdL


jdk


r
ð2Þ


where Gp is electropore conductance; L is membrane thickness;
κ is specific conductance of the electrolyte. While calculating
the electropore diameter (Table 2), it was assumed that the
thickness of each membrane was L=7 nm [22].


3. Results and discussion


3.1. Constant-current chronopotentiometry as a model of
electroporated cell in state 3 (Table 1)


A typical chronopotentiometric curve obtained from
planar lipid bilayer in a constant-current experiment is
shown in Fig. 4. The process begins with an exponential rise

Table 2
Pore conductance and diameter calculated for electroporated BLM in current–
clamp chronopotentiometry — exemplary data for a membrane and electrolyte
of different composition


Composition
of the
membrane


Composition
of the
electrolyte


Breakdown
potential, UB


(mV)


Level of
conductance
oscillations, G (nS)


Pore
diameter,
d (nm)


PC Typical 255±20 2.10±0.30 3.8
PC/Chol


(molar
ratio 1 :1)


Typical 280±25 1.90±0.34 3.3


PC/PS (molar
ratio 1 :1)


Typical 300±30 2.04±0.60 3.8


PC/PS (molar
ratio 1 :1)


Typical+
1 mM Al3+


297±30 0.86±0.15 2.4


Forming solution (typical)— phosphatidylcholine in n-decane (PC), electrolyte
— 0.1 M KCl, HEPES pH=7.0. The conductance was calculated as arithmetic
mean±standard deviation of at least 8 membranes. Current intensity I=0.2 nA.

of the potential, for which the membrane capacitance and
conductance are responsible. Then, a sudden decrease of the
potential value can be observed, although it rarely reaches
zero. This effect is a sign of an electropore formation.
Estimation of the electropore diameter indicates that usually
a single nanopore is formed [21]. Short breaks in current
supply do not let the electropore reseal [18]. In our
experiments the average electropore diameter ranged from
3.8 nm (0.2 nA) to 7.5 nm (1 nA) for PC membranes in 0.1
M KCl [23]. The stage of electropore formation is followed
by stochastic voltage oscillations. Typically, the potential
oscillates in the range between 70–140 mV, which is too
low for subsequent electropores to form.


Chronopotentiometric characteristics strongly depend on
experimental conditions, such as the current value, ionic
strength, concentration and type of ions or molecules in the
solution, and lipid composition in the membrane (Fig. 5, Table
2). Breakdown potential, electropore diameter and stochastic
characteristics of the fluctuations depend on experimental
conditions.


Higher intensity of the field speeds up the electroporation
and increases the diameter of the electropore. Electropore
diameter is also strongly sensitive to ionic strength,
decreasing in higher concentrations [24]. In our experiments
the average diameter ranged from 0.93 (0.2 nA) to 4.2 nm
(5 nA) for PC membranes in 2 M KCl. A Monte Carlo
simulation study on the influence of ionic strength on the
membrane, showed a higher integrity of the membrane in
higher ionic strength [25]. Molecular Dynamics (MD)
simulations also show that diffusion coefficient is lower in
high ionic strength also due to creation of cation-lipid
complexes [26]. Lipid composition may be relevant, too
(Table 2). Adding cholesterol slightly decreased the electro-
pore size. Almost no effect was observed when phosphatidy-
loserine (PS) was present although it affects the ability of the
membrane to bind multivalent ions. Breakdown potential is
also sensitive to electrolyte and lipid composition. An
influence of cholesterol and phosphatidylserine on the value
of potential UB was shown (Table 2).


Dynamics of the electropore, represented by oscillatory part
of the chronopotentiometric characteristics, can be studied
based on the amplitude, level, and the stochastic model of
fluctuations [27,28]. It was shown that the conductance
oscillations are usually a self-similar stochastic process with
long memory [24]. However, the process cannot be classified
as a fractional Brownian motion and a stable motion was
suggested. Electropores in PC membranes with diameter
below 1 nm produce a flicker noise 1/f β, where β is close to
1. The parameter β can be considered as a quantitative
measure of ionic concentrations [29] and, possibly, lipid
composition. Interestingly, it turns out that stochastic char-
acteristics of electropore and ion channels [30] are more
similar than expected since 1/f noise was observed in both
cases.


A strong effect of multivalent ions on the plasma membrane,
such as Al3+, can be studied by chronopotentiometry. The
influence of Al3+ is interesting due to the neurotoxicity of







Fig. 6. Chronopotentiometric curve (solid line) registered at linear-current
(dashed line). The forming solutions contained PC. Electrolyte: 0.1 M KCl,
10 mM HEPES, pH=7.0.


Fig. 5. Chronopotentiometric curves for electroporated BLM registered at
I=0.2 nA (solid line, left axis) and calculated pore conductance (dashed line,
right axis). The forming solutions contained: (A) PC, (B) PC/Chol (1 :1 mol/
mol), (C) PC/PS (1 :1 mol/mol). Electrolyte: 0.1 M KCl, 10 mM HEPES,
pH=7.0, and in (C) additionally 1 mM AlCl3. The conductance was calculated
from chronopotentiometric curve according to Eq. (1).


88 S. Kalinowski et al. / Bioelectrochemistry 70 (2007) 83–90

aluminium ion and its possible relevance to Alzheimer's disease
and Parkinson-dementia [31]. Chronopotentiometric study
showed that Al3+ decreases electropore size and blocks
fluctuations almost completely (Table 2, Fig. 5). This effect is
attributed to diminished elasticity of the membrane and ordering
effect of Al3+.


In the cell, appearance of an electropore could be compared
with an appearance of a large non-selective channel.
Chronopotentiometric experiments may mimic the situation
of a cell in state 3 (Table 1), in which the opening of the
electropore allows all ions of a suitable size to move freely

across the plasma membrane, tending to reduce the concen-
tration gradients and consequently the potential. Simulta-
neously, electrogenic pumps of the cell transport specific ions
between intra- and extracellular fluids to restore the gradients.
Efficiency of ionic pumps is comparable to currents applied in
constant-current experiments. For example, efficiency of the
pumps in human lens epithelium cell, with transmembrane
voltage U=80 mV, is about 1–2 nA [32]. Therefore, it is very
possible that chronopotentiometric experiments may show the
effects observed in a real electroporated cell.


There are two consequences of this approach. First, if we
know the net ionic flux Jcell through plasma membrane of the
cell, we can more accurately obtain size of the electropore in
specific conditions, based on the chronopotentiometric experi-
ments. Although the accuracy of our method is limited by the
assumptions taken for calculation of the electropore diameter,
other currently available techniques give even less accurate
estimates.


Secondly, the constant-current experiments on planar lipid
membranes show oscillations of the electropore, which may
suggest the fluctuating dynamics of the electropore in cell,
too. Interestingly, the stochastic characteristics of the
fluctuating electropore, showing 1/f noise, implicate certain
resemblance between the electropore and ion channels. This
aspect has not been considered in modeling electroporated
cell in state 3, yet. Models of the phenomena in which cells
are injured by electroporation, like in cardiac defibrillation
[33], also do not take into account the oscillatory character of
the electropores.


3.2. Linear-current chronopotentiometry as a model of
electroporated cell in state 4 (Table 1)


The linear-current experiment can imitate the resealing
electropore in the cell in state 4 (Table 1). It has been postulated
that the pumps are gradually loosing their efficiency due to
extended time and level of their activity, exhausting energetical
resources of the cell. The action of ionic pumps is modeled by
decreasing current intensity.


Chronopotentiometric experiment with linearly time de-
pendent current is shown in Fig. 6. In the first 25 s of the
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cycle the current intensity increases from I=0 to I=0.5 nA.
Then a decrease to I=0 within the same period is executed.
Afterwards, the current changes its direction. The initial part
of the potential curve in linear-current experiment is very
similar to the constant-current characteristics (Fig. 4). An
increase of the membrane potential to the breakdown potential
UB leads to an electropore formation. Then, due to the
increase in membrane conductivity, the membrane potential
decreases. A decrease in current value to about 0.1 nA results
in the potential decrease to about 50 ÷ 100 mV and
disappearance of its oscillations. For low current intensity,
we observed almost linear dependence between potential and
applied current. This indicates the constant resistance of the
electropore. In other words, this part of the curve shows the
electropore with a relatively invariable average size.


Further increasing of the current intensity causes a slow re-
increase of the potential. In voltage–current characteristics it
can be observed a distinct region where a significant potential
increase is followed by an abrupt potential drop (Fig. 6). This
region may suggest a gradual electropore resealing followed by
its re-opening at the potential close to UB. Our results show that
the electropore closes when the potential is below UB. The
process is not immediate since even at U=0 resealing may last
from seconds to tens of minutes, which is in agreement with the
previous work [13,34].


4. Summary


Chronopotentiometry with controlled current source ap-
plied to planar lipid membrane was proposed as a method to
model electroporated cell in its natural conditions. Two
possible chronopotentiometric experiments were discussed:
constant-current and linear-current methods. In the constant-
current technique the current value is fixed. In the linear-
current method the electropore is created under a linearly
changing current. Both varieties of the chronopotentiometric
method maintain the electroporated membrane for long time
under well-controlled conditions. Electrical phenomena in the
electroporated cell were modeled in the situation when
activity of cell pumps counteracts ionic fluxes through the
electropore (state 3, Table 1). This case was modeled by
constant-current chronopotentiometry. The other modeling
attempt involved a cell whose energy resources diminish and
the activity of the pumps decreases, leading to the gradual
electropore resealing (state 4, Table 1). This activity was
modeled by linear-current chronopotentiometry with decreas-
ing current.


The results of chronopotentiometric experiments indicate
that the electropore behavior depends on the composition of
the membrane and surrounding fluids. More accurate
estimation of the electropore size could be based on the
chronopotentiometric experiments on planar lipid membranes
in specific conditions, corresponding to the cell under study.
The results of the chronopotentiometric model may suggest
fluctuating dynamics of the electropore in the cell, with
characteristics 1/f. Based on the model, it can be also
postulated that, when the efficiency of the pumps becomes

very small, fluctuations disappear and the electropore
assumes a constant resistance.


The chronopotentiometry can be considered as a method
to advance our understanding of electroporation in the cell,
and contribute to elaborating more accurate models including
the influence of environment. The results of chronopotentio-
metric experiments may suggest that the electropore can be
controlled by composition of lipids or extracellular fluids.
Manipulating the environment of the cell may allow for
modulation of the electropore conductivity and improve its
selectivity.
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Abstract


Enzymatic activity (denitrification) of Paracoccus denitrificans was estimated electrochemically by reduction of duroquinone (DQ). Graphite
electrodes covered with whole bacterial cells behind a dialysis membrane were used for measurement. P. denitrificans reduce nitrate and/or nitrite
under anaerobic conditions to nitrogen gas. DQ acts as an electron mediator. After donation of the electrons to the respiratory system of the
bacteria, produced DQ is reduced to durohydroquinone on the electrode surface electrocatalytically. P. denitrificans were exposed to low-
frequency magnetic field (10 mT, 50 Hz) for 24 min. In comparison with the control samples, the reduction peak of I–E curves that represent
denitrification activity of the cells decreased significantly after magnetic field exposure. The decrease of the peak current was about 20%. The
CFU-colony forming units-method was used to estimate the number of surviving bacteria. After 24 min exposure of 10 mT magnetic field P.
denitrificans culture on electrode indicates 21% bacterial death.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Low-frequency electromagnetic field; Denitrification; Paracoccus denitrificans; Graphite electrodes; CFU number

1. Introduction


In the latest few decades, many studies concerning
electromagnetic fields effects on biological objects were carried
out [1,2]. A lot of them were focused on DNA and gene
expression [3–5], transport of ions [6,7], enzymatic activity [8–
10], viability and proliferation [11,12]. There are epidemiolog-
ical studies with controversial results too [13,14]. Bacteria can
be a good object for the study of extremely low-frequency
electromagnetic fields (ELF EMF) effects [15,16].


The purpose of the present study was to investigate the
possible effect of ELF EMF on denitrification activity of
Paracoccus denitrificans. We used electrochemical method to
determinate enzymatic activity [17,18]. Electrode modified with
whole cells of bacteria functions as a biocatalyst electrode in the
presence of DQ. Denitrification is a process where nitrate is
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reduced via nitrite, nitric oxide, and nitrous oxide to the nitrogen
gas. Series of reductases in the respiratory chain of P.
denitrificans are associated with this process. Nitrate reductase
is the most important electron acceptor for DQ. After donation
of the electrons to the respiratory chain, DQ is reduced to
durohydroquinone on the electrode surface electrocatalytically.
Thus, the electrode will respond to nitrate and/or nitrite as a
final electron acceptor under anaerobic condition. This method
can serve as a powerful tool to estimate the enzymatic activity of
P. denitrificans.


2. Experimental


2.1. Instrumentation


Magnetic field was created by a cylindrical coil powered by
an autotransformer. Maximal current in the coil was 1.9 A,
which corresponds to maximal magnitude of magnetic
induction Bm=10 mT. Frequency of the current used was
50 Hz. Parameters of the coil are given in Table 1 and the
distribution of the magnetic induction inside the coil is shown in



mailto:fojt@ibp.cz

http://dx.doi.org/10.1016/j.bioelechem.2006.03.023





Table 1
Cylindrical coil parameters


Diameter 235 mm
Inner diameter 205 mm
Length 210 mm
Number of threads 880
Diameter of wires 2 mm
Weight 5.7 kg


Fig. 2. AFM contact mode image of bcGCE without dialysis membrane.
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Fig. 1. During the exposure, the room temperature (24–26 °C)
was maintained with an airflow and controlled by a thermom-
eter. The samples were placed on the nonconductive stand in the
centre of the coil, where uniformity of field is maximal.


For electrochemical measurements, three-electrode system
was used. Working electrodes were different types of graphite
electrodes. The platinum wire served as a counter electrode, as a
reference electrode Ag/AgCl/3M KCl was used. The cyclic
voltammetric (CV) measurements were performed with the
EcoTribo Polarograph (Polaro-Sensors, Prague, Czech Repub-
lic). AFM measurement was done using Accurex II.L
microscope (Fig. 2).


2.2. Electrode preparation and measurement


Three types of working electrodes were used: pencil graphite
electrode (PGE), surface of 0.79 mm2; glassy carbon electrode
(GCE), surface of 3.14 mm2 (Metrohm); and pyrolytic graphite
electrode with basal orientation (PGEb), surface of 15 mm2


(GE-Advance Ceramics). All the electrodes were coated with
Torr-seal (Varian). Before use, the electrodes were mechanically
polished with silicon carbide papers (the minimal diameter of
polishing particles was 5 μm) (Struers). Then the electrodes
were polished with 1 μm diamond polishing particles in paste
(Leco) on Lecloth B polishing cloth (Leco). Before the final use,
the electrodes were sonicated for 5 min.


The electrodes were modified with known amount of live
bacteria in the following way: harvested bacteria were diluted in
basal PBS. A 5-μl solution containing 100 μg of dry cells
weight of P. denitrificans per 10 mm2 was placed on the
electrode surface and enables to evaporate. As the last step, the
electrode was clothed by a dialysis membrane, which was
physically attached to the electrode with nylon net.
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Fig. 1. Dependence of the magnetic field induction Bm in the coil on the distance
from the coil axis (which is situated at r=0 mm) for different current values.

Measurements were done at the room temperature (24–
26 °C) in 3 ml of the basal PBS solution as the electrolyte. For
each measurement a newly prepared bacteria covered electrode
(bcE) was used. The basal PBS was continuously stirred at 3600
rpm and the surface was continually flushed with argon gas to
maintain anaerobiosis.


2.3. Bacteria and chemicals


P. denitrificans CCM 982 (NCIB 8944) was obtained from
the Czech Collection of Microorganisms and cultivated in an
anaerobic medium, containing 50 mM sodium succinate as the
electron donor and 10 mM KNO3 as the electron acceptor [19].
The pH was adjusted to the value of 7.3 by addition of NaOH.
For electrochemical measurement, the cells were harvested by a
centrifugation (5000 rpm, 5 min) after 22 h incubation at 30 °C.
Then the cells were washed twice in the basal phosphate buffer
solution (PBS, pH 7.3). For CFU-colony forming units-
measurement was used bacteriological agar No. 1 (Oxoid).
We employ two methods of ELF EMF field effect on bacterial
viability estimation. First method follows the same procedure as
for the bacteria modified electrodes preparation. Bacteria were
diluted after magnetic field exposure on electrodes and placed
on agar plates in Petri dishes of 90-mm diameter. The other
method used bacteria which were diluted from 22 h aged
bacterial culture and then dispensed on agar plates. The
bacterial culture was ready to endure magnetic field exposure.
After 2 days of incubation at 30 °C, CFU were counted.
Duroquinone was purchased from Sigma-Aldrich. All other
reagents were of the highest grade commercially available.


3. Results


3.1. Enzymatic activity


Response for nitrate (i.e. the reduction of the electron
mediator DQ and the enzymatic activity of reductases series) of
P. denitrificans was recorded using three types of bacteria-
modified electrodes. Basal PBS was used as electrolyte, 0.5 mM
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Fig. 4. Dependence of CFU on magnetic field exposure. (A) Dependence of the
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for Bm=10 mT, ⁎ denotes relative CFU numbers, which are statistically
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DQ as an electron mediator and 1 mM KNO3 as an electron
acceptor. Scan rate of CV was 500 mV s−1. Increase of peak
current around of −500 mV for bcPGE and bcPGEb was 20 μA
cm−2 and 40 μA cm−2 for the bcGCE. All three electrodes were
tested for time stability (peak current shows no changes during
60 min after addition of KNO3). Control measurements were
done with uncovered electrodes, and there was no change after
addition of KNO3. It was also important that all three electrodes,
either uncovered or covered only with dialysis membrane,
showed no changes in the peak current after exposure to
magnetic field of 10 mT for 24 min.


After exposure of bacteria modified electrodes to magnetic
field (10 mT, 50 Hz, exposure time 24 min) a decrease of peak
current was observed. A small shift in peak position was also
observed. An example of CV curves is shown in Fig. 3, the data
are shown in Table 2.

Table 2
Magnetic field effect on three different bacteria-modified electrodes


Electrode j (control)/j (exposed)


bcPGE 0.831±0.042
bcPGEb 0.784±0.053
bcGCE 0.819±0.049


All 3 experiments were repeated 10 times.

3.2. CFU determination


CFU method was used to determinate bacterial response to
magnetic field. We carried out CFU counting after exposition to
10 mT magnetic field for 24 min on electrode surface. There
was (21±6)% decrease (statistically significant) in CFU number
for bacteria exposed on electrodes compared with unexposed
control. We measured the dependence of CFU number after
exposure to magnetic field (Bm=10 mT, f=50 Hz) for different
times of exposure and the dependence on Bm for 12 min
exposure on agar plates (Fig. 4). For statistical analysis of the
results, the Student's statistics at the 0.95 level of significance
was used. All the experiments were repeated at least 10 times.


4. Discussion


We have found that the reduction peak of DQ decreased for
all three types of bacteria-modified electrodes after exposure to
magnetic field (Bm=10 mT, f=50 Hz, exposure time=24 min).
The decrease was different for each electrode, but in a view of
statistical analysis there was no significant difference among
these three electrodes. From these results, it follows that the
reduction peak current was decreased at about 20%. We
measured reaction of bacteria on agar plates (solid bacterial soil)
to magnetic field exposure. The results were obtained by
counting colony-forming units (CFU). Both the dependence of
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Fig. 5. Comparison of magnetic field effect for four bacterial strains: E. coli, L.
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Dependence of the relative number of CFU on the value of the magnetic field
induction for t=12 min.
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CFU (on the exposure time and magnitude of the magnetic
field) showed statistically significant decrease in number of
CFU. The bacteria were on solid soil and at the beginning of
exposure the number of CFU was the same in both the control
and in the exposed sample. CFU counting was performed after
2days of incubation in the thermostat. After 48 h, all colonies
have to be visible. Then we can assume that this decrease of
CFU number is caused by bacterial death. This fact is supported
by our results achieved with these bacteria and their growth
curves—after exposure we observed decreasing number of
bacteria in fluid cultivation medium (data not shown).


The counting of CFU number gives us two interesting
information: (1) It can be seen from dependence of CFU on the
time of exposure, there is some saturation effect. After 3 min of
exposure 8.5% of bacteria are dead, after 6 min 12%, after
12 min 16.5%, after 24 min 19% and, finally, after 48 min 21%
bacteria are dead. It is clear that the magnetic field does not act
in a dose-dependent way, the effect is not linear. This effect was

documented for Staphylococcus aureus in our previous work
[16] as well. (2) The observed decrease of CFU by 19% after
24 min of exposure to magnetic field of 10 mT can be compared
with the 21% decrease of bacteria number after magnetic field
exposure on electrode and 20% decrease of the reduction peak
current for DQ (exposure conditions were the same). There is
possible correlation between both effects. The effect detected by
electrochemical reduction of DQ is probably caused by the
bacterial death. This result corresponds with the results
achieved with other bacterial strains. In our previous work,
we have accomplished that the magnetic field effect on oxide-
reduction activity of the strains used is caused by bacterial death
[15].


If data from [16] are used, we are able to compare four
bacterial strains and their behavior in magnetic field. These
strains are Escherichia coli (strain K12 Row, genotype 58–161
metB1rpsL 1+FdefP.Fredericq), Leclercia adecarboxylata (strain
2177), S. aureus (FA 812) and P. denitrificans. As it can be seen
in Fig. 5, there are some interesting facts. We can assume that
the effect of the magnetic field is not only strain dependent, but
a morphology effect can be involved as well. Bacteria with rod-
like morphology (Gram-negative) are affected by the magnetic
fields much more (decrease in CFU number up to 40%) then the
spherical bacteria (Gram-positive, decrease in CFU number up
to 20%).


The mechanism of acting of EMF on living organisms is not
well known yet. There are studies that have observed no
magnetic field effect but much more with some sort of effect.
Some authors tried to find physical and biological mechanisms
of action of electromagnetic fields on living organisms [20,21].
We established that the magnetic field has lethal effect on
bacteria P. denitrificans, but there was no change in enzymatic
activity. We can only assume that EMF does not influence the
metabolic activity of bacteria.
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Abstract


The effect of magnetic fields on the living systems is studied in vivo or in vitro in very broad spectrum of organisms, cells and tissues. The
mechanism of their acting is not known until now. We studied low-frequency magnetic field effect on cytoskeleton and on the structure of chromatin
in human cells. We used cell line of small lung carcinoma (A549) and the effects of magnetic field on cytoskeleton and higher-order chromatin
structure were analyzed 96 h of magnetic field exposure. Magnetic field generated by the cylindrical soil was homogenous and the cells were
cultivated at 37 °C in humidified atmosphere containing 5% CO2. Magnetic field induction was Bm=2 mT and the net frequency f=50 Hz. In such
affected and control cells the F-actin was estimated using FITC-conjugated Phalloidin and mitochondria were studied using MitoTracker (Molecular
Probes). Images of cytoskeleton and genetic loci were acquired using confocal microscopy and analysis was performed by FISH 2.0 software. Slight
morphological changes of F-actin filaments and mitochondria were observed in affected cells and nuclear condensation was found. These effects
could be related to the process of cell death apoptosis probably induced by magnetic field. The studies aimed at centromeric heterochromatin (9cen)
did not show statistically significant changes. Therefore, we suggest that magnetic field has no influence on higher order chromatin structure but
certain changes could be observed on the level of cytoskeleton. However, these statements need a thorough verification. Our preliminary experiments
will be extended and the effect of magnetic field on another structures of cytoskeleton and cell nuclei will be further studied.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction


With the increasing use of electrical appliances in our daily
life, most of living organisms including human beings are
inevitably subject to the frequent exposures to extremely-low-
frequency (ELF, up to 300 Hz) electromagnetic fields (EMF).
Themechanism of interaction between ELF-EMF and biological
structures, if it exists, is still obscure. Although the results of
epidemiological studies on the potentially tumorigenic effects of
ELF fields have been largely negative, pooled analyses provide
evidence, that prolonged exposures above 0.4 μT is associated
with a small risk of leukaemia in children [1–3]. These data have
insufficient strength to establish clean conclusion on a relation
between EMF and living organisms. Not only macroscopic
analyses of cell survival using primary cultures obtained from
human and animals show conflicting results but investigations at
subcellular level have also failed to explain the alternations

⁎ Corresponding author.
E-mail address: lustr@ibp.cz (L. Strašák).
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observed after treatment with an electromagnetic field source
[4]. A lot of papers concerning this topic have been published in
the last 25 years. They examined ELF-EMF effects on viability
of unicellular organisms [5,6], growth of plants [7], biological
effects on gene transcription, changes in synthesis and
transcription of DNA [8–10] and effects on the other parts of
cells—changes in ion transport [11,12], changes in microtubule
organisation [13], production of heat shock proteins [14], etc.


There are varieties of effects that have been described but
most of them are only minor and the living organisms seem to
tolerate a wide range of electromagnetic stimulation without
major effects. That makes this kind of study difficult and it may
influence replication experiments with similar conditions of
exposure and exposed materials. It is important to perform all
experiments under well-defined conditions.


In our previous work we studied EMF effects on viability of
different bacterial cells.We found that exposure up toBm=10mT,
time of exposure up to 48 min, frequency 50 Hz (some experi-
ments had f up to 20 kHz) has negative effect on the growth of
bacterial strains Escherichia coli, Staphylococcus aureus and
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Leclercia adecarboxylata. The metabollic activities of bacterial
cultures decreased probably due to lower number of bacterial cells
in solution. We stated that the effect of field is probably
bactericidal; a part of bacterial cells is dead, the rest develops
without problems. The effect is time-dependent and induction-
dependent. The acting is also strain-dependent, it seems that
stronger effect is observed for rod-like bacteria than for spherical
ones [15–17].


In this article we show our results related to the cytoskeleton
and higher order chromatin structure of human cell line A549
exposed to magnetic field. Higher order chromosome organiza-
tion and chromatin modification play an important role in the
regulation of nuclear processes. Chromosomes are composed of
two different types of chromatin, euchromatin and heterochro-
matin that occupy discrete domains in the cell nucleus. Tran-
scriptionally active euchromatic compartments are preferentially
located in the inner parts of cell nuclei while silent and hetero-
chromatic regions are located near the nuclear periphery [18,19].
Another important subject of higher order chromatin structure
studies is active/inactive gene location within chromosome terri-
tories. There are several data trying to elucidate this phenomenon.
Verschure et al. found nascent RNA in the interchromatin spaces
of chromosome territories, which suggested that transcriptionally
active regions in chromosome territories are also compartmen-
talized. Active loci are located predominantly at or near the
surface of compact chromatin domains, forming chromosome
territories, which enable depositing of a newly synthesized RNA
directly into interchromatin spaces [20]. Another data were re-
ported by Kurtz et al.[21], who observed that non-expressed,
anonymous fragment was positioned more interiorly within chro-
mosome territory while genes were rather located at the periphery
of chromosome territories irrespectively of their activity. In
addition, Volpi et al [22] and Mahy et al [23] concluded that gene
rich regions involving many active loci can be extended as
chromatin loops away from compact chromosome territories.


In our experiments we tested whether magnetic fields could
have an influence on nuclear topography of selected chromatin
structures. In addition, we tested the effect of magnetic field on
selected structures of cytoskeleton such as F-actin filaments and
mitochondria. As intracellular organelles, mitochondria show
remarkable plasticity, mobility, and morphological heterogene-
ity [24] and we tested if such dynamic organelles could be
affected by magnetic field.


Following our preliminary experiments, we conclude that
magnetic field has no influence on higher-order chromatin struc-
ture; some changes could be observed on the level of cytoskele-
ton. These statements will be tested in our further experiments.


2. Materials and methods


2.1. Magnetic field


The magnetic field was generated by a cylindrical coil
powered by a transformer. On the coil the applied voltage was
U=21 V which corresponded to magnetic induction Bm=2 mT.
The frequency of the applied field was 50 Hz. Cells were
exposed to magnetic field for 96 hours in the thermostate

temperated to 37 °C, in 5% CO2 atmosphere. Control samples
were kept in the same conditions without magnetic field. The
Petri dishes with samples (diameter r=30 mm) were kept in the
coil on the non-conductive stand. Homogenity of the magnetic
field taking in account the sample diameter was about 3%.


2.2. Cell cultivation


Adenocarcinoma cell line A549 obtained from European
Collection of Animal Cell Cultures (ECACC, Porton Down,
Salisbury, UK) was cultivated in Dulbecco's modified Eagle's
Medium (DMEM) (PAN, Germany) supplemented with 10% of
fetal calf serum (PAN) and antibiotics (penicillin and strepto-
mycin). Cultivation was performed at 37 °C in humidified
atmosphere containing 5% CO2.


2.3. F-actin detection


A549 cells, growing on slides, were fixed in 4% formalde-
hyde for 8 min and then washed twice in PBS. Cell
permeabilization was performed in 0.1% Triton X-100 in PBS
for 8 min and followed washing in PBS for 5 min. Fluorescein-
isothiocyanate (FITC)-conjugated Phalloidin (1 g/ml, Sigma)
was applied for 45 min at room temperature in the dark. After
this incubation, the cells were washed twice for 5min in PBS and
Vectashield (Vector Laboratories, CA) containing TO-PRO-3
(Molecular Probes) was used as a counterstain.


2.4. Mitochondria staining in living cells


MitoTracker (Moleculare Probes, Invitrogene, USA) of the
final concentration 200 nMwas added to the cell culture growing
in fresh medium. After 45 min of incubation, the cells were
washed with PBS, fixed with 4% paraformaldehyde for 8 min
and nuclei were visualized using TO-PRO-3 (Molecular
Probes). Vectashield (Vector Laboratiories, Burlingame, CA)
was used as a mounting medium.


2.5. Fluorescence in situ hybridization (FISH)


Cells growing on slides in monolayer were fixed with 4% (w/
v) paraformaldehyde (Sigma) in PBS (8 min, RT), washed twice
in PBS (2min, RT). The cells were permeabilised in 0.1 NHCl (v/
v), 0.1MTris (pH 7.8) and 0.1% (w/v) saponin in PBS, washed in
PBS, equilibrated in 20% glycerol (20 min, RT). The following
step was freezing the slides in liquid nitrogen and DNA
denaturation in 50% (v/v) formamide in 2 × SSC (15 min,
75 °C). Digoxigenin-labelled DNA probe (centromere 8) (Oncor,
Gaithersburg, MD) was used for hybridization (18 h, at 37 °C).
The post hybridization washing and staining of nuclei was
performed according to Bártová et al. [25].


2.6. Image acquisition, analysis and statistical evaluation of
the results


The images of immunostained cell nuclei were acquired by a
confocal system consisting of argon/krypton laser (Innova 70,







Fig. 1. (A) F-actin filaments in the control (CONTROL) and magnetic field (MF) exposed A549 cells. (B) Organization of mitochondria determined in control
(CONTROL) and magnetic field (MF) exposed A459 cells. Bars indicate 1 μm.
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Coherent) with acusto-optical tunable filter (AOTF, Brimrose)
for the selection of the wave length, confocal head (QLC 100;
VisiTech International) connected to a Leica DMRXA epi-fluores-
cence microscope (LEICA) and Piezzo controlled z-movement
(Physic Instrumente). The scanning systemwas driven by FISH2.0
software [26]. The image system was captured with a fully pro-
grammable digital CoolSnap CCD camera (Photometrix, Tuscon,
AZ). The magnification of the objective lens was 100x (NA=1.3).
The pixel/micron conversion factor was 15 pixels per 1 μm. For
adherent A549 cells, 40 optical sections per 0.1 μm were scanned
for each fluorochrome. Maximum image provided complex

Fig. 2. Nuclear distribution of centromeric heterochromatin of human chromosome 8
to-fluorescence gravity centre of nucleus were determined (CR) and normalized to
Whitney U-test was used for statistical analyses.

information about the spatial arrangement of interphase nuclei
and cytoskeleton.


Digital images were also analysed using FISH 2.0 software
[26] running under MS-Windows environment and containing a
number of filters and procedures for image analysis. The simple
threshold was applied in order to detect cell nuclei in blue colour.
Red fluorescent signals (rhodamin staining) of centromere
8 were detected on a blue background of nucleus by means of a
modified watershed algorithm [26,27]. The coordinates of the
signals and the distances of centromeres from the nuclear weight
centre (CR/R) were computed. All average distances were

in control and magnetic field exposed A549 cells. The distances of centromeres-
the local nuclear radius (CR/R). ⁎ means statistically at p≤0.05. The Mann-
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expressed as the percentage of local nuclear radius (R). Analysis
of genetic elements was performed automatically and the results
of the analysis were confirmed on a screen manually. After the
analysis of each image, text files with information about images
were generated, imported to SigmaPlot (Jandel Scientific, San
Rafael, CA) and further statistically processed. Here, the sig-
nificance of the differences between distributions of genetic
elements was calculated using the Mann-Whitney U-test at
p≤0.05.


3. Results and discussion


3.1. The influence of magnetic field on the structures of
cytoskeleton


A549 cells were cultivated for 96 h in the presence of mag-
netic field. In our experiments we observed reorganization of F-
actin filaments (Fig. 1A), which can be the result of the cell death
apoptosis that was observed in the cells exposed tomagnetic field.
Additionally, we observed condensation of interphase nuclei.
MitoTracker staining of living cells showed slight reorganization
of mitochondria (Fig. 1B). These experiments support the
statement that all described effects were closely associated with
cell death apoptosis induced. Using DAPI staining we revealed
6.2±1.7% of apoptotic population in magnetic field exposed
culture. Moreover, approximately 10% of cells de-attached from
cultivation dishes, which is a mark of cell death in the culture
growing in the monolayer. This stage was not observed in control
cells.


3.2. Higher order chromatin structure of the cells exposed to
magnetic field


In order to demonstrate the influence of magnetic field on
higher-order chromatin structure, the centromeric regions of
human chromosome 8 were studied. It is well known that cen-
tromeres are reorganized during many cellular processes such as
cell cycle [19], cell differentiation [25,28] as well as in late
apoptosis [29]. Following these results we analyzed the
arrangement of centromeric heterochromatin in the nuclei of
cells exposed to magnetic field. In these experiments, the nuclear
positioning of centromeres of chromosome 8 was not changed.
We analyzed approximately 300 non apoptotic nuclei and 3D-
average distances between centromeres and fluorescence gravity
centre of nucleus (CR/R) were 67.5±0.8% in control and
65.2±0.8 % in affected cells (Fig. 2). The differences in the
control and treated cells were not statistically significant. On the
other hand, statistically significant were the results on the nuclear
radius that was 5.2±0.2μm in control cells and 4.9±0.1μm in the
cells affected by magnetic field (Fig. 2). These values imply
induction of chromatin condensation that was caused bymagnetic
field. It is highly probable, that this chromatin compaction is
related to the cell death apoptosis stimulated inmagnetic field. It is
well known that apoptosis is characterized by chromatin
condensation and margination within interphase nuclei [30,31].


It is evident that slight structural changes in the genome could
induce its immense functional responses (summary [32,33]) but

in our experiments with magnetic field, we did not found
changes in the nuclear organization of higher-order chromatin
structures such as centromeric heterochromatin. On the other
hand, certain effects were observed on the level of cytoskeleton
but these changes were rather associated with induction of
apoptosis then with the magnetic field alone.
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Abstract


Understanding the motion and the governing equations of a molecule's path in tissue is an ultimate requirement for the repeatable, site specific
delivery of molecules [Joseph D. Hickey. Modelling the Motion of Ions and Molecules in Electroporation and Electrophoresis Field Conditions.
University of South Florida, College of Arts and Sciences, Department of Physics, Tampa, Florida, 2003., Joseph D. Hickey and Richard Gilbert.
Modeling the electromobility of ions in a target tissue. DNA and Cell Biology, 22 (12) (2003) 823–828.]. This paper describes a computationally
efficient mathematical model and simulation technique for the examination of DNA fragments in a 1% agarose gel. The speed of the individual
DNA fragments through the agarose gel was described through two parts. The maximum velocity was calculated using the Coulombic force
divided by Stoke's law and that value was retarded by an exponential rate equation.


The simulation utilizes previously published techniques modified for this specific application [Joseph D. Hickey and Richard Gilbert. Fluid
flow electrophoresis model. Bioelectrochemistry, 63 (2) (2004) 365–367., Joseph D. Hickey and Richard Gilbert. Modeling the electromobility of
ions in a target tissue. DNA and Cell Biology, 22 (12) (2003) 823–828.]. Five representative DNA fragment sizes that span the resolution of a 1%
agarose gel were chosen for this analysis. The speeds corresponding to these five DNA fragment sizes were converted into discrete values and
used in a 50 step simulation. The resultant error comparing the simulation with experimental distance was 7.76%. Through a 1-D optimization
procedure, this error was reduced to 3.02% for a 52 step simulation.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrophoresis; Drug and gene delivery; Computationally efficient simulation

1. Introduction


Electrophoresis is a technique used for the directed motion of
charged species in an applied electric field. Two common ap-
plications of electrophoresis in the biosciences are the delivery
of genes to cells and the separation of DNA. The effectiveness of
electrogenetherapy, the delivery of genes to cells through ap-
plied electric fields, is increased by the addition of electropho-
retic chase pulses after the application of initial electroporation
pulses [5,6,8]. DNA and protein electrophoresis are common
laboratory procedures that utilize the driving force of an applied
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electric field acting on charged molecules suspended in a re-
tarding media. The force imbalance induces velocity differences
between different species as a function of respective charge and
radii.


Although electrophoresis is a common laboratory procedure
and the corresponding physics is well understood, the literature
is currently lacking a computationally efficient method for pre-
dicting the molecular motion of large molecules in diverse ma-
trices influenced by electric fields. A small molecule simulation
has previously been described by Hickey and Gilbert [2,4] but
this method is not sufficient for handling multiple species with
different charges and radii simultaneously [1]. The creation of a
model that describes the motion of DNA in an electrophoresis
gel is the first step towards the better understanding of site
specific electric field mediated delivery of drugs and genes into
tissue.
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Fig. 2. DNA fragment final distribution. The final frame in the simulation
showing the correlation between the predicted and experimental DNA fragment
band placements.
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2. Modeling electrophoresis in gels using a force model


Understanding the motion and the governing equations of a
molecule's path in tissue is an ultimate requirement for the
repeatable, site specific delivery of molecules in tissue [3,4,7].
Producing an accurate, descriptive, two dimensional large mole-
cule through tissue model from first principles is a very complex
and difficult task due to a lack of literature data to support model
precepts. A 1% agarose gel was ran using DNA standards at
6:56 V


cm, for 1 h in a 1x TAE buffer [10]. DNA standards
HyperLadder I, made by Bioline USA Inc., Canton Ma., catalog
number BIO-33025 and a 100 bp ladder made byBayou Biolabs,
Harahan, La., catalog number L-101 were chosen for repeat-
ability of the experimental data and for the coverage of the 1%
agarose gel functional range.


The motion of the DNA fragments in an agarose gel was
modeled using Lagrangian mechanics treating the moving ele-
ments as existing in a constant velocity steady state. The DNA
fragments were assumed to be prolate spheroids traveling through
1-D tubes, similar to reptation DNA motion models, traveling
along their minor axis. The Coulombic force from the applied
electric field acting on the charged molecules was assumed to be
the sole driving force. Two retarding forces were considered.
The first was the hydrodynamic retarding force described by
Stoke's law and the second was the retarding force due to the
interaction of the 1-D gel tubes with the DNA spheroid's minor
axis radius.


S ¼ zeE
6kgrpore


−Sgele
−bpgel
bp ð1Þ


Eq. (1) calculates the speeds at which the different DNA
fragments travel through an agarose gel. The first section of the
equation describes the Coulombic, zeE, z is the charge of the ion,
e is the fundamental charge of an electron, E is the applied
electric field across the electrophoresis chamber, and the Stoke's
law, 6πηrpore interaction, η is the viscosity of the electrophoresis
buffer. The variable rpore is the radius of the lower range DNA
fragment for that specific agarose gel concentration. For a 1%
gel, rpore has a value of 4.827 nm [1]. This value was computed
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Fig. 1. Experimental vs model predicted speeds. Comparison of the
experimentally measured DNA fragment speeds to the Eq. (1) predicted speeds.

using a packing factor analysis method, each base pair of each
DNA fragment was modelled as cylinder with a length of 2.1 nm
and a width of 0.34 nm [9,11]. A 100 base pair, bp, fragment is
the lower separation limit of a 1% agarose gel, its equivalent
resting diameter was chosen as the diameter of the 1-D tubes
being used as a model for the polymeric knot network.


The second section of Eq. (1) is in the form of a retarding rate.
The variable bpgel is the base pair value where the agarose gel
takes a greater effect, this can be seen in Fig. 1 where curvature is
introduced on the left hand side of the graph. The variable Sgel is
the speed that corresponds to the bpgel base pair value of 750 bp,
and for the 1% agarose gel this value is 4:92 V


cm. These values
were calculated using a golden section error minimization rou-
tine using multiple iterations of random initial guesses to reduce
the possibility of arriving at a localizedminima. As seen in Fig. 1,
this model visually tracks the experimental data quite well and
the R2 value for the fit is 0.9941.


3. Simulating the motion of DNA fragments in agarose gels


The mathematical model described in Section 2 was used in
conjunction with nodal analysis techniques to simulate the
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Fig. 3. Results of optimization procedure. 1-D optimization algorithm results
predicting the optimal number of steps for the simulation.
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motion of DNA fragments in a 1% agarose gel. Five repre-
sentative DNA fragment sizes were chosen, 200, 600, 1000,
2500 and 5000 bps. These sizes span the resolution of a 1%
agarose gel and they show the ability of the mathematical model.


The general techniques used in the creation of this simulation
are covered in two papers previously published [2,4]. The spe-
cifics are listed here. The array used for this simulation was
1331×50 elements. This size was selected because it provided
the required resolution and had similar dimensional shape to a
single well of an agarose gel. Both the agarose gel and the ap-
plied electric field were considered to be without anisotropy. The
initial DNA fragment distribution was in a well at the cathode
side of the array. Intensity rather than concentration was chosen
for the descriptive variable for two reasons. First, intensity and
distance traveled are the two measurable qualities from an elec-
trophoresis gel. Second, plotting concentration would have re-
quired five overlapping concentration plots because the initial
concentration was equally distributed into the five representative
fragment sizes described in the paragraph above.


The flow rules for this model were chosen to be unidirec-
tional. This followed from the assumption that the agarose gel
was created from a series of 1-D tubes. The DNA fragments
separated entirely due to their different speeds predicted by Eq.
(1). By converting the continuum space of the agarose gel into a
discrete space of 50 by 1331 nodes and using the know values of
time and total distance travelled for each DNA fragment, the
speed of the fragments was converted from cm


s to nodes
time where


each node represented a linear distance of 45 μm. The five
transformed speeds were used along with the nodal length of the
array and a 50 step iteration to simulate the motion of the DNA
fragments as a function of time. The final result is shown in
Fig. 2. The sum error comparing the experimental to the simu-
lation for the five fragment sizes is 7.76%.


4. Conclusion


This paper described a novel computationally efficient meth-
od for the simulation of DNA in a 1% agarose gel. This method
utilized previously described techniques [2,4] for the simulation
portion of the research. The sum of the error in the final result is
7.76%. While this seems large for numerical analysis it is con-
sistent with the errors incurred in laboratory grade DNA gel
electrophoresis. For the same size array this error can be reduced

to 3.02% for a 52 step simulation. This value was calculated
using a 1-D optimization procedure. The result of that procedure
is shown in Fig. 3. Alternatively, a 2-D optimization procedure
could be implemented that examines not only the number of
array iterations but also the length of the array. This could
possibly reduce the error but it may increase the computational
intensity of the simulation.
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Abstract


The possible effects of high-frequency electromagnetic fields (EMF) on biological systems are a subject of public concern and scientific
discussion. It is generally accepted that the absorption of part of the field energy may cause a temperature rise in biological tissue.
Nevertheless, our setup aims to detect possible athermal effects on the electric activity of neuronal in vitro networks. Such networks were
formed by primary neurons derived from the murine frontal cortex and cultivated on micro-sensor chips. The action potentials of the neurons
were detected in real time by an integrated, electrically passive microelectrode array. For EMF exposure, the chips were introduced into a
rectangular wave-guide that could be operated in the propagating or standing wave modes. The drive signals were either continuous waves
(1.9–2.2 GHz) or a generic mobile phone signal (UMTS-standard) of up to approximately 8 W. An on-chip sensor allowed the temperature
progression to be recorded. In addition, ISFETs and Clark-like electrodes were integrated for the on-chip detection of pH and O2,
respectively.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Multi-electrode array; Micro-sensor chip; Biochip; EMF; UMTS; Wave-guide

1. Introduction


Different ideas exist about possible targets for biological
effects of electromagnetic fields (EMF). One of the favorite
systems is the membrane of nerve cells, e.g., in the central
nervous system. In our experiments, we expose neuronal
networks to EMF and conduct direct electrophysiological
measurements, i.e., detect the action potential pattern
produced by the networks. Our aim is to clarify whether

Abbreviations: CMOS, complementary metal oxide semiconductor; CW,
continuous wave; DMEM, Dulbecco's Modified Eagle's Medium with 4.5 g
glucose/l, without Na-pyruvate, without L-glutamine; D1SGH buffer, NaCl,
135 mM; , KCl, 5 mM; , Na2HPO4, 0.3 mM; , KH2PO4, 0.2 mM; , glucose,
16.5 mM; , sucrose 22 mM; , HEPES, 9.86 mM, pH 7.35; EMF, (high-
frequency) electromagnetic field; FDD, frequency division duplex; ISFETs, ion-
sensitive field effect transistors; MEA, multi-electrode array; NMRI mice,
outbreed white mice stem (Charles River Laboratories GmbH, Sulzfeld,
Germany); SAR, specific absorption rate; UMTS, universal mobile telecommu-
nications system
⁎ Corresponding author. Tel.: +49 381 498 6020; fax: +49 381 498 6022.
E-mail address: jan.gimsa@uni-rostock.de (J. Gimsa).
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EMF exposure may induce athermal effects. The technique
was developed as an alternative to the common patch-
clamp approach.

Fig. 1. Micro-sensor chip with fluid trough. The MEA is located in the center of
the chip. Magnification is 2.3-fold.
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Fig. 2. Left: the wave-guide (1) is countersunk to pick up the micro-sensor chips in the socket (2). Right: view on the wave-guide with incoming signal line (3) and
terminating resistor (4). The pre-amplifier is directly located under the chip socket (5). For actual experiments, the terminating resistor was connected via an extension
cord and located outside the incubator to avoid an additional heat source.
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Murine neurons can be grown on glass chips [3,4]. Our
advanced silicon chip, developed in co-operation with
Micronas-GmbH, Freiburg, Germany, combines a multi-
electrode array (MEA) for the detection of neuronal activity
and actual semiconductor structures allowing for the detection
of different physical and metabolic parameters [1,6]. Never-
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Fig. 3. Schematic representation of the ex

theless, neuronal adherence requires a special treatment of the
silicon surface [8]. As a trade-off, additional sensors for pH or
O2 can easily be integrated on the chip.


An EMF-exposure chamber is constructed under three
demands: HF tightness of the total structure, interpretation
for the Universal Mobile Telecommunications System
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Fig. 4. Reflection (scale bars: 5 dB) and transmission (scale bars: 0.1 dB) of the
wave-guide input signal in the presence and absence of the chip. Frequency
range: 1.75–2.25 GHz. (1) Reflection with closed chip recess; (2) reflection with
chip; (3) transmission with chip; (4) transmission with closed chip recess.
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(UMTS) frequency range and access of the micro-sensor
chip into the wave-guide without short circuit or EMF
exposure of the measuring contacts. This wave-guide is

Fig. 5. Field distribution across the neuro-chip in the plane of the neuronal net locat
Microwave Studio. The MEA location is marked by the dotted square in the center
well as 116 V/m and 93 V/m (mode B). (C) Field strength code bar. (D) Schematic
guide may have two directions, + and −, respectively.

made of brass and is specially designed for the desired
wavelength and the micro-sensor chip. The wave-guide [5]
was modified for our experiments. The chip fits into a
recess of the wave-guide to ensure that only the chip
surface, the medium trough and the neuronal cells rise into
the wave-guide.


Our exposure system opens a new way for the measure-
ment of possible functional field-induced membrane effects
by continuous-wave EMF (CW EMF) and third-generation
mobile communication signals (UMTS) on interneuronal
communication.


2. Setting up networks from primary neurons


Primary neuronal and glial cells were isolated from the
frontal cortex of embryonic (E15–E17) NMRI mice (Charles
River Laboratories GmbH., Sulzfeld, Germany). The cortex
tissue preparation was conducted under sterile conditions in
D1SGH buffer [2]. The tissue fragments were chopped before
segregation in 3 ml of a papain solution (10 U/ml, Roche
Diagnostics GmbH, Mannheim, Germany) in deionized water
supplemented with 50 μl of dissolved desoxyribonuclease I
(8000 U/ml, Roche). The obtained homogenate was then
triturated in DMEM (Biochrom AG, Berlin, Germany)
supplemented with 10% fetal bovine serum (PAA Laboratories

ion for the propagating (A) and standing wave (B) modes, calculated with CST
. At points (1) and (2) the field strengths are 58 V/m and 82 V/m (mode A) as
view of the trough geometry. Wave propagation along the z-axis of the wave-







Fig. 6. REM photo of neuronal and glial cells on the micro-sensor chip. Inner
electrode diameter 10 μm.
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GmbH, Cölbe, Germany), 10% equine serum (Biochrom) and
1% L-glutamine (200 mM, Biochrom).


To inhibit proliferation of the glial cell population, 100 μL of
a DMEM (Biochrom) solution supplemented with fluorodesox-
yuridine (50 μM, Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) and uridine (126 μM, Sigma-Aldrich) was added to
the on-chip cultures depending on cell concentration. To
dispose metabolic waste, half of the medium of each chip
culture was replaced by fresh, pre-warmed DMEM containing
10% equine serum three times a week. Cultures were
maintained at 37 °C in a 10% CO2 atmosphere for 30 days.
After about 2 weeks, the cultures started to exhibit electric
activity in the form of action potentials. Generally, the full
activity was observed after about 4 weeks and the networks
were considered mature and suitable for experiments.

Fig. 7. Screen shot of action potentials. Left: separated single action potential. Middle
level. Right: burst trains relative to time scale of 40 s. No EMF applied.

3. Experimental setup


3.1. Micro-sensor chips


Our chips combine a passive MEA of 58 microelectrodes for
the acquisition of action potentials and silicon CMOS technology
for implementing ISFETs (ion-sensitive field effect transistors)
for pH measurement as well as a temperature diode [6] The diode
is located underneath the cell layer and allows for real-time
temperature detection. The chips were developed by our group [1]
and are fabricated by Micronas GmbH, Freiburg, Germany, (Fig.
1, Bionas GmbH, Warnemuende, Germany). A special chip
socket was developed to register the electric activity of the
cultivated neurons inside a wave-guide during EMF exposure.


3.2. Chip pre-treatment


The chips were cleaned with trypsin (Biochrom) and
Contrad®70 (Decon Laboratories Inc., King of Prussia, PA,
USA) prior to rinsing with deionized water. After that, the chips
were sterilized in a Systec 2540 EL autoclave (Systec GmbH,
Wettenberg, Germany). The active chip area was hydrophilized
with 30 μl NaOH (0.5 M) and again rinsed with deionized
water. After coating the chips with 30 μl poly-D-lysine (25 μg/
ml, Biochrom) overnight, they were coated with 30 μl laminin
(16 μg/ml, Roche Diagnostics) in cold DMEM for 1 h prior to
cell sowing. This procedure ensured the adherence of the
neurons to the micro-sensor surface.


4. Exposure setup


4.1. The wave-guide


Originally, the wave-guide was designed in the group of Prof.
Hansen, Univ. of Wuppertal [5]. Its cross-sectional area is 12 cm
by 3 cm at a length of 50 cm. Starting from this design, we

: sketch of 31 active electrodes, crossed boxes show electrodes with a high noise
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modified the coupling antennas slightly and adapted the
countersunk recess in order to mount the chip (Fig. 2). Our
design allows for establishing a fundamental wave mode
at fC=1.25 GHz and for a stable operation in the range from
1.25 fC to 1.9 fC, i.e., from 1.56 GHz to 2.38 GHz [7]. In this
frequency range higher excitation modes are negligible since
they decline sufficiently fast over the distance from the coupling
antennas to the sample that is located in the center of the wave-
guide. For a given input power, the width-to-height ratio of 4
deviating from the standard ratio of 2 results in a doubling of the
electric power density in the sample. Fig. 2 presents a photo of
the wave-guide in the cell culture incubator. The wave-guide has
2-mm drill holes for gas supply (10% CO2 in synthetic air).


4.2. High-frequency (HF) signal sources


4.2.1. Continuous wave (CW)
To drive the wave-guide in the standing or propagating


wave modes, the signal of a Marconi 2024 synthesised signal
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Fig. 8. Burst rates over time for control chips with no EMF applied (measurement
experiment. 8 signal traces out of 31 were selected.

generator (Marconi Instruments/IFR, now Aeroflex; Plainfield,
NY, USA) was coupled into the wave-guide via an HF
amplifier (Microwave Amplifiers Ltd., Nailsea, UK) delivering
approximately 8 W. Analysis showed that replacing the
terminating resistor by an open coaxial cable with an
appropriate length provided a maximum standing wave
amplitude at the sample location as detected by a probe
antenna. The cable length was experimentally determined and
differed slightly from the theoretical length of a quarter of a
wavelength.


4.2.2. Generic UMTS signal
Alternative to the CW exposure, a generic UMTS-signal


generator (GUS 6960 S, Univ. of Wuppertal, Germany)
allows for establishing the “worst case” scenario: FDD
(frequency division duplex) at a simulated data rate of
960 kbit/s [9]. Because of the signal content UMTS
exposure can only be simulated in the propagating wave
mode.
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proximity of the chip). Center: fitted functions, for analytic expressions, see Table 1. Bottom: applied EMF power.


Table 1
Equations to describe the measured temperature patterns (see Td in Fig. 8) within
time intervals of different exposure power


Time interval Line
texture


Equation Ti(t)


i: tstart, t stop


0 min,
27.7 min T1 tð Þ ¼ 31 -Cþ 5:95 -C 1−exp −


t
1:95 min
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27.7 min,
51.5 min T2a tð Þ ¼ 36:9 -Cþ 1 -C 1−exp −


t−27:7 min
1:95 min


� �� �


27.7 min,
51.5 min T2b tð Þ ¼ T2a tð Þ þ 0:15 -C 1−exp −
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51.5 min,
91 min T3 tð Þ ¼ 37:4 -Cþ 0:6 -Cexp −
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4.3. Signal acquisition


The individual action potential pattern of a neuronal network
registered by the MEA generates an electronic signature for
each active chip. Signature alterations can be detected
depending on medium pH, temperature, EMF amplitude and
exposure mode. Temperature changes can be registered in
parallel. The experiments are conducted in the incubator. To
ensure a temperature of 37 °C for the cell chip the incubator was
adjusted to 34.5 °C to compensate for the additional heat
production by the pre-amplifier box (see Fig. 2). The neuronal
signals are amplified and filtered before online visualization of
their patterns by a special PC (Plexon Inc., Dallas, TX, USA).
Fig. 3 gives a schematic representation of the experimental
procedures and the setup.


5. Results and discussion


5.1. Behavior of the wave-guide


The wave-guide setup was tested for no considerable field
decrease over the frequency range from 1.9 GHz to 2.2 GHz in
the propagating wave mode. The control experiment was
conducted with a cell-free chip carrying the nourishing trough
with 200 μl DMEM.


Fig. 4 shows results of transmission and reflection measure-
ments of the wave-guide with a chip carrying a trough filled
with 200 μl DMEM. In both cases, with and without chip, the
parameters were excellent in the range from 1.9 GHz to
2.2 GHz. The reflection without chip was below 20 dB and still
below 18 dB in the presence of the chip. The corresponding
losses in transmission were 0.1 dB and 0.2 dB, respectively.

5.2. Field distribution for the propagating and standing wave
modes


The conductivity of the nourishing solution σ=1.8 S/m
(37 °C) was checked with a conductometer. The relative
permittivity εr was extrapolated to about 70 [10]. The electric
field intensity distribution in then measuring volume has been
calculated for an incoming power of Pinc=1 W using the
software CST Microwave Studio™, Ver. 5.1. (CST GmbH,
Darmstadt, Germany). Fig. 5 presents distributions in the sample
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volume for the propagating and the standing wave modes. The
modes differ in the homogeneity of the field distribution over the
active chip area.


For the propagating wave, a field strength gradient was
obtained over the chip. In the standing wave mode, the
constructive interference leads to a largely homogeneous field
in the chip trough.


5.3. Signal recording


Active chips were mounted to the wave-guide and
connected to the special PC (Plexon Inc.) via a homemade
pre-amplifier box. Fig. 6 shows the chip with neuronal and
glial cells. Before an actual experiment was started, the signals
of all electrodes were checked for neuronal activity. After 1 h,
the incoming signals were usually stable and the active
channels could be selected. The action potentials from these
channels were graphically separated from disturbing noise
using the MEA Server program (Plexon Inc.) before starting
the record for the actual experiment. Measurements were
conducted for up to 14 h. The NeuroExplorer software (Plexon
Inc.) allowed for a statistical analysis of the differences
between periods with and without EMF exposure. For the chip
presented in Fig. 7, action potentials were registered from 31 of
the 58 channels of the microelectrode array. Examples are
given in Fig. 8 (8 channels over the whole experimental time of
about 14 h).

Fig. 8 shows an example for the different behavior of the
neuronal signals. For experiments, we used chips some hours
before their feeding time. These chips showed the highest
electric activity. Feeding prior to the experiments dramatically
lowered the activity and was therefore avoided. Nevertheless,
neuronal activity decreased after about 5 h, suggesting no longer
periods of permanent registration. The probable reason was
metabolic stress, resulting in a lower spike rate (Fig. 8). The
consumptive use of the chips was also reflected in the color of
the nourishing solution containing the pH indicator phenol red.
At the end of the experimental time, the solution turned
yellowish reflecting the acidification of the solution. Therefore,
experiments were not extended more than 5 h.


5.4. Temperature course during CW EMF exposure


The application of CW fields of varying power led to
characteristic temperature patterns (Fig. 9). These patterns
were registered by the on-chip temperature diode (Td) and a
temperature sensor located outside the wave-guide in close
vicinity to the chip (Tth). Accordingly, the temperature
reflected by Td is very similar to that experienced by the
neuronal network. To reduce the number of electronic heat
sources inside the incubator, the terminating resistor of the
wave-guide was located outside the incubator. Nevertheless,
we found a complex interplay of the temperature regulation of
the incubator, the heat production of the pre-amplifier box and
the applied EMF power as registered by Td. The air exchange
in the incubator during the chip installation initiated a smooth,
long regulating process over about 200 min as registered by
Tth. The same process is reflected by Td that even dropped
below 37 °C between 170 and 220 min. Analytic functions,
describing the course of Td, are given in Table 1 and plotted in
Fig. 9 (center).


Crucial parameters of these functions are the maximal
temperature differences in front of the exponential terms as well
as the time constants given in the exponents. We assume that
the faster processes (time constants around 2 min) arise from
the temperature adaptation responses of the electronic
devices. These may either result from passive or active
processes, as the mounting of chips at room temperature or
the EMF-induced heat dissipation. The slower processes were
fitted by an exponential function with a time constant of
around 30 min or even by linear terms (see Fig. 9, from 91
to 200 min). The first temperature increase in Fig. 9 reflects
the adaptation of the chip to 37 °C, i.e., its thermal
equilibrium without EMF application. The equilibrium is
determined by the incubator temperature of 34.5 °C and the
heat input from the pre-amplifier box. The second interval
(27.7–51.5 min) reflects two contributions, the temperature
increase induced by the EMF power absorption and the slow
continuing temperature regulation process of the incubator
(compare Tth and Td curves). One should keep in mind that
the firing rate may be very sensitive to temperature changes.
For example, warm-sensitive neurons possess a firing rate
increasing with 1.07 Hz±0.06 Hz per degree [11]. We
suppose that a temperature increase of approximately 1 °C is
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also critical for the physiological status of the neuronal
networks and should not be exceeded (compare to fever). In
our experiments, this 1 °C threshold is reached at an EMF
power input of approximately 8 W. In principle, the EMF
power absorption by the nourishing solution can be
compensated by an appropriate reduction in the temperature
adjusted at the incubator for every power level. Nonetheless,
dynamically this is not possible for our current setup, since
similar time constants for the heating and regulating
processes would be required. The time constant of the
incubator was determined in a very simple way (Fig. 10). A
temperature regulation process was enforced by the air
exchange due to the opening of the incubator (cooling).
0 min corresponds to the first measuring point. Obviously,
the incubator regulator overcompensates the induced temper-
ature drop within approximately 15 min (first regulating
process). After this process, the steady warming of the wave-
guide and the chip follows. Furthermore, this heat continues
to warm the DMEM in the nourishing trough until the end of
the experiment (70–180 min, second regulating process). For
future experiments, we will establish a resistor heating with a
short time constant directly attached to the chip to optimize
the temperature regulation. An alternative approach would be
to compare the neuronal activity of a certain chip adjusted to
the same temperature, either by the incubator alone or in

combination with EMF-induced heating. For this, the
temperature effect of EMF absorption by the nourishing
fluid for various fluid volumes must be determined.


5.5. Signal acquisition under EMF exposure


The EMF exposure patterns are given as inserts in Figs. 11
and 12 and Table 2.


A comparison of the neuronal signals within the different
experiments show similar firing rates of 50–400 counts/min in
all experiments, i.e., under EMF exposure according to the
patterns A (Fig. 11) or B (Fig. 12) as well as in the long-term
experiment (Fig. 8). Different types of electrode signals could
be identified with and without EMF exposure. Most of the
electrode signals were noisy, no matter whether the chips were
cell free or covered by a glia cell layer. For some electrodes
EMF application induced a strong increase in the noise level
that was, surprisingly, not mandatory related to the field on-
period (Fig. 12 corresponding to exposure pattern B, Fig. 13
corresponding to cell-free chip test exposure). Clear neuronal
signals were detected from two classes of electrodes. In the first
class, EMF application induced a strong increase in the noise
amplitude (Figs. 11 and 12, sig034, sig037, sig038), whereas in
the second class, no significant increase was detected (Figs. 11
and 12, sig013, sig014, sig015).
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5.5.1. Pattern A
Anon-chip temperature increasewas found for increasing EMF


power (Fig. 9). In the same test (Pattern A, Fig. 11), the reference
electrodes (R1 and R2) were affected by the EMF above a certain
power level. Since R1 and R2 were covered by glia, the signals
differed from the signals of cell-free chips exposed to EMF (Fig.
13). One can speculate that the presence of glia alters the effective
electrodes impedance. For electrodes with neuronal signals and
EMF-induced noise, the electric signature of the neuronal
networks were superimposed with distinct disturbing signals
(Figs. 11 and 12, sig034, sig037, sig038). This was only observed
during the exposure to 8 W EMF power (within 90 and 120 min).
However, the disturbing signals appeared only after 100 min and
disappeared at field-off (please note the contrast to pattern B).
Therefore, a direct electronic pick-up of the emission can be
excluded. One can hypothesize that a continuously increasing
temperature and/or related electrochemical electrode-interfacial
processes are responsible for the effect. On the other hand, after
field-off the signal intensities at the reference electrodes

Table 2
Two different EMF power patterns were applied to the micro-sensor chips


Pattern 0.5 h 1 h 1.5 h 2 h 2.5 h 3 h 3.5 h


A Off 0.5 W 2 W 8 W Off
B Off 0.5 W Off 2 W Off 8 W Off


In both patterns, the maximum power input of 8 W was applied for 30 min.
Pattern A: stepwise increase. Pattern B: stepwise increase with off periods.

immediately decreased to the normal noise level. We tested that
the field application did not cause any irreversible damage to the
pre-amplifier input stage. Nevertheless, even though the pre-
amplifier possesses a high-frequency cut-off of about 10 kHz we
cannot fully exclude interferences in the electronic signal
processing.


5.5.2. Pattern B
EMF application according to pattern B resulted in fewer


disturbing signals (Fig. 12). This suggests a time-dependent
process to be involved resulting in a positive effect of a longer
chip cooling period during field-off. Therefore, we prefer
pattern B over A.


6. Outlook


In the future, post-processing will allow us to discriminate
against noise using a data analysis tool (Offline Sorter, Plexon
Inc.). Fig. 14 demonstrates the power of the tool for the
separation of the neuronal signal from EMF-induced noise.
Nevertheless, it will be important to exclude high-noise signals
from the neuronal recordings.


Our preliminary results on the neuronal network activity
demonstrate the high potential of our approach. Our wave-guide
setup allows for a CW EMF exposure in the frequency range
from 1.9 GHz to 2.2 GHz in the propagating and standing wave
modes. In the future also, a generic UMTS signal will be applied
in the propagating wave mode. The temperature compensation
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can be improved. Despite the electric activity of the network,
also, others, such as metabolic parameters, can be observed.
Finite-element methods, as applied in the field calculations, will
also allow for the calculation of the specific absorption rate
(SAR) in the nourishing solution. In summary, no basic
statements on possible EMF effects on neuronal networks can
be made at the current state of our research.
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Abstract


A 50 Hz magnetic field effect on the growth of yeasts Saccharomyces cerevisae was studied. The cylindrical coil induced magnetic fields with
inductions up to 10 mT. Duration of exposure varied up to 24 min. Exposure took place at laboratory temperature (24–26 °C) and the air ventilator
maintained the temperature at the place of the sample. We measured the growth curves of yeasts in broth and we calculated the number of CFU
(colony forming units) on solid soil. We found that magnetic field decreases the number of yeasts, and slowed down their growth. The result is
similar to the experiments with bacteria E. coli, S. aureus and L. adecarboxylata. It seems that the magnetic fields kill a part of yeasts and the
bigger part of them survives and continues in their growth.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Low-frequency electromagnetic field; Yeast; Growth curve; CFU number; Saccharomyces cerevisiae

1. Introduction


Man-made low-frequency (up to 1 kHz) electromagnetic
fields became an important part of our biosystem. They spread
on the whole earth prepared to serve to human and his benefit.
This contribution to our environment is relatively a new one.
Organisms had to be adapted during their evolution to a natural
magnetic field during many centuries and milleniums, but their
exposure to magnetic fields has dramatically increased in the last
century. They have to adapt to electromagnetic fields in a
relatively short time [1,2]. Lots of papers were published in the
previous years to find whether such fields can affect living
organisms. They were first focused on the epidemiology and the
connection between power-lines and human tumors and leu-
kaemia. Later the research turned to the effects of electromag-
netic fields in the molecular and cellular level.

⁎ Corresponding author.
E-mail address: lustr@ibp.cz (L. Strašák).


1567-5394/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2006.03.029

The objects studied were cells [3], tissues [4], and whole
living organisms [5,6]. The viability and proliferation [7], activity
of enzymes [8], transport of ions [9,10] and gene transcription or
expression [11–13] were investigated — with different results.


A lot of new results were presented in the 3rd international
workshop on the biological effects of electromagnetic fields in
Greece (October 2004) [14]. From 192 papers published in the
proceeding of the conference 93 described experiments with
electromagnetic fields (static, low-frequency or radio-frequen-
cy) and living systems. Approximately 68% of the papers using
low-frequency fields reported significant effects (positive or
negative) on organisms exposed. This “statistic” is only an ap-
proximation, it does not describe the strength of the effects but it
shows that there are no negligible effects of EMF. 23% of the
experimental works studied brain activity and nerve systems,
object of 15% was epidemiology and 13% studied the effects on
tumors and clinical applications of electromagnetic fields in
medicine.


The importance of the research on the electromagnetic effects
of EMF showed that the WHO (World Health Organisation)



mailto:lustr@ibp.cz

http://dx.doi.org/10.1016/j.bioelechem.2006.03.029





0


2


4


6


8


10


0 28 55 83 110
r[mm]


B m
[m


T
]


1.9 A


1.5 A


1.0 A


0.5 A


Fig. 1. Cylindrical coil used for the generation of magnetic fields. Dependence of the magnetic induction on the distance from centre of the coil.


0,40


0,60


0,80


1,00


1,20


1,40


O
D


, 5
70


nm


116 J. Novák et al. / Bioelectrochemistry 70 (2007) 115–121

classified EMF to Class 1B— possible carcinogen. Research of
EMF effects is in competence of International Commission for
Non-Ionizing Radiation Protection (ICNIRP). The commission
collects experimental data worldwide and establishes limits for
public EMF exposure [15].


The results are still controversial. One possible reason for the
controversy is that the experiments were not performed under
well-defined conditions.


According to A. Markov et al.'s paper [16] it is important to
study exposed organism not only on the cellular or tissue level
but also the complex effects on the whole organism. From that
reason bacteria [17–19], or yeast [20–23] — unicellular organ-
isms — can be good subjects for the study of magnetic fields
effects. In our previous works we studied the MF effects on
bacteria. We described strain-dependent inhibition of bacteria in
the presence of magnetic fields [24–26]. This work studies the
viability of yeast Sachcaromyces cerevisiae after magnetic field
exposure in order to compare its effects on eucaryotic and pro-
caryotic cells.


2. Material and methods


2.1. Magnetic field


The magnetic fields were generated by a cylindrical coil
(Fig. 1) powered by a transformer. Themaximal effective current
was 1.9 A (it corresponds to an amplitude of magnetic induction
Bm=10 mT) and the frequency was 50 Hz. The temperature
during exposure was maintained in the range of 24–26 °C. The

Table 1
Parameters of cylindrical coil


Diameter 235 mm
Inner diameter 205 mm
Length 210 mm
Number of threads 880
Diameter of wires 2 mm

samples were placed on the nonconductive stand in the centre of
the coil. Magnetic bias in the place of exposure caused by the
ventilator or other electronic equipment was less than 0.2 μT
(50 Hz) (five order of magnitude less than 10 mT) (Table 1).


2.2. Yeast


The prototrophic tetraploid strain α/A of yeast S. cerevisiae
CCY 21-4-59 (yeast collection, Institute of Chemistry, Slovak
Academy of Science, Bratislava) was used. Yeast cultures were
grown in malt extract broth (2% malt extract broth— Fluka, 2%
glucose— Lachema Brno) in the thermostat with the temperature
30 °C. CFU — Colony forming unit were counted on the agar
plates (2%malt extract broth—Oxoid, Basingstoke, Hampshire,
England, 2% D-Glucose — Lachema Neratovice, Czech
Republic, Agar No. 2— Imuna, Šarišské Michal'any, Slovakia).


For all experiments fresh yeast cultures were used.
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Fig. 2. Values of OD620 for the static yeast culture. Yeasts were exposed from 0
to 24 min (▪— control, o— 12 min, x — 24 min). Single experiment.
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Table 2
The ratio n(exp.)/n(contr.) of yeasts in yeast cultures after magnetic exposure
Bm=10 mT (6, 12 and 24 min), 10 experiments


T/h Number of exp./number of contr.


Duration of exp. 6 min 12 min 24 min


0 0.99±0.01 1.01±0.01 1±0.01
1 0.94±0.04 0.98±0.01 0,96±0.02
2 0.97±0.03 0.96±0.04 0,93±0.03
3 0.98±0.08 0.93±0.06 0,89±0.05
4 0.92±0.07 0.86±0.05 0,88±0.06
5 0.87±0.06 0.84±0.11 0,86±0.04
6 0.98±0.03 0.92±0.30 0,88±0.06
7 0.9±0.01 0.63±0.16 0,85±0.07
8 0.89±0.01 0.57±0.10 0,78±0.11
9 0.43±0.15 0,74±0.12
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2.3. The determination of the number of yeasts in culture


2.3.1. Spectrophotometry
A Spectrophotometer Libra S 22 (Biochrom) was used to


measure the optical density (OD) at wavelengths of 570 and
620 nm. As a reference sample clean broth was used. The
calibration curve was repeatedly measured by taking the values
of OD570 or OD620. and by counting the corresponding number
of CFUs (see below). The logarithmic calibration curves were
calculated by the method of minimal squares from 36 measured
data.


2.3.2. CFU counting
The bacterial culture was diluted to a final concentration of


2.102–104 cells/ml. 100 μl of the solution was spread on the agar
plates (Petri dishes, radius=45 mm). After 1 day incubation of
plates in the thermostat (30 °C) the number of colonies grown on
the plate was counted.
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Fig. 4. Average of 10 experiments, the relative values of the number of yeasts
(exp./contr) as a function of time since inoculation of yeast culture.

2.4. Experiments


2.4.1. Growth curves — yeasts in broth
Growth curves were measured for static yeasts cul-


tures. “Overnight grown” culture was mixed with clean broth
in a proportion of 1:40. After mixing (time T=0 h) the new
culture was divided into Erlenmeyer flasks, one control, the
others were exposed in the coil for different times (3.1.1) or
magnetic induction (3.1.2). All samples (including the sham-
control) were kept at laboratory temperature during exposures,
after the exposure of all the samples they were put into the
thermostat without shaking. Every hour they were shaken and
the optical density (OD) of all samples was measured and the
corresponding number of cells was calculated from the cal-
ibration curve.


During dynamic experiments we exposed the yeast for
60 min to a magnetic field and the number of cells was
measured every 10 min. The measurement continued for 30 min
after turning off the field. The sham-control cells were kept in
the same conditions (temperature, light, humidity) as those of
the exposed samples. Control cells were exposed to a bias
magnetic field (50 Hz) about B=0.2 μT.
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Fig. 6. The same experiment as on Fig. 5., y-axis shows the number of yeasts per
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Table 3
The ratio n(exp.)/n(contr.) of yeasts in yeast cultures after magnetic exposure
t=12 min (Bm=5.2,7.9 and 10 mT)


T/h Number of exp./number of contr.


Bm=5.2 mT 7.9 mT 10 mT


0 1.02±0.05 1.07±0.04 1.00±0.04
1 0.98±0.06 0.98±0.04 0.96±0.09
2 1.08±0.01 0.90±0.03 0.94±0.03
3 0.89±0.02 0.90±0.15 0.78±0.04
4 0.91±0.05 0.86±0.08 0.78±0.04
5 0.84±0.04 0.81±0.08 0.71±0.04
6 0.82±0.05 0.80±0.05 0.69±0.06
7 0.80±0.05 0.80±0.06 0.74±0.07
8 0.84±0.03 0.85±0.02 0.73±0.03
9 0.82±0.02 0.84±0.03 0.75±0.03
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2.4.2. CFU — yeasts on solid soil
“Overnight grown” culture was mixed with the broth in a


proportion of 1:40. After mixing (time T=0 h) the new culture
was grown in thermostat (30 °C). In the logarithmic phase of
growth (T=7–8 h since its inoculation) the yeasts were put on
the agar plates and were exposed to the magnetic fields.


For the statistical analysis of the results the t-test and
Student’s distribution were used (P=0.95).


3. Results


3.1. Growth curves — dependence on the duration of exposure


We exposed the yeast culture to themagnetic fields ( f=50Hz,
Bm=10 mT). The duration of exposure varied in the range of 0–
24 min. We observed a decrease of OD for all exposed samples.
One of the experiments is shown in Figs. 2 and 3. Exposed
samples have lower OD values at all times of duration of the
exposure. We made 10 experiments, every point was measured
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Fig. 7. Average of 4 experiments, the relative values of the number of yeasts
(exp./contr) as a function of time since inoculation of yeast culture. (5.2, 7.9 and
10 mT)

at least 3 times. Single experiments with 3 measurements have
relative standard deviations about 1%. Ratio exp./contr. for all
experiments is shown in Fig. 4 (Table 2).


3.2. Growth curves — dependence on the magnetic field
induction


We exposed the yeast cells culture to the magnetic fields
( f=50 Hz, t=12 min)(Figs. 5 and 6 show one single ex-
periment). Magnetic field induction varied in the range of 0–
10 mT. We observed the decrease of ODs in all samples. The
effect was stronger with higher magnetic inductions. We made 4
experiments, every point was measured at least 3 times. Ratio
exp./contr. for all experiments is shown in Fig. 7 (Table 3).


3.3. The study of growth dynamics


The ODs were measured during the exposure of the yeast
culture and were compared with the control ones. Magnetic
field (Bm=10 mT, f=50 Hz) was turned off 60 min after the
beginning of the exposure. After exposure we continued with
the measurement of the OD for 30 min. We observed a
significant decrease of the number of yeasts about 20 min after
the beginning of the exposure. The ratio between the control and
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Table 5
Comparison of parameters A describing magnetic field effects on different type
of organisms


E. coli L. adecarboxylata S. aureus S. cerevisiae


Parameter A (min−1) 0.0302 0.0121 0.0096 0.0021


Equation (n(t) /n(0)=1 ·e−A·t ).


0,8


1


1,2


staphylococcus
paracoccus
escherichia


leclercia
Saccharomyces


ko
nt


r


119J. Novák et al. / Bioelectrochemistry 70 (2007) 115–121

the exposed sample was later almost constant (Fig. 8). We made
6 experiments.


3.4. Exposure on the agar plate, dependence on the duration of
exposure


Agar plates with yeast cells were exposed to the magnetic
fields. Duration of the exposure varied up to 48 min. Magnetic
induction was 10 mT. Each point was determined from at least 4
plates. We made 10 experiments. To summarize the results we
calculated the ratio exp./contr. The t-test (α=0.05) was applied
on the data set. The number of CFUs of exposed yeast differ
from the control ones significantly for all the durations of
exposure. There is no significant difference between exposed
samples (Fig. 9) (Table 4).


4. Discussion


All experiments showed inhibiting effects on the growth of
the yeasts Saccharomyces cerevisiae after their exposure to
magnetic fields (Bm≤10 mT, t≤60 min, f=50 Hz, temperature
during the experiments was maintained at 24–26 °C during the
exposures). From all results it seems that the inhibition can be
seen immediately after putting the yeast culture into the
magnetic fields. The graphs (Fig. 8) show that the difference
between the control and the exposed samples is present in the
very first measured point after exposure. Looking at Fig. 8 it can

Table 4
Dependence of relative numbers of CFU n(exp.)/n(contr.) on the duration of
exposure


Duration of exposure/min n(exp.)/n(contr.)


0 1.00±0.07
6 0.84±0.06
12 0.82±0.14
24 0.83±0.09
48 0.86±0.08

be seen that the difference between the control and the exposed
samples is evident after 20 min of exposure and the ratio exp./
contr. remains almost the same for the rest of the experiment. It
seems that the magnetic field (or the current induced by the
magnetic field) kills a part of yeasts (maybe more sensitive to
external fields) and the rest of them continue developing without
any disturbances. Because the growth of the yeasts is based on
geometric progression, the small change of the number of cells on
the beginning of the growth can dramatically change the whole
growth curve. Results of the experiment on the solid soil show
that the CFU numbers decrease significantly after the shortest
exposure, but with longer exposure these remain unchanged.


In our previous work we stated, that the magnetic field effect
depends on the bacteria strain. Comparing results for three
bacterial strains and yeast S. cerevisiae we can state, that the
bacteria weremore sensitive tomagnetic field exposures than the
yeasts. Dependences (n(t) /n(0)= f(t))Bm


=const. for all the
bacterial strains exposed and for the yeasts were approximated
by the exponential function y=1·e−A·t. In Table 5 parameters A
are compared. It can be seen that the biggest effect was observed
for bacteria E. coli, less for L. adecarboxylata, S. aureus and the
minimal effect was observed for yeast S. cerevisiae. The dif-
ference between the bacterial strains is probably caused by their
different shape. Differences between the bacteria and the yeasts
can be caused by the type of cell (eucaryotic or procaryotic)
(Fig. 10).


To confirm the previous statement it is necessary to make
experiments with different shapes of yeast cells. The influence
of shape on bacterial cells and magnetic fields exposure was
already studied in our laboratory [27].


In the work of Bellia et al. [20] S. cerevisiae was exposed to
50 Hz magnetic field with an induction 0.5 mT and a static field
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Fig. 10. Comparision of magnetic field effect on bacteria (E. coli,
L. adecarboxylata, and S. aureus) and yeasts S. cerevisiae.
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in the range of 0.1–100 mT. The measured parameter was
duplication time. They concluded that there was no significant
differences between the exposed and not exposed samples. But
experimental error for these measurement was 28% and the
experiment was not able to detect smaller changes in the growth
of the yeasts — for example we detected changes about 20%
with a relative error of 5%. It seems that CFU counting is a better
method to look for changes of the growth of S. cerevisiae.


Iwasaka et al. [21] exposed S. cerevisiae to a static magnetic
field of 14 T. The rate of yeast proliferation under the magnetic
fields (9–14 T) decreased after 16 h of incubation compared to
that of the control group. From the analysis they expect that the
changes in the growth were due to the changes of the magnet-
ically changed gas-transport processes, hydrostatic pressures
acting on the yeast, and changes in the distribution of the yeast
sedimentation, as well as the possible effects of magnetic fields
on the yeast respiratory systems in the observed disturbance of
the proliferation.


Ruiy-Gomés [22] reported the growth effects induced by
static and sinusoidal 50 Hz magnetic fields (MF) on the hap-
loid yeast strain S. cerevisiae WS8105-1C. The experiments
were performed at 0.35 and 2.45 mT, and the yeasts were
exposed to MF for 24 and 72 h in the homogeneous field area.
Growth was monitored by measuring the optical density at
600 nm. The data indicated that static and sinusoidal 50 Hz
MF (0.35 and 2.45 mT) did not induce alterations in the
growth of S. cerevisiae.


On the other hand, Bininger and Ungvichian [23] reported
that gene expression in S. cerevisiae is after exposure to 20 μT
60 Hzmagnetic fields altered over a period of 15 cell generation.
It can be seen, that similar experiments do not lead to the same
results. Differences in strain and in used magnetic fields play an
important role in the results.


It might be early to answer the question if such fields can have
some effect on humans. First, the field with an induction of
10 mT is very rare in our environment. We can detect it very
seldomly in the vicinity of welding machines or induction fur-
naces. The ICNIRP limit for personal exposure is 100 μT, it is
one hundred times lower.


On the other hand it is important to do similar experiments
with strong, maybe stronger fields, to determine the mechanisms
of possible reactions of the external fields on organisms.
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Abstract


High-resolution atomic force microscopy (AFM) allows a new insight into the surface of mammalian cells. Using the human red blood cell
(RBC) as a model, we have demonstrated an important correlation between the conformation of membrane proteins measured from the external
face of the cell and the cell shape.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Red blood cell; Erythrocyte; Cell shape; Protein conformation; Atomic force microscopy

1. Introduction


Our current understanding of the mechanism of the shape
change of a biological cell is based on the ‘bilayer couple
mechanism’ developed by Sheets and Singer [1]. It assumes
that an expansion of the inner or outer leaflet of the membrane
relative to the other leads to changes of the double-layer-based
curvature since the two leaflets cannot separate from each
other due to their coupling by hydrophobic interactions. It is
well known that e.g. red blood cells (RBCs) from various
mammalian species can have different resting shapes [2]. The
‘normal’ discocyte is able to transform to either echinocytes or
stomatocytes depending on a large variety of membrane and
cytoplasmic parameters [3–5]. In addition, a spontaneous
shape change occurs if the cells are in contact with a glass
surface [6]. It has been demonstrated that an expansion of one
of the leaflets can occur after the transversal redistribution of
the membrane phospholipids or after an insertion of

⁎ Corresponding author. Tel.: +49 681 302 6689; fax: +49 681 302 6690.
E-mail address: i.bernhardt@mx.uni-saarland.de (I. Bernhardt).
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amphiphilic compounds into the membrane [3,7]. On the
other hand, also a conformational change of integral
membrane proteins could lead to an expansion of one leaflet
of the membrane double layer relative to the other one and in
turn result in a shape change. Such a possibility was
speculated by Gimsa and Ried [8] interpreting the echinocy-
togenic effect of stilbene disulfonates (e.g. DIDS) and
pyrimido-pyrimidines (e.g. dipyridamole), which are known
inhibitors of the anion transport protein (band 3) in terms of a
ligand-induced ‘recruitment’ of band 3 protein to an outward-
oriented conformation [9]. However, no experimental data are
available to support such an idea although other authors
described a possible relationship of anion transport inhibition
and RBC shape [10,11]. Therefore, the aim of the present
study was to investigate whether the RBC shape depends on
the conformation of the band 3 proteins, i.e. is affected by the
change in the cross-sectional area of each band 3 monomer in
the outer leaflet of the membrane. Another parameter assumed
to affect the RBC shape per se is the transmembrane potential
[12–14]. However, the effect of the transmembrane potential
is controversial and a possible mechanism remains unclear
[15]. Therefore, changes of the transmembrane potential were
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Fig. 1. Surface plot of a human red blood cell (discocyte) based on AFM image measured in air (humidity of 60%). Left: whole cell plot (8×8 μm2), right: high-
resolution plot (0.25×0.25 μm2).


123T. Betz et al. / Bioelectrochemistry 70 (2007) 122–126

taken into consideration with respect to the obtained shape
changes of the cells.


2. Material and methods


Using the Tapping mode of the AFM technique (Bioscope
IV, Veeco Instr., Santa Barbara, USA), the surface topography
of glutaraldehyde-fixed wet human RBCs within nanometer
resolution has been analyzed. The fixation with glutaraldehyde
(2.5% v/v) has been started immediately (within 1 min) after the
cells were transferred into the various solutions used to obtain
different cell shapes (experimental conditions see below). The
fixation process took less than 1 min. Ultra sharp silicon tips
with a length of 15–20 μm and an opening angle of less than
10° (Anfatec, Germany) have been used for the measurements.
The applied force was kept constant for measurements of
different cells and during a single cell scan. The globular
structures above the non-deformed (by the applied force) lipid
membrane have been registered. The lipid membrane deter-
mines the vertical zero level. An AFM image of a typical
surface plot of a whole RBC (discocyte) and the corresponding
high-resolution image are shown in Fig. 1.


The surface topography of the classical RBC shapes –
discocytes, stomatocytes, and echinocytes – obtained by
different experimental maneuvers has been investigated (Figs.
1–3). The RBC shape was monitored by light microscopy.
Discocytes are formed in physiological (high) ionic strength

Fig. 2. Surface plot of a human red blood cell (stomatocyte) based on AFM image m
resolution plot (0.25×0.25 μm2).

solution (145 mM NaCl, 7.5 mM KCl, 10 mM glucose, 5.8 mM
Na2HPO4/NaH2PO4, abbreviated as HIS solution) at pH 7.4.
Addition of the band 3 inhibitor niflumic acid (NA, 10 μM) to
this solution did not affect the cell shape. NAwas used since it is
known that it blocks the anion transport across the RBC
membrane without changing the conformation of the transporter
(band 3) [16]. Stomatocytes were obtained in HIS solution at
low pH (5.6), in a low ionic strength solution (250 mM sucrose,
7.5 mM KCl, 10 mM glucose, 5.8 mM Na2HPO4/NaH2PO4,
abbreviated as LIS solution) at pH 7.4, and after the addition of
NA to the LIS solution at pH 7.4. A transformation from
discocytes to echinocytes occurred in presence of the anion
transport inhibitors DIDS (10 μM) and furosemide (FS, 10 μM)
to the HIS as well as LIS solution. Both transport inhibitors are
known to affect the conformation of the band 3 proteins [17–
19]. Therefore, the inhibition of the anion transport seems not to
be solely of importance for the RBC shape. Echinocytes were
also formed immediately after the cells got in contact with a
glass surface.


To take into consideration the transmembrane potential of the
RBCs, the anion transport inhibitors (NA, DIDS, FS) were
added to the LIS solutions before and after the RBCs were
transferred from the HIS into the LIS solution. In the first case
the transmembrane potential remains as low as in HIS solution
(about −8 mV) whereas in the second case it increases to about
+50 mV [20]. The cells were taken for investigation, including
the fixation with glutaraldehyde (see above), immediately

easured in air (humidity of 60%). Left: whole cell plot (6×6 μm2), right: high-







Fig. 3. Surface plot of a human red blood cell (echinocyte) based on AFM image measured in air (humidity of 60%). Left: whole cell plot (5×5 μm2), right: high-
resolution plot (0.25×0.25 μm2).
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(within 1 min) after the RBCs were transferred into the LIS
solutions.


Neuraminidase (Nase) treatment (from Vibrio cholerae,
Sigma-Aldrich, 1 U/ml, haematocrit 0.002%) was carried out
as described in [21]. The incubation medium was the HIS
solution which contained additionally 2 mM CaCl2. The quality
of the glycocalyx cleavage was estimated by determining the
amount of released N-acetyl-neuraminic acid according to a
protocol described in [22].


3. Results and discussion


Analyzing the volume of the part of the membrane proteins
exposed to the external surface (measuring both their height and
diameter), significant differences could be observed for the 3
classical RBC shapes. The partial protein volumes were
calculated as a segment of a sphere using the equation:
Vm=hπ/6(3r


2 +h2). Under all conditions leading to stomato-
cytes, the part of the protein volume at the external face is
significantly decreased in comparison to ‘normal’ discocytes,
whereas it is significantly increased for echinocytes. The
corresponding mean values for all volumes of the external
part of the proteins measured under conditions leading to
stomatocytes, discocytes, and echinocytes are represented in
Fig. 4. One should realize that the mean volumes of the three

Fig. 4. Mean values for all obtained volumes of the external part of the
membrane proteins under conditions leading to stomatocytes, discocytes, and
echinocytes, The error bars represent S.E.M., n>100 for each shape, the values
are significantly different, p<0.01.

RBC shapes measured are significantly different (t-test,
p<0.01) taking into account that the number of partial protein
volumes analyzed is larger than 100 (about 20 proteins per cell
image, and at least 4 cells for each condition leading to the
different cell shapes have been analyzed). A more detailed
analysis of the partial protein volume is presented in Fig. 5. It
shows the frequency of the distribution of the protein volumes
measured divided in groups that contain the number of proteins
within 5-nm3 intervals. Based on the mean values for the
obtained volumes of the external part of the proteins (Fig. 4),
their area at the extracellular surface was calculated. The area
was calculated from the partial volume determination (and not
directly from the measured protein diameter) since the vertical
resolution of the AFMmeasurements is much higher (0.1 nm) in
comparison to the horizontal resolution (1 nm). The values
obtained for the protein area of stomatocytes, discocytes, and
echinocytes are 69.5±3.6 nm2, 77.6±8.5 nm2, and 83.3±
1.5 nm2, respectively. These values are likely an overestimation
because the membrane proteins are covered by structural
constituents of the glycocalyx. The relative change of the

Fig. 5. Frequency of the distribution of the obtained volumes of the external part
of the membrane proteins under conditions leading to stomatocytes (white
columns), discocytes (grey columns), and echinocytes (black columns) (cf. Fig.
4) divided in groups that contain the number of proteins within 5-nm3 intervals.
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protein area should not be affected by the glycocalyx structure
as long as no local changes of the glycocalyx density have to be
assumed. However, to see whether the glycocalyx has an effect
on the estimated values, experiments were carried out where the
glycocalyx was cleaved by 60% using Nase. Surprisingly the
mean value for the volume of the external part of the proteins
measured for discocytes after Nase treatment was found to be
higher in comparison to untreated cells (26.3±9.9 nm3, n=83
vs. 15.7±4.8 nm3, n=108). This result might be explained in
two ways: (i) a change of the glycocalyx density, i.e. a change of
the electrostatics of the cell surface, could lead to greater
protrusion of the membrane proteins due to the change in
repulsive forces, and/or (ii) the thickness of the glycocalyx layer
removed by Nase was greater between the protein structures
than the thickness on the top of them.


One has to take into consideration that the band 3 protein is
the major integral protein of the RBC membrane existing in
106 copies per cell and, therefore, occupies a significant area of
the membrane surface. It can be assumed that at least every
second integral membrane protein in the RBC is a band 3
protein. The volume of solubilized band 3 protein as determined
with the AFM technique has been reported in the literature [23].
The estimated value of the total band 3 volume is, however,
more than 10 times larger than the value of the partial (external)
volume determined in the present paper, suggesting that approx.
90% of the protein volume are embedded in the membrane and
localized in the cytoplasm. The calculated values for the protein
area at the extracellular surface of RBCs with different shapes
shows that the external leaflet of the membrane is decreased by
10.4% or increased by 7.3% when the cells are transformed
from discocytes to stomatocytes and from discocytes to
echinocytes, respectively (the values have to be halved if one
assumes that the measured proteins are dimers). For this
calculation, a surface area of the RBC of 137 μm2 was assumed
[24] as well as that 50% of all proteins are band 3 proteins. It is
generally proposed that a relative change of the area of the
extracellular membrane leaflet of less than 1% relative to the
inner one is enough to explain the changes in cell shape [1,25].
Therefore, our findings demonstrate that a conformational
change of membrane proteins, especially the band 3 protein in
the RBC membrane, can modify the relation of the area of the
outer membrane leaflet relative to the inner one, which in turn
can lead to a change of the overall shape of the cell.


Such a mechanism implies that the forces onto the lipid
phase by a conformational change of the protein are altering the
tension within the two membrane leaflets. It is interesting to
note that the opposite effect, namely an alteration of the
conformation of membrane proteins induced by an incorpora-
tion of lipophilic molecules into the membrane, has been
described recently [26]. This opposite effect is of great
importance to understand the mechanosensitivity of membrane
proteins, especially ion channels. Therefore, the tension within
the two membrane leaflets can influence the conformation of
membrane proteins and vice versa. In general, both mechanisms
described in the present paper as well as by Markin and Sachs
[26], widen our view on the interaction of membrane proteins
and lipids.

Interestingly, the change in the transmembrane potential of
the cells caused by the addition of the transport inhibitors (NA,
DIDS, and FS) to the LIS solutions after the cells were
transferred into this LIS solution, compared with the situation
where the cells were transferred after the inhibitors were added
to the solution, did not result in shape changes. Therefore, the
transmembrane potential does not seem to play a substantial role
in RBC shape changes. However, it cannot be excluded
completely that the inhibition of the band 3-mediated transport
overrides the influence of the transmembrane potential on shape
[13,27].
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Abstract


We used the methods of electrochemical indicators and the quartz crystal microbalance (QCM) for detection of thrombin–aptamer interactions.
We analyzed how the method of immobilization of aptamer to a solid support, the aptamer configuration as well as variation in ionic strength and
pH will affect the binding of thrombin to the aptamer. The immobilization of aptamer by means of avidin–biotin technology revealed best results
in sensitivity in comparison with immobilization utilizing dendrimers of first generation and in comparison with chemisorption of aptamer to a
gold surface. Linear and molecular beacon aptamers of similar structure of binding site revealed similar binding properties to thrombin. Increased
concentration of NaCl resulted in weakening of the binding of thrombin to the aptamers, probably due to shielding effect of Na+ ions. The binding
of the thrombin to the aptamer depends on electrolyte pH, which is presumably connected with maintaining the three dimensional aptamer
configuration, optimal for binding the protein.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


There exists a growing interest to the applications of nucleic
acids as recognition elements [1–3]. The implementation of
nucleic acids (DNA and RNA) in the biosensor assembly makes
it possible to create affinity biosensors with controlled selec-
tivity and sensitivity toward various chemical and biological
compounds, especially proteins. These DNA sensors can be
employed for testing structural changes of proteins as well as for
diagnosis of human diseases related to gene mutations, auto-
immune syndrome and cancer.


The main feature of these DNA sensors is in fact that the
oligonucleotides are directly enriched with the binding sites
adapted to a specific analyte. One of the novel technology pro-
viding this in vitro selection is the SELEX (Systematic Evo-
lution of Ligands by Exponential enrichment) [4]. The stability
of the complexes is characterized by the apparent dissociation
constants which are typically in 1–100 nM range for aptamer–
protein complexes. This is near the affinity range of antibody–
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antigen complexes. Unbound DNA/RNA molecules are eluted
from the column while the bound aptamers are isolated from the
complex and then amplified by PCR.


The aptamer based approach makes it possible to create a
wide variety of high affinity artificial receptors against proteins
or small molecules and is considered as a real alternative to the
conventional immunoassay techniques in the nearest future due
to higher stability of aptamers in comparison with natural anti-
bodies and due to their wider variety and specificity toward
target molecules [3,5–8].


Although the first SELEX-related patent was filed in 1989 [9],
the potentialities of the aptamer based biosensors have not been
realized in a full scale due to the problems with aptamer stability
during immobilization and signal registration. Several problems
related to the practical application of aptamer based recognition
are still under solutions, for example how immobilization of
aptamers to the supported films and the their microenvironment
will affect the aptamer structure and aptamer–ligand interactions.
Problems are connected with application of aptamers in a com-
plex biological systems, where interferences with other molecules
could take place. Currently, radio labeled aptamers are used for
quantification of protein kinase [10] and in vivo detection of
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clots [11]. However, to be widely employed in clinical practice,
aptamers must be detected via a nonradioisotope method with a
comparable sensitivity, e.g. aptamers can be covalently linked to
an enzyme [12], or fluorescently labeled aptamers can be ex-
ploited [13]. However most reliable and cost effective would be
the exploitation of the direct physical methods that do not require
labeling of aptamers by additional chemical ligands. This highly
promising direction route has not been exploited so far in suf-
ficient details. It is highly advantageous to explore the possibility
of immobilization of aptamers onto novel materials for biosen-
sing, e.g. dendrimers. Among various aptamers used so far in
laboratory experiments for thrombin are most explored [13,14].
Two types of aptamerswere used—“linear” aptamer and aptamer
beacon. Linear aptamer maintains in certain physico-chemical
conditions (pH, ionic strength) typical three dimensional con-
formation with specific binding site for thrombin. Molecular
beacon initially forms a loop that changes conformation following
binding of the protein [13]. It is, however, not known whether
these different forms of aptamers have similar or different binding
properties. Additional problem consists in maintaining highest
binding affinity of the aptamer. This affinity should depend on
ionic strength and electrolyte pH.


In this work we applied the method of electrochemical indi-
cators to elucidate the effect of the method of aptamer immo-
bilization, ionic strength and pH on the binding affinity as well
as the mass detection method based on quartz crystal micro-
balance (QCM) to study the interaction of thrombin with DNA
aptamer of two different configurations “linear” (APTA) and mo-
lecular beacon (LOOP).


2. Experimental


2.1. Materials and immobilization of aptamers


We used 32-mer DNA aptamer (APTA) modified by either
thiol group or by biotin at 3′ end as well as molecular beacon
aptamer (LOOP) modified at 3′ end by biotin. The sequence of
APTA and the LOOP was as follows: 3′-GGG TTT TCA CTT
TTG TGG GTT GGA CGG GAT GG-5′ (APTA) and 5′-GGT
TGGTGTGGT TGGCAACC-3′ (LOOP). Both aptamers have
at its 5′ end typical motif with high affinity to the heparin
(APTA) or fibrinogen (LOOP) binding sites of thrombin [13].
The aptamers were synthesized by Thermo Electron GmbH
(Germany) and used as obtained.


For preparation of aptamer biosensor we used either gold
electrode of 2 mm diameter or AT cut quartz of a fundamental
frequency 9 MHz (CH Instruments Inc., USA). The electrodes
were carefully cleaned as follows: first they were immersed in
chloroform (Merck) and for 3 min extensively cleaned in an
ultrasound sonicator bath (Tesla). After washing in double dis-
tilled water, the gold surface was cleaned with a hot mixture of
piranha solution (a 1:3 mixture of 30% (v/v) H2O2/conc.
H2SO4) for 5 min and then washed in double distilled water (the
piranha solution represents potential hazard, therefore it has to
be handled with special care). Cyclic voltammetry (voltage
range 0.5–1.4 V vs. SCE, scan rate 170 mV/s) was applied for
final electrochemical cleaning in 0.2 M H2SO4 until an

oxidation peak at approximately +0.9 Vappeared and remained
unchanged.


TheDNAaptamer was immobilized to an electrode surface by
avidin–biotin technology as described elsewhere [5]. For this
purpose the gold surface was first modified by 3,3′-dithiopro-
pionic acid-di(N-succinimidylester) (DSP) (Fluka) and incubated
at room temperature for 15 min. The electrode was then washed
three times with buffer (140mMNaCl, 5 mMKCl, 1 mMCaCl2,
1mMMgCl2, 20mMTRIS, pH 7.4) and then immersed in buffer
containing 2 mg/mL avidin (Molecular Probes Inc.) and
incubated at 4 °C overnight. After protein incubation the elec-
trode was washed 2 times with buffer and incubated for 1 h in
buffer solution of 0.025% bovine serum albumin (BSA). This
approach was used to block free binding site on the activated
surface. The electrode was then immersed in 2 μM aptamer
solution in buffer for 1 h at 20 °C. After this the electrode was
used immediately or kept at 4 °C for less than 1 week.


Aptamers were immobilized also to a dendrimerized gold
surface as follows. After cleaning the gold electrode was rinsed
by deionised water, then by absolute ethanol and after this pro-
cedure it was immediately immersed into a mixture of hexa-
decanethiol (HDT) (Fluka) and G1 PAMAM dendrimer (G1)
(Aldrich) dissolved in ethanol in the molar ratio 1:1.5 for 22 h.
The concentration of HDT was 1 mM and that of G1 1.5 mM.
Then the layer was rinsed by absolute ethanol, then by millipore
water and finally by absolute ethanol and then dried under air at
room temperature (approximately 20 °C). After drying the layers
were stored in small containers in a refrigerator at 4 °C. G1
dendrimer served as a source of the amine-terminated groups for
immobilization of avidin. This immobilization was performed as
follows. 15 μL drop of avidin dissolved in a phosphate buffer
(concentration 1 mg/mL) was added to an electrode surface
covered by HDT-G1 layer. After the water was evaporated, the
avidin molecules were crosslinked with glutaraldehyde. For this
purpose the electrode was placed in a vacuum compartment
(volume 10 mL) for 30 min (the pressure in a compartment cor-
responded to 30 mm of Hg). The compartment contained small
amount (1 mL) of 5% glutaraldehyde in water. Electrode was then
rinsed with deionised water and immersed into the buffer con-
taining the 2 μM aptamer for 1 h at 20 °C.


Direct chemisorption of aptamer to a gold surface was per-
formed as follows. After careful cleaning (see above) the gold
electrode was immersed into the water solution of 5 μM aptamer
for 30 min and then rinsed with deionised water and immersed
in 1 mM ethanol solution of 6-merkapto-1-hexanol (MCH)
(Fluka) for 30 min. MCH was used in order to remove aptamer
molecules that were only physically adsorbed to a gold support.


Proper folding of aptamer in each case has been provided by
heating the buffer containing aptamer to 95 °C for 3 min and
then cooling by immersion into the ice bath [5]. The above
mentioned immobilization procedures were used in experiments
utilizing electrochemical indicator methylene blue (MB) (see
below). This indicator was added into the buffer in which ex-
periments were performed in a concentration 2 μM.


In the case ofQCMexperimentswe used both type of aptamers
(APTA and LOOP) modified by biotin. These aptamers were
immobilized to a gold surface bymeans of neutravidin (Molecular
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Fig. 1. The plot of the relative changes of charge transfer ΔQ /Q0 (ΔQ=Q−Q0,
where Q0 is the charge transfer without thrombin and Q at certain thrombin
concentration) as a function of thrombin concentration and for different method of
aptamer (APTA) immobilization: 1 — chemisorption of thiolated aptamer; 2 —
dendrimer surface covered by avidin; 3 — surface covered by avidin. Results
represent mean±SD obtained in three experiments for each system.
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Probes Inc). Neutravidin was dissolved in deionised water (con-
centration 0.2 mg/mL). In contrast with avidin, neutravidin does
not contain polysaccharides, therefore thiol groups at certain
amino acids have better access to the gold. Thus, the neutravidin
can be chemisorbed to the surface directly without additional
chemical step. The solution of neutravidin was allowed to flow in
a flow cell to one side of the crystal with a flow rate 35 μL/min for
15–25 min. This time was sufficient to reach saturation in cov-
erage of the crystal surface. Then the deionised water was allowed
to flow in order to remove physically adsorbed neutravidin. Fi-
nally 1 μM aptamer in buffer (140 mM NaCl, 5 mM KCl, 1 mM
CaCl2, 1 mMMgCl2, 20 mM TRIS, pH 7.4) was allowed to flow
in a flow cell. In experiments we used human thrombin (Fluka).
The concentration of thrombin was determined spectrophotomet-
rically using UV 1700 (Shimadzu, Japan).


2.2. Experimental methods


2.2.1. Electrochemical indicator
The method of detection of thrombin–aptamer interactions


using methylene blue (MB) was described in our recent paper
[15]. Briefly, MB can be reduced at the electrode surface by two
electrons to a leucomethylene blue (LB). This reduction results
in charge consumption, that can be determined, e.g. by cyclic
voltametry (CV) or by differential pulse voltammetry (DPV).
MB is positively charged, it will therefore bind both to proteins
and to DNA. Higher concentration of MB at surface resulted in
higher current between working and reference electrode. Be-
cause the electrode with aptamer was immersed in a buffer
containing MB, the aptamer was saturated by this indicator.
Addition of thrombin into the buffer resulted in a binding of MB
to a protein surface as well as binding of protein to the aptamers.
Increased concentration of thrombin at the electrode surface
resulted in an increase of the current. The reduction of MB was
observed at −0.28 V vs. Ag/AgCl electrode. The DPV was
measured using potentiostat CHI 410 (CH Instruments, USA).
A three-electrode configuration was used. Gold electrode with
immobilized aptamers served as working electrode, while Ag/
AgCl and Pt electrodes (CH Instruments, USA) were used as
reference and counter electrodes, respectively. The DPV was
measured in the following conditions: voltage range −0.5 to
−0.1 V, pulse amplitude 50 mV; step potential 5 mV.


2.2.2. QCM
In piezoelectric microgravimetry, the changes of the resonant


frequency of the quartz crystal due to changes of its mass load
are measured. In our experiments, a standard set-up, comprising
a 74LS320 oscillator circuit of Analog Devices (Norwood MA,
USA) was used. According to Sauerbrey [16], the change of
resonant frequency of the crystal, Δf, is related to its mass
change, Δm,


Df ¼ −2:26� 10−6f 20 Dm=A ð1Þ


where A is the surface area of the working electrode, f0 being
fundamental frequency of the crystal (in our case, A=0.28 cm2,
f0=9 MHz) and Δm are expressed in g. Therefore, the changes

of the resonance frequency of the crystal indicate the changes of
its mass, e.g., here caused by binding of thrombin molecules to
the aptamers. The oscillation frequency changes were measured
with the UZ 2400 frequency meter (Grundig, Germany) con-
nected through an RS232 interface with an IBM Pentium com-
puter. The frequency was measured with 1 Hz accuracy.


The crystal was mounted between two silicon rubber o-rings,
in the flow-through cell such that, the analyte solution wetted
only one side of the crystal. The effective detection volume of
the flow-through cell was 100 μL. The cell was constructed in
University of Toronto, Canada and was generously gifted by
Prof. M. Thompson. The analyte solution stream was intro-
duced into the latter by means of Genie Programmable Syringe
Pump (Kent Scientific, USA) with a flow rate 35 μL/min.


3. Results and discussion


3.1. Influence of the method of immobilization of the APTA for
sensor sensitivity


In the first series of experiments we studied how the method
of immobilization of the APTA will influence the sensor sen-
sitivity. The experiments were performed by means of DPV
using MB. We determined first the DPV for various concentra-
tions of thrombin (see Ref. [15]) and then using the DPV
records calculated the amount of charge transferred from the
electrode surface to MB. This amount is proportional to the area
under the DPV peak [17]. The plot of relative changes of charge
transfer as a function of the thrombin concentration and for dif-
ferent methods of immobilization of aptamer is shown in Fig. 1.
We can see that in all cases the charge transfer increases with the
increasing concentration of thrombin. The sensitivity of the
sensor is highest for the method of immobilization of aptamer to
a gold surface covered by avidin, medium for that using den-
drimer layers and minimal for aptamer chemisorbed directly to a
gold. The minimal sensitivity in the later case can be probably
due to higher density of aptamers on a surface that restrict the
maintaining optimal configuration of aptamer binding site to the
thrombin. The differences between immobilization of APTA to
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Fig. 3. The plot of the relative changes of charge transfer ΔQ /Q0 (ΔQ=Q−Q0,
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G1 surface and to avidin surface could be connected with higher
flexibility of aptamers immobilized to an avidin surface, that is
in addition linked to the gold support through a flexible linker.
In contrast, when G1 is used as a support, avidin is relatively
rigidly attached to this surface by glutaraldehyde. Similar re-
sults were recently obtained by SPR method [18].


3.2. Influence of ionic strength and pH for sensor sensitivity


In order to check whether ionic strength and electrolyte pH
affect the sensitivity of binding thrombin to the aptamer we used
the method of electrochemical indicator to detect the binding of
thrombin to aptamer in the electrolyte of different concentration
of NaCl as well as for three different pH. Fig. 2 shows the plot
of relative changes of charge transfer as a function of throm-
bin concentration for various concentrations of NaCl (X=0–
500 mM) in a buffer. Aptamer was immobilized by avidin–biotin
technology, that provided best sensitivity of sensor response
(see Fig. 1, curve 3). In order of comparison, we included curve 3
from Fig. 1 corresponding to 140 mM NaCl also to Fig. 2. We
can see that with increasing the concentration of NaCl the
sensitivity of the sensor decreases. This effect could be con-
nected with either the shielding of the negative charges at DNA
aptamer as well as at protein surface or with changes of the
conformation of the binding site of the aptamer. For more un-
derstanding of the mechanisms of the influence of Na+ ions on
the binding properties of the thrombin to the aptamer, we com-
pared the effect of the ionic strength on charge transport between
electrode with immobilized aptamer and MB without and with
thrombin. Fig. 3 shows the dependence of the relative changes of
charge transport as a function of the concentration of NaCl at
presence of 2 μM MB without thrombin (curve 1) and at pres-
ence of 10 nM thrombin (curve 2). We can see that in both cases
the charge transport decreases with increasing the ionic strength.
It is likely, that the shielding effect is a dominant process that
affect the charge transport. The shielding of negative charges of
DNA aptamer and protein could result in a decrease of binding of
positively charged MB to DNA or to protein molecules and
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Fig. 2. The plot of the relative changes of charge transferΔQ /Q0 as a function of
thrombin concentration and for various concentration of NaCl (X=0–500 mM)
in a buffer (X NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 20 mM TRIS, pH
7.4). The concentration of NaCl in mM is showed at the curves. Curve with
symbols ▪ is curve 3 from Fig. 1 for 140 mM NaCl (for immobilization of
aptamer by avidin–biotin method). Aptamer (APTA) was immobilized to the
god surface covered by avidin.

consequently the charge transport should decrease. It has been
shown, that cations Li+, Na+ and Cs+ formweak complexes with
antithrombin aptamer [19], and thus probably weakly influence
the aptamer conformation. On the other hand it cannot be ex-
cluded that at higher concentration of Na+ thrombin could ag-
gregate, which may cause its lower affinity to the aptamer.


The electrolyte pH influences substantially the sensor sen-
sitivity. It is seen on Fig. 4 when the plot of relative changes of
the charge transfer as a function of thrombin concentration is
showed for three different electrolyte pH. The pH was adjusted
by addition of small amount of 0.1 M NaOH or 0.1 M HCl to
the electrolyte (140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM
MgCl2). We can see that maximal response of the sensor took
place for pH 7.5, while for lower and higher pH the sensitivity
was lower. It is likely, that pH affects the structure of aptamer
binding site and is not connected with protonation or depro-
tonation of the protein. The isoelectric point of human throm-
bin is 7.0–7.6 [20]. Therefore, if protonation or deprotonation
would be crucial for binding of the thrombin to the aptamer,
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Fig. 4. The plot of the relative changes of charge transferΔQ /Q0 as a function of
thrombin concentration and for various electrolyte pH. The pH was adjusted by
addition of small amount of 0.1 M NaOH or 0.1 M HCl into the electrolyte:
140 mM NaCl+5 mM KCl+1 mM CaCl2+1 mM MgCl2. The pH values are
showed at the curves. Aptamer (APTA) was immobilized to the gold surface
covered by avidin. Results represent mean±SD obtained in three experiments
for each pH.
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Fig. 5. The kinetics of changes of the frequency following addition of the APTA
or LOOP aptamers to a measuring cell covered by neutravidin. Arrow indicates
starting of the flow of the buffer with aptamer.


Fig. 7. The scheme of the binding of ligand B (thrombin) to its receptor A
(aptamer), that is immobilized at the solid support. ka and kd are association and
dissociation constants, respectively.
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then the sensitivity of the sensor should be different for rela-
tively low and high pH, which was not the case.


Thus, ionic strength and pH have substantial influence on the
binding effectivity of the thrombin to the aptamer binding site
and should be taken into account in practical application of the
sensor.


3.3. QCM study of the binding the thrombin to aptamers of
different configurations


In order to check how important is the configuration of apt-
amer for binding the thrombin, we used the QCM method and
analyzed the binding of the thrombin to the linear aptamer
(APTA) and to the molecular beacon aptamer (LOOP). Both
aptamers have been immobilized to a surface of AT-cut crystal
covered by neutravidin. Flow of the neutravidin through the cell
in a concentration of 0.2 mg/mL resulted in substantial decrease
of the frequency of the crystal oscillations. The changes of fre-
quency at saturation (i.e. after approximately 25 min from start-
ing the flow) were 150±19 Hz (13 independent experiments).
The decrease of resonance frequency following addition of neu-
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Fig. 6. The plot of the changes of the frequency as a function of thrombin
concentration for aptamer sensors based on APTA and LOOP, respectively (see
legend). Results represent mean±SD obtained in three experiments.

travidin is a known phenomena [1] and is connected with increas-
ing of the mass of the crystal due to chemisorption of neutravidin.
According to Sauerbrey [16] (see Eq. (1)) from changes of Δf
it is possible to calculate the changes of mass,Δm, and knowing
the molecular weight of neutravidin (60 kD) it is possible to
estimate the number of neutravidin molecules chemisorbed at a
gold surface of the crystal. Thus, according to Eq (1) the changes
of Δf=150 Hz correspond to the changes of mass Δm=229 ng.
This means that number of neutravidin molecules at the sur-
face is 2.3×1012. We should, however, note that changes of
the frequency could not be directly transformed into the mass
changes. This is connected with the peculiarity of Sauerbrey
equation, which is valid for dry crystal. In the solution, a con-
tribution of viscoelasticity between the layer adsorbed at the
crystal and surrounding electrolyte should be taken into ac-
count. The effect of viscoelasticity certainly exists as it follows
from complex changes of motional resistance Rm (see Ref. [1]).
In addition, water molecules that entrap into the layer could
also contribute to the increase of the mass. One simple solution
would be the detection of oscillation frequency of dry crystal.
However, drying of the crystal with neutravidin layer resulted its
denaturation, which is not desirable. It has been however estab-
lished that correction factor approximately 2 could be applied
to correct changes of frequency connected with viscoelasticity
[21]. Thus, considering this correction, the number of neutra-
vidin molecules at the surface will be approximately 1.15×1012.
After the frequency was stabilized, the biotinylated APTA or
LOOP aptamers dissolved in deionised water were allowed to
flow through the cell. Due to strong affinity of biotin to the
neutravidin the frequency of the crystal decreased. The result
of this experiment is shown in Fig. 5. We can see that kinetic
changes of the frequency for APTA and LOOP are different. The
changes of the frequency for APTA are faster than that for
LOOP. This may be connected with more bulky structure of the
LOOP. Also the steady state value of frequency changes for
APTA are higher than for LOOP. This is however connected
with higher molecular weight of APTA (10576 D) in comparison
with LOOP (6791 D). Using analogical approach like above,
including correction factor from the obtained frequency changes
for APTA and LOOP (40±8.6 and 30±5.6 Hz, respectively), we
obtained that approximately 1.74×1012 molecules of APTA and

Table 1
The kinetics constants of association, ka, and dissociation, kd, aswell as equilibrium
constants of association, KA, and dissociation, KD, for the interaction of the
thrombin with the aptamers of different configuration: APTA and LOOP


Aptamer ka, nM
−1 s−1 kd, s


−1 KA, nM
−1 KD, nM


APTA 0.97±0.45 86±73 0.011±0.006 88±52
LOOP 3.27±1.22 127±100 0.026±0.018 39±27


Results obtained from three independent experiments.
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2.03×1012 molecules of LOOP were adsorbed to a neutravidin
surface. Both values are higher than the number of neutravidin
molecules at the surface. The neutravidin, like avidin, is a tetra-
mer. Each monomer contains one binding site for biotin [22].
Because the neutravidin is a symmetric molecule we can assume
that due to its immobilization to a solid support at least 2 biotin
binding sites should be exposed to the solution. Thus, the above
obtained number of aptamer molecules is evident that the surface
of the crystal is covered by APTA and LOOP on approximately
76% and 88%, respectively.


Addition of thrombin to a sensor surface resulted in decrease of
the resonance frequency for both APTA and LOOP based sensors.
The plot of the dependence of the changes of the frequency as a
function of thrombin concentration is shown in Fig. 6. We can see
that this plot is similar for bothAPTAandLOOP. In the case of SPR
method, however, the sensor based on APTA revealed approxi-
mately 1.5 times higher sensitivity in comparison with LOOP [18].


In order to analyze quantitatively the kinetics of the binding of
thrombin to the aptamers of different configuration (APTA and
LOOP) we determined the kinetic constants of the binding reac-
tion. The analysis was based on known peculiarities of binding
of the ligand to the receptor [23]. The binding of the ligand
(thrombin) to the receptor (aptamer) immobilized at the surface is
schematically shown in Fig. 7 and is characterized by association
ka and dissociation kd constants, respectively. Having these con-
stants, it is possible to determine the equilibrium constants of
association and dissociation, respectively:KA=ka /kd,KD=1/KA.
For determination of the kinetic constants we used an approach
already published elsewhere [23]. Briefly, the rate of the forma-
tion of the complex AB can be expressed by the equation:


d
½AB�
dt


¼ ka½A�½B�−kd½AB� ð2Þ


The formation of the complexes is accompanied by changes
of the resonance frequency f(t). The binding capacity of the
surface is proportional to the changes of the signal correspond-
ing to the occupation of all binding sites. During binding the
concentration of free binding sites will be proportional to the
difference ( fmax− f ), where fmax is the binding capacity of the
crystal. The initial signal f0, (prior binding) is usually taking into
as 0. The Eq. (2) is then:


df
dt


¼ kacð fmax−f Þ−kd f ð3Þ


and after transformation:


df
dt


¼ kacfmax−f ðkacþ kdÞ ð4Þ


where c is the concentration of free ligand in solution. By
integration of the Eq. (4) we obtain:


f ¼ kacfmax


kacþ kd
ð1−e−ðkacþkdÞtÞ ¼ feqð1−e−kobstÞ ð5Þ


where kobs=kac+kd. The binding curve can be fitted by Eq. (5),
so the parameters feq and kobs can be obtained. By measuring the
binding curves for different concentrations of ligand it is

possible to construct plot of kobs as a function of concentration.
This is the straight line, from which the kinetic constants ka and
kd can be determined. By removing ligand B from the solution
(e.g. by flowing the buffer through the cell), it is possible to
observe dissociation of the complexes:


df
dt


¼ −kd f ð6Þ


This approach allows to determine independently the dis-
sociation constant kd. If the initial number of complexes at the
sensor surface is characterized by signal f0, then by integration
of the Eq. (6) we obtain:


f ¼ f0e
−kdt ð7Þ


The kinetics constants ka and kd can be obtained from
association reaction, however for kdb10


− 4 s− 1 this approach
resulted to an inaccuracy. Therefore it is more correct to deter-
mine kd from dissociation curve. Kinetics constants as well as
equilibrium constants determined for APTA and LOOP using
the procedure described above for 5 different concentrations of
thrombin are presented in Table 1. The kinetics and equilibrium
constants in average differ for APTA and LOOP, however these
differences are statistically not significant. The obtained results
are in good agreement with that obtained by SPR method [18].
Thus, the kinetics of the binding of the thrombin to the aptamers
of different configuration is similar.


4. Conclusion


The method of the immobilization of aptamer to a solid
support affects the sensitivity of the aptamer for the proteins. Best
results were obtained by immobilization of aptamer to a gold
support by means of avidin–biotin technology. The configuration
of the aptamer-linear or molecular beacon revealed similar
properties in respect to sensitivity and kinetics of binding of the
thrombin. Increased ionic strength resulted in a decrease of the
sensitivity of the aptamer to the thrombin. This is probably
connected with shielding effect of Na+ ions on the aptamer
binding sites. Electrolyte pH has also significant effect on the
aptamer sensitivity. Best sensitivity was obtained for pH 7.4–7.5,
while increase or decrease of pH resulted in decrease of sensitivity
of the aptamer sensor. This effect can be connected with
maintaining optimal structure of binding site of the aptamer.
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Abstract


Electrorotation (ER) spectra of human red blood cells (HRBCs) have been recorded in the frequency range from 10 kHz to 250 MHz in a 4-
electrode microchip chamber. The cells were suspended at conductivities in the range from 0.02 to 3.00 S/m (corresponding to an ionic strength range
from 1.6 to 343 mM) at temperatures between 10 °C and 35 °C. Generally, the characteristic frequencies as well as the rotation speeds of the first
(membrane-dispersion) and second ER peaks increased with temperature. The rotation speed increase was largely correlated to the temperature
dependence of the medium viscosity. Standard temperature dependencies were assumed for the conductivities and permittivities of cytoplasm,
membrane, and external solution to explain the frequency shifts, starting from the cell parameters of Gimsa et al. [Gimsa et al., 1996, Biophys. J. 71:
495–506.]. The membrane capacitance was assumed to be temperature independent, based on the permittivity of alkyl-chains. Under these
assumptions, the spectra could be well fitted only in a narrow temperature range around 20 °C. The temperature dependence of the first characteristic
frequency was much stronger than predicted. In addition, around 15 °C, an anomalously high rotation speed was observed for the first peak at low
external conductivities. Interestingly, this finding corresponds to the change in the chloride transport rate described by Brahm [Brahm, 1977, J. Gen.
Physiol. 70: 283–306.].
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrorotation; Erythrocytes; Electric cell parameters; Cytoplasmic ion mobility; Membrane capacitance

1. Introduction


Electrorotation (ER) allows for investigating the dielectric
properties of single biological cells. Cells are suspended in
electrolyte medium and exposed to a rotating electric field for
measurements. The field induces a rotating dipole moment in the
cell. It consists of a component that is in-phase to the external
field (real part) and a component out-of-phase to the external
field (imaginary part). The components depend on the relative
polarizability of cell andmedium for a given field frequency. The
interaction of the out of phase part of the induced dipole moment
with the external field leads to a torque which can be observed
microscopically as the rotation of individual cells. Theoretically,
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the torque is given by the cross product of the induced dipole
moment of the cell and the external field, i.e. the product of the
magnitudes of the imaginary part of the induced dipole moment
and the external field. We modelled the HRBC as a conductive,
oblate spheroid with a thin, insulating outer shell for the
membrane. If the electric properties of the external medium are
known, the electric properties, i.e. conductivities and permittiv-
ities of the model, can be inferred from the cell rotation spectra
[1–4]. The reliability of the cell parameters can be improved by a
combination of ER with other AC-electrokinetic methods [1,2].


In all techniques, membrane polarization is the major contri-
bution to the cell dipole moment at low frequencies. The out-of-
phase part of the external field will generate a torque when the
time constant of membrane polarization introduces a phase-lag
between the cell dipole moment and the external field. The fre-
quency dependence of the magnitude of the out-of-phase part of
the dipole moment forms a rotation peak that typically is of a
Lorentzian shape. Such peaks can be described by the parameters
characteristic frequency and peak height such as fc1 and R1 for the
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Table 1
Electric cell parameters for 23 °C (bold) obtained from [3] were extrapolated according to Eq. (1)


Parameter 10 °C 15 °C 20 °C 23 °C [3] 25 °C 30 °C 35 °C


External permittivity 83.8 82.0 80.2 79.1 78.5 76.6 74.8
Membrane permittivity (for temperature


dependence see text)
9.04 9.04 9.04 9.04 9.04 9.04 9.04


Internal permittivity before 224.5 219.7 214.9 212.0 210.1 205.2 200.3
and after dispersion (or no dispersion) 53.0 51.8 50.7 50.0 49.5 48.4 47.2


Dielectric decrement 171.5 167.9 164.2 162.0 160.6 156.8 153.1
Range of the external conductivity (S/m) 0.018–2.400 0.016–2.700 0.020–3.000 0.001–1.390 0.022–3.400 0.024–3.600 0.026–3.900
Membrane conductance (μS/m2) 355.2 20.0 451.2 480.0 499.2 547.2 595.2
Internal conductivity before 0.301 0.342 0.376 0.400 0.416 0.456 0.496


and after dispersion (or no dispersion ) (S/m) 0.409 0.457 0.506 0.535 0.554 0.603 0.652


Starting and end values of the relative permittivity and conductivity of the dispersive cytoplasm (Eq. (7)) were assumed to depend on temperature. In our model, these
values were assumed not to dependent on the dispersion width. The “no dispersion” data were also used in a model with frequency independent parameters (compare to
Figs. 3 and 4). These parameters largely coincide with those given for around 100 MHz in [19].
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first, membrane-peak. The first peak is mainly determined by the
membrane properties [5]. At higher frequencies, when the mem-
brane is electrically transparent, the cellular polarization mainly
arises from differences between cytoplasmic and external medi-
um properties. A second ER peak (defined by fc2 and R2) can be
observed. It is caused by a transition of the polarization balance of
the external and cytoplasmic media with increasing frequency.
Whereas this balance is determined by the media conductivities at
lower frequencies, it is determined by the permittivities at fre-
quencies above the dispersion. Accordingly, the second peak of
ER yields information on the properties of the cytoplasm.


Recently, ER experiments could be extended to the phys-
iological [3,4] or even higher ionic strengths of the external
medium [8]. These developments are based on microelectrode
chambers allowing for the application of lower driving voltages
and high medium conductivities. Usually, ER experiments are
carried out at room temperature assuming the cell and medium
parameters to be temperature independent [6,7]. Nevertheless,
Joule's heating cannot be avoided. Heat production is linearly
related to the electric conductivity and the square of the applied
voltage [9]. A temperature increase by ΔT affects the viscosity,
η, of the external medium, the permittivities, ε, and the conduc-
tivities, σ, of the system in the following ways:


g ¼ gT0e
−aDT ; e ¼ eT0ð1−bDTÞ; r ¼ rT0ð1þ cDTÞ ð1Þ


with ηT0
, εT0


, and σT0
standing for the viscosity, permittivity and


conductivity at temperature T0. For values of εT0
and σT0


, see
Table 1 The ηT0


values were obtained from measurements. The
temperature coefficients a and c were assumed to be 0.02 K−1


for all media, whereas b has been extrapolated to 0.0046 K−1 for
the external and internal media from the temperature dependence
of the water permittivity [10,11].


Many authors have addressed the temperature effects on the
physiology of HRBCs (see for example [12,13]). Temperature
alterations will not only affect the cell dielectric properties of all
phases but also the ion transport across the membrane. For ex-
ample, a change of the chloride transport rate has been described
around 15 °C presumably due to a change in the activation en-
ergy of the transport step [12]. Anion transport is mediated by the
band-3 protein. With about 1.2×106 copies per cell it is the most
abundant membrane protein in HRBCs. It is responsible for the
fast anion exchange, and assumed to contribute to the membrane

dielectric properties. If the protein's properties are altered, e.g.
by inhibitors or a change in the temperature, the membrane pro-
perties will be changed. For example, the membrane capacity
and conductivity have been found to increase and decrease, re-
spectively, after the cells were incubated with the band 3 inhib-
itor 4,4′-diisothiocynostilbene-2,2′-disulphonate (DIDS) [7].


In this paper, we present results from ER measurements in
the temperature range from 10 °C to 35 °C. For interpreting the
experimental data, we assumed temperature dependent para-
meters starting from the cell parameters given in [3] for 23 °C.
The parameters were introduced in the single shell model given
in [5].


2. Theory


The rotation speed of a cell, is determined by the equilibriumof
hydrodynamic friction Tfric and ER torque TER. Stoke's friction
law for an oblate spheroid of axes ratio a/b/c=2:2:1 rotating
around axis c atωc under laminar flow conditions is given by [14]:


Tfric ¼ 5:64pga3xc ð2Þ


Please note that the axis ratio has been derived from the electric
cell data [3]. Themore realistic ratio of a/b/c=3:3:1would result in
a coefficient of 4.88.Nevertheless, Eq. (2) does not take the surface
friction into account that will increase for more oblate shapes. The
ER torque is proportional to the cell volume, the square of the
electric field strength E, and the imaginary part of the Clausius-
Mossotti factor K⁎ (for the definition of K⁎ please refer to [5]):


TER ¼ 4pa2c
3


e0eeE
2Im K⁎ð Þ ð3Þ


ε0 and εe are the permittivity of vacuum and the relative
permittivity of the external medium, respectively. The asterisk
marks the complex Clausius-Mossotti factor. Usually, the external
field strength in the center of a four-electrode ER chamber is
calculated from the applied voltage and the electrode tip
distance. Nevertheless, the actual field strength is always lower
than this. For our micro-chip design (Fig. 1), the field strength
in the center of the chamber is E=0.806V/x, with V and x
standing for the electrode voltage and tip-to-tip distance,
respectively [15]. Another correction must be introduced for the







Fig. 1. Microchip electrode chamber with an electrode tip-to-tip distance of
about 300 μm.
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effect of the square topped measuring field on the induced
torque. The higher harmonics result in a frequency dependent
reduction of the torque in such fields [16]. The actual torque is

Fig. 2. ER spectra for various different external conductivities at six different tempera
(squares, long dash lines), 25 °C (circles, medium dash lines), 30 °C (triangles up, s
given in the figures refer to 20 °C. The data in parentheses are the corresponding ion
Two superimposed Lorentzian peaks of the general form 2Rffc/( f


2+ fc
2) were fitted t


and characteristic frequency, respectively. E was assumed to be V/x. The correction

reduced by a factor of 0.92 for well separated peaks. Then the
rotation speed ωc is derived for Tfric=TER:


xc ¼ TER=0:92
5:64pga3


¼ 0:167
e0eec ImðK⁎ÞE2


ag
ð4Þ


Along semiaxis a the Clausius-Mossotti factor is given by [5]:


K⁎a ¼ ainf
ainf−a


1−
Z i
a þ Zm


Z i
a þ Zm þ Ze


a


ainf
a


� �
ð5Þ


for a spheroidal cell with a thin membrane. The impedance
components for the cytoplasm (Zi), the membrane (Zm) and the
external medium (Ze) are given by:


Z i
a ¼ a=ðri þ jxeie0Þ; Zm ¼ d=ðrm þ jxeme0Þ; Ze


a
¼ ðainf−aÞ=ðre þ jxeeeeÞ ð6Þ


with a, ainf, d and j standing for the length of semiaxis a, the
influential radius in a-direction, the membrane thickness, and

ture classes, 10 °C (hexagons, solid lines), 15 °C (diamonds, dotted lines), 20 °C
hort dash lines), and 35 °C (triangles down, dash-dot lines). The conductivities
ic strengths of the solutions. The spectra were measured in square-topped fields.
o the measuring points. R, f and fc stand for peak rotation speed, field frequency,
factor 0.806 was introduced in Eq. (4).







Fig. 3. First (A) and second (B) characteristic frequencies of Fig. 2 over external
conductivity for different temperatures (for symbols see Fig. 2). Please note that all
frequencies were divided by a factor of 1.066 to correct for the square wave mea-
suring field (for details see [16]). The theoretical curves were calculated according
to the temperature dependent parameters given in Table 1. Frequency independent
parameters were assumed for the full curves. For comparison, the position of the
curves with frequency dependent parameters is marked by short continuous and
dotted lines. The dispersion-width α is marked in the figure (see Eq. (7)).


Fig. 4. Rotation peak amplitudes of the first (A) and second (B) peak obtained
from the spectra fits of Fig. 2. For symbols and line types please see Fig. 3. An
additional curve (dashed line) is given for the first peak at 15 °C assuming a
reduced membrane conductance of 20 S/m2 (see Discussion).
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(−1)0.5, respectively [5]. In the following, membrane conduc-
tance and membrane capacitance were calculated assuming a
membrane thickness d of 8 nm.


We assumed the oblate cell model given in [5] with a long
semiaxis of a=3.3 μm for HRBCs. An influential radius ainf=
4.0 μm was obtained for an axis ratio of 1:2 [5]. The relative
external permittivity, the membrane conductance, and the mem-
brane capacitance were assumed to be 79.1, 480 S/m2, and
9.97 mF/m2, respectively, at 23 °C [3]. Low frequency values of
0.4 S/m and 212, dispersing around 15 MHz, were assumed for
the conductivity and the relative permittivity of the cytoplasm.
The dispersion leads to a relative permittivity of 50 and a con-
ductivity of 0.535 S/m at high frequencies [3].


3. Materials and methods


3.1. Preparation of the cell suspension


Two 300 mosM solutions, a sucrose and a NaCl solution both
containing 1 mM phosphate buffer (pH 6) were mixed to adjust
the medium conductivity in the range from 0.02 S/m to 3.00 S/m.
The conductivity of the suspension was measured in the tem-
perature compensation mode (20 °C) with an InoLab-conduc-
tometer (WTW, Weilheim, Germany). Conductivities below
0.1 S/m were measured with a LF 39 (Sensortechnik Meinsberg
GmbH, Meinsberg, Germany). The viscosities of all measuring
solutions were determined by a falling-ball viscosimeter MLW
(VEB MLW Prüfgerätewerk Medingen, Freital, GDR). 10 ml of
the solution were equilibrated to the desired temperature by a
thermostat prior to the suspension of fresh blood at a volume

concentration (hematocrit) of 0.02% for each experiment. 5 μl of
this suspension was transferred to the measuring chamber. The
temperature of the chamber was controlled by a small thermistor.


3.2. ER measurements


The measuring chamber was based on a rectangular glass
microchip with 4 platinum electrodes (Fig. 1) [2,8].


Rotating electric fields in the range from 50 kHz to 250 MHz
were generated by application of four progressively 90°-phase
shifted signals of a peak-to-peak voltage of 5 VPP from a radio-
frequency generator HP 8131A (Hewlett Packard, USA). ER
spectra of 4–6 different cells were recorded via a video system at
every conductivity. At conductivities above 2.00 S/m and 25 °C
no complete spectra could be recorded on a single cell due to
medium convections. Therefore, a new cell suspension was
transferred to the chamber for every measuring point. All mea-
surements were finished within 5 min after cell suspension. The
obtained spectra were fitted by a function consisting of two
Lorentzian peaks, corresponding to the two major ER peaks [1].


3.3. DIDS treatment


Experiments with the band 3 inhibitor DIDS (Sigma, Steinh-
eim, Germany) were conducted at a concentration of 20 μM
[17]. DIDS was added before suspending the HRBCs.


4. Results


Fig. 2 shows ER spectra for six different temperature classes
measured in eight selected solutions with conductivities ranging
from 0.02 S/m to 3.00 S/m. A linear temperature dependence
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was measured for all solutions (cp. to Eq. (1) and to Figs. 3 and
4). At low and medium conductivities (0.02–0.50 S/m), co- and
anti-field rotation peaks were clearly visible. Starting at 1.00 S/m
also the second peak changed to negative. A strong shift of fc1
towards higher frequencies was observed for conductivities
higher than 2.00 S/m at 30 °C and 35 °C. Nevertheless, changes
in temperature did not alter the overall shape of the ER spectra
([18], see also Figs. 2 and 3).


An anomalous increase in the rotation speed was observed for
low and medium conductivities at 15 °C (see Fig. 4A). We
compared the ER spectra of control HRBCs and cells treated
with DIDS to test whether this behavior is related to an alteration
in the anion transport, mediated by the anion exchange protein
band 3 (capnophorin). DIDS treatment lead to an increase in the
rotation speed (magnitude of R1, Fig. 5). No increase was ob-
served only at 15 °C.


5. Discussion


5.1. Electric cell properties


Table 1 presents the temperature dependent parameters used
to derive the theoretical curves in Figs. 3 and 4. Frequency
independent as well as cell parameters for a dispersive cytoplasm
have been taken from [3]. Temperature dependencies according
to Eq. (1) have been used to calculate the permittivities and con-
ductivities for temperatures deviating from23 °C. No temperature
dependence has been assumed for the membrane permittivity
since the temperature coefficients for the permittivities of fatty
acid-chain-like compounds are very low [11]. The frequency de-
pendent transitions of the cytoplasmic permittivity and conduc-
tivity have been described according to the dispersion relation by
the following phenomenological equations [3]:


ei ¼ eli þ De
1


1þ ðxsÞ2ð1−aÞ


ri ¼ r0i þ Dr
ðxsÞ2ð1−aÞ


1þ ðxsÞ2ð1−aÞ
ð7Þ


ω and τ are the circular frequency of the field and the time
constant of the cytoplasmic dispersion, respectively. εi


∞, Δε, σi
0


and Δσ are the relative permittivity at infinitely high frequency,
the dielectric decrement as well as the cytoplasmic conductivity at
low frequency and the conductivity increase resulting from the
dispersion, respectively (see Table 1). Two cases for the
dispersion width α have been considered, α=0 and α=0.5 [19].

Fig. 5. First rotation peak at different selected temperatures for control (open
symbols, dashed lines) and DIDS treated (filled symbols, solid lines) cells. The
circles, triangles up and triangles down represent external conductivities of
0.02 S/m, 0.20 S/m and 0.40 S/m, respectively.

5.2. Effect of the temperature on the ER peaks


A moderate temperature increase led to a linear increase of
the ER peak frequencies fc1 and fc2 accompanied by an increase
in the rotation peaks R1 and R2. This behavior was reflected by
the theoretical ER spectra calculated from the parameters of
Table 1. These results confirm previous ER experiments without
temperature control [1,3,6,8]. The largest contribution to the
temperature dependence of the peak magnitudes arose from the
viscosity (Eq. (1)). The agreement of theory with experiment

could be improved by introducing the cytoplasmic dispersion
given by Eq. (7) especially for the 20 °C and 25 °C data [3].
However, Eq. (4) predicted higher R1 and R2 rotation peaks than
experimentally found. To fit the points a scaling factor was
introduced to account for the additional friction in the vicinity of
the chip surface. A factor of 2.6 was used for all temperatures
and conductivities.


Different effects may be taken into account to explain the
remaining deviations in the rotation speed. The hydrodynamic
friction coefficient for the biconcave cell rotating in the vicinity
of the surface is not known (please also see theory section). In
practice, the friction with the glass surface will depend on the
surface distance and the shape of the cell. Both parameters de-
pend on temperature and ionic strength, i.e. the external con-
ductivity. For example, a more discocyte-shape, like it was
observed at low conductivities, will give rise to an increase in the
cell surface facing the chip and a subsequent increase in friction.


Furthermore, changes in the ionic cell state prior to and during
the measurements will alter the electric cell properties and, sub-
sequently, the induced torque. Ionic state changes are very com-
plex and depend on the measuring solutions. They can hardly be
fully controlled [20]. To reduce the effect of such changes no
measurements later than 5 min after suspension were conducted.


Experimentally, a decrease in the first rotation peaks was
found at a conductivity of 0.5 S/m for temperatures above 25 °C.
Generally, the cell volume was increased in the medium conduc-
tivities range (microscopic observation). Volume changes may
be related to a membrane phase transition resulting in a greater
efficiency of water diffusion through the membrane [13]. This
diffusion is related to the status of the membrane lipids in the
classical view. Diffusion is more efficient when the membrane
lipids are in their fluidic and not the gel state. Volume alterations
will alter the ionic, water, and protein concentrations in the
cytoplasm as well as the hindrance factor of the ionic mobility
[20]. Theoretically, a volume increase may therefore result in an
increase or decrease of the cytoplasmic conductivity.
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We found that the first characteristic frequencies differ by a
factor larger than four at the very low external conductivities. An
even larger frequency deviation was observed above 1 S/m at
temperatures above 30 °C (Fig. 3A). This is much larger than
theoretically predicted. Alterations in the membrane capacitance
have a pronounced effect on the first characteristic frequencies.
Nevertheless, the explanation of the temperature effect at low
conductivities by a corresponding decrease in the membrane
capacitance would require unrealistic transitions in the molec-
ular membrane structure.


In striking contrast to our results, Bao et al. [22] described a
strong increase of the membrane capacitance by a factor of about
two with temperature in the range from 25 °C to 35 °C. Our
results suggest a decrease by a factor of about four. An explana-
tion for the strong spreading of our characteristic frequencies
will probably require a combination of different effects, e.g. an
increase in the cytoplasmic and membrane conductivities and a
decrease in the membrane capacitance with temperature and
frequency.


5.3. Membrane properties: the anomalous rotation speed at
15 °C


Another interesting result is an anomalous increase in the
rotation speed at a temperature of 15 °C (Fig. 4A). This effect
vanishes at 10 °C and temperatures above 20 °C in the medium
and high conductivity ranges. Interestingly, the anomalous ro-
tation corresponds to data on the transmembrane-transport rate
of ions changing just around 15 °C [12,20]. Brahm [12] de-
scribed a deflection point in the Arrhenius plot of the anion
transport at 15 °C. The point was persistent even after partial
band 3 inhibition by DIDS. Different explanations for this be-
havior were proposed. Either the energy barrier of chloride
transport decreases at a critical temperature, e.g. due to phase
transitions of some membrane components or the chloride ex-
change is rate limited by different rate limiting steps in the
transport process below and above 15 °C. According to Brahm
[12], the rate limiting step above 15 °C would possess a some-
what lower activation energy.


Probably, the transmembrane-mobility of anions is the major
contribution to the AC-membrane conductance in HRBCs [7].
Nevertheless, the interpretation of our results by alterations in
the membrane conductance requires the assumption of a more
complex behavior of the membrane conductance with a mini-
mum around 15 °C. A possible explanation was given by Prof. I.
Bernhardt (personal communication) who proposed that the
increase in the membrane conductance below 15 °C is due to
the enhanced cation exchange at low temperatures (compare to
[21]). Our results with DIDS are hinting at a large role of band
3 in these processes. DIDS-treatment increased the rotation
speed at the first peak at various conductivities and temperatures
(Fig. 5). This DIDS-induced increase in the rotation speed re-
sulted in an alignment of all measuring points with those mea-
sured for the control at 15 °C. These results are in line with a
decrease in the membrane conductance as described before
[7,17]. These authors assume a decrease from 250 S/m2 to 20 S/
m2 after DIDS inhibition of band 3 leading to an increase in

rotation speed by about 32% at 5 mS/m [7]. The assumption of
a membrane conductance of 20 S/m2 (dashed line in Fig. 4A)
could help explaining the anomalously high rotation speed of
the control cells at 15 °C.


6. Conclusions


ER could be demonstrated to be an elegant method for
detecting the temperature dependence of the electric HRBC
parameters at the single cell level. Our experimental data could
only roughly be fitted by our model assuming the standard tem-
perature coefficients for all media. Our major findings are as
follows:


(1) The anomalously high rotation speed at the first peak at
15 °C and the DIDS-effects on the rotation speeds for all
other temperatures, hint at a major role of the band 3
protein for the membrane conductance.


(2) A temperature-spreading of the first characteristic fre-
quencies much wider than that predicted for standard
temperature coefficients of the media was found. A cor-
responding change in the membrane capacitance seems to
require unrealistic transitions in the molecular membrane
structure. An explanation for this effect is still missing. It
might include effects related to the capacitance of the
protein areas in the membrane that probably possess a
specific capacitance much higher (about 4.2 F/m2) than
those of the lipid areas (about 0.74 F/m2; please see: [23]).


(3) A dramatic increase in the first characteristic frequencies
above 3 S/m especially for temperatures above 30 °C was
found. A possible explanation might be the dispersion of
membrane protein polarization leading to a decrease of
the membrane capacitance around 3 MHz as already pro-
posed by us [3].


In summary, our results suggest that the interpretation of ER
data requires special attention to the temperature. Further, it is
important to take cell shape changes induced by different su-
spension conditions into account. Temperature dependent ER
measurements on the HRBC model system may lead to a better
understanding of the electric cytoplasm and membrane pro-
perties of biological cells.
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Abstract


The electrochemical behaviour of 2,8-dihydroxyadenine (2,8-DHA)– the main adenine oxidation product– has been investigated over a wide
pH range at a glassy carbon electrode (GCE) using cyclic, differential pulse and square wave voltammetry.


The oxidation of 2,8-DHA is a quasi-reversible process, pH dependent and occurs with the formation of a main oxidation product, P2,8-DHA,
that strongly adsorbs on the electrode surface. The reduction of 2,8-DHA also occurs and is a reversible process in the absence of molecular
oxygen. In electrolytes with pH between 4 and 9 two consecutive reversible charge transfer reactions were identified. However, it was observed
that O2 interfered with the reductive electron transfer process of 2,8-DHA and that, in the presence of oxygen, the reduction of 2,8-DHA occurs at
less negative potentials than in the absence of oxygen.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Adenine; 2,8-dihydroxyadenine; Oxidation; Reduction; DNA; Oxidative damage; Voltammetry

1. Introduction


Purine and pyrimidine derivatives are fundamental com-
pounds in biological systems, playing an essential role in
various biological processes such as energy transduction and
cell signaling [1]. In particular, the nucleotides of adenine and
guanine together with those of thymine and cytosine represent
the monomer units of nucleic acids. DNA is a very important
biomolecule that has an essential role in the determination of
hereditary characteristics, storing the genetic information. From
this point of view DNA is considered the major target for
interaction with various molecules.


DNA bases are modified during the interaction with various
compounds such as reactive oxygen and nitrogen species (ROS
and RNS), alkylating agents or drugs [2]. Chemical modifica-
tion of DNA bases generates several products inside the DNA
double helix such as 8-oxoguanine, 2,8-dihydroxyadenine,
5-formyluracil, 5-hydroxycytosine, etc., which are mutagenic,
causing molecular disturbance to the genetic machinery that
leads to cell malfunction and death [3].

⁎ Corresponding author. Tel./fax: +351 239 835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).
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The major product of DNA damage is 8-oxo-7,8-dihydro-
guanine (8-oxoGua) which is the product of oxidation of
guanine [4], the most easily oxidized base in DNA. Since it was
first reported, 8-oxoGua has been the subject of intensive
investigation and became widely accepted as a biomarker of
DNA damage and cellular oxidative stress [5].


However, recent studies have suggested that other lesions
could be as important as 8-oxoGua [2]. It is well known that the
irreversible 2 electrons and 2 protons oxidation of adenine
yields 2-hydroxyadenine or 8-hydroxyadenine [6], which were
also reported to have mutagenic activity [2,3]. Moreover, each
of these products can also suffer irreversible oxidation leading
to the formation of 2,8-dihydroxyadenine (2,8-DHA), Scheme
1, the main oxidation product of adenine [6]. Although its
formation in DNA is not as efficient as the formation of 2 or
8-hydroxyadenine, the incorporation of 2,8-dihydroxy-deoxya-
denosine monophosphate from the nucleotide pool appears to
be the major pathway for formation of 2,8-DHA in DNA [2].
Such kinds of DNA modified bases were found in human
cancerous tissues [7].


Also, 2,8-DHA is the main clinical manifestation related to
the metabolic deficiency of the purine salvage enzyme adenine
phosphoribosyltransferase, which converts adenine from the
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nucleotide pool into adenosine monophosphate [8]. In patients
with this deficiency, the accumulated adenine is converted by
xanthine dehydrogenase to 8-hydroxyadenine and then to
2,8-DHA. The precipitation and crystallization of 2,8-DHA
can lead to stone formation in various parts of the urinary tract
[9], leading to the loss of the kidneys.


In the view of the importance of 2,8-DHA in the biological
processes various methods have been developed for the
determination of 2,8-DHA in body fluids [8,10,11]. However,
less is known about 2,8-DHA redox mechanisms [12].
Investigations of the redox behaviour of biologically occurring
compounds by means of electrochemical techniques have the
potential for providing valuable insights into biological redox
reactions of these molecules. Due to their high sensitivity
voltammetric methods were successfully used to study the redox
behaviour of various biological compounds including the DNA
bases and nucleotides as well as their oxidation products [4,12–
18]. Therefore, the present study is concerned with the electron
transfer properties of 2,8-DHA by means of cyclic, differential
pulse and square wave voltammetry at a glassy carbon electrode.


2. Experimental


2.1. Materials and reagents


2,8-dihydroxyadenine from Sigma was used without further
purification. A stock solution of 50 μM 2,8-DHAwas prepared
in pH 4.5 0.2 M acetate buffer and was stored at −4 °C.


All supporting electrolyte solutions, Table 1, were prepared
using analytical grade reagents and purified water from a
Millipore Milli-Q system (conductivity≤0.1 μs cm−1).


Nitrogen saturated solutions were obtained by bubbling high
purity N2 for a minimum of 10 min in the solution and

Table 1
Supporting electrolytes, 0.2 M ionic strength


pH Composition


2.2 HCl+KCl
3.4 HAcO+NaAcO
4.5 HAcO+NaAcO
5.3 HAcO+NaAcO
6.1 NaH2PO4+Na2HPO4


7 NaH2PO4+Na2HPO4


8.1 NaH2PO4+Na2HPO4


9.3 NaOH+Na2B2O7.10H2O
11.1 NaOH+KCl

continuing with a flow of pure gas over the solution during the
voltammetric experiments.


Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microliter Pippettes (Rainin Instrument Co. Inc.,
Woburn, USA). The pH measurements were carried out with a
Crison micropH 2001 pH-meter with an Ingold combined glass
electrode. All experiments were done at room temperature
(25±1 °C).


2.2. Voltammetric parameters and electrochemical cells


Voltammetric experiments were carried out using a μAuto-
lab running with GPES 4.9 Software, Eco-Chemie, Utrecht,
The Netherlands. The experimental conditions for differential
pulse voltammetry (DPV) were: pulse amplitude 50 mV, pulse
width 70 ms, scan rate 5 mV s−1. Measurements were carried
out using a glassy carbon (GCE) (d=1.5 mm) working elec-
trode, a Pt wire counter electrode, and a Ag/AgCl (3 M KCl)
as reference, in a 0.5 ml one-compartment electrochemical
cell.


The GCE was polished using diamond spray (particle size
1 μm) before every electrochemical assay. After polishing, the
electrode was rinsed thoroughly with Milli-Q water for 30 s;
then it was sonicated for 1 min in an ultrasound bath and again
rinsed with water. After this mechanical treatment, the GCE was
placed in pH 4.5 0.2 M acetate buffer electrolyte and various DP
voltammograms were recorded until a steady state baseline
voltammogram was obtained. This procedure ensured very
reproducible experimental results.


3. Results and discussion


Initial studies concerning the voltammetric behaviour of
2,8-DHA at a clean GCE were carried out in pH 4.5 0.2 M
acetate buffer. The cyclic voltammogram in Fig. 1 was obtained
in a solution of 50 μM 2,8-DHA saturated with N2. During the
voltammetric measurement a constant flux of N2 was kept over
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Fig. 1. CVobtained with a GCE in N2 saturated solution of 50 μM 2,8-DHA in
pH 4.5 0.2 M acetate buffer; ν=100 mV s−1.
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Fig. 2. CVobtained with a GCE in a solution of 50 μM2,8-DHA in pH 4.5 0.2M
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the solution surface in order to avoid the diffusion of
atmospheric oxygen into the solution of 2,8-DHA.


Two pairs of peaks can be observed in Fig. 1. The reduction
and oxidation of 2,8-DHA occur independently of each other
and are going to be studied separately.


3.1. Oxidation


3.1.1. Cyclic voltammetry
The oxidation of 2,8-DHAat aGCEwas investigated in pH4.5


0.2 M acetate buffer. The CV obtained in a 50 μM 2,8-DHA
solution at a scan rate ν=50 mV s−1, Fig. 2A, shows only one
main anodic peak 1a at Epa=+0.58 V, due to the oxidation of
2,8-DHA. On scanning in the negative direction, a reduction peak
1c is observed at Epc=+0.52 V. This peak 1c corresponds to the
reduction of the oxidation product of 2,8-DHA. Although the
difference in potential between the anodic and the cathodic peak is
about 30mV, the peaks 1a–1c form a quasi-reversible couple since
the ratio of their currents Ipa / Ipc>1. The decrease of peak 1a
oxidation current, observed on the second CV scan, is due to the
adsorption of 2,8-DHA oxidation products at the GCE surface.

CVs were also obtained for different scan rates in 50 μM
2,8-DHA in pH 4.5 0.2 M acetate buffer. From Fig. 2B it was
observed that increasing the scan rate, the peak 1a potential is
displaced to more positive values. Simultaneously, the width at
half-height of peak 1a increases such that, for ν≥2 V s−1, peak
1a occurs overlapped with a new peak 1a′. It is suggested that this
new peak 1a′ corresponds to the oxidation of 2,8-DHA dimers
formed at the GCE surface during the oxidation of 2,8-DHA
molecules. The formation of such kind of dimers is well
documented in the literature [15,17,18], but they can only be
observed when high scan rates are used (ν≥2 V s−1) probably
because they have a short lifetime.


At the same time, the cathodic peak 1c is displaced to more
negative values whereas its current increases with the scan
rate. Nevertheless, the fact that peak 1c current is always
smaller than the peak 1a current suggests that the oxidation
product of 2,8-DHA is very unstable and undergoes hydrolysis
in the solution [6].


3.1.2. pH effect; Differential pulse voltammetry
The electrochemical oxidation of 2,8-DHAwas studied over


a wide pH range between 1 and 13 using DPV. The DP
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voltammograms, Fig. 3A, were all recorded in solutions of
50 μM 2,8-DHA in different electrolytes with 0.2 M ionic
strength.


The peak 1a potential is displaced to more negative values
with increasing pH. The dependence is linear over the whole pH
range and follows the relationship Epa (V)=0.65–0.042 pH, Fig.
3B. The slope of the line, 42 mV per pH unit, shows that the
oxidation mechanism of 2,8-DHA involves electron transfer
followed by a chemical reaction, probably dimerization, leading
to irreversible product adsorption at the electrode surface [19].

However, the width at half-height of peak 1a was always
W1 / 2=49 mV, which suggests that the oxidation of 2,8-DHA
occurs with the transfer of 2 electrons.


The oxidation current of 2,8-DHA increases rapidly with pH
reaching a maximum in pH 4.5 0.2 M acetate buffer, Fig. 3B.
For this reason this supporting electrolyte was chosen to study
the electrochemical oxidation mechanism of 2,8-DHA.


Successive DP voltammograms were recorded in a solution
of 50 μM 2,8-DHA for pH 4.5 0.2 M acetate buffer, Fig. 4A.
The oxidation of 2,8-DHA, peak 1a, occurs at Epa=+0.47 V. On
a secondary DP scan, a new peak 3a occurs at Epa=+0.19 V, and
its amplitude increases with the number of potential scans. This
peak corresponds to the oxidation of the product of oxidation of
2,8-DHA, P2,8-DHA, which is strongly adsorbed on the electrode
surface. At the same time, the oxidation current of 2,8-DHA
decreases gradually with the number of potential scans due to
the decrease of the available electrode surface because of the
adsorption of P2,8-DHA.


The adsorption of P2,8-DHA at the GCE surface was
confirmed when, at the end of several DP scans recorded in
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the solution of 2,8-DHA the electrode was washed with a jet of
deionized water and then transferred to the supporting
electrolyte. The voltammogram obtained in these conditions,
Fig. 4B, shows the oxidation of 2,8-DHA, peak 1a and of
P2,8-DHA, peak 3a. On a second DP scan, peak 1a disappeared
due to a complete oxidation of adsorbed 2,8-DHA molecules.
On the other hand, peak 3a could still be identified with a higher
current. In fact, consecutively recorded DP voltammograms in
buffer showed only after the 3rd scan a continuous, but slow,
decrease of the peak 3a oxidation current.


3.2. Reduction


3.2.1. Cyclic voltammetry
The reduction of 2,8-DHA at a GCE was first studied in pH


4.5 0.2 M acetate buffer solutions saturated with N2. Cyclic
voltammograms at ν=50 mV s−1 recorded in 25 μM 2,8-DHA,
Fig. 5A, revealed that the reduction of 2,8-DHA is a reversible
process corresponding to the pair of peaks 2c–2a. Also, a small
peak 4c appeared as a shoulder preceding the pair of peaks 2c–2a.

The effect of molecular oxygen on the reduction of
2,8-DHA, was studied briefly by cyclic voltammetry in normal
atmosphere for different scan rates, Fig. 5B. It was always
possible to record the cathodic peak, but the corresponding
anodic peak expected in the case of a reversible electrode
process was observed only for scan rates higher than
100 mV s−1. Hence, it is necessary to scan the potential faster
than the reaction rate between O2 and the reduced 2,8-DHA
molecules such that, at the electrode surface there exist reduced
2,8-DHA molecules that could be oxidized when the scan
direction is switched toward positive values.


On the other hand, the peak 2c potential in the N2 saturated
solution is about 100 mV more positive than the potential value
recorded in normal atmosphere. Also, in the presence of O2, the
reduction current is several times higher than in the N2 saturated
solution. Nevertheless, these two facts suggest that these peaks
correspond to different electrode processes, the last one
involving the participation of molecular oxygen.


3.2.2. pH effect; Differential pulse voltammetry
The pH study of 2,8-DHA reduction, peak 2c, was performed


in N2 saturated solutions of 25 μM 2,8-DHA in a wide pH range
from 1 to 13 using DPV, Fig. 6A.


For pH<4.5 the DP voltammograms showed only one main
reduction peak 2c. However, for 4.5<pH<9.3, besides peak 2c a
new cathodic peak 4c was observed at less negative potential
values and always with a smaller current, Fig. 6A.


The potential of peak 2c is displaced to more negative values
with increasing pH. The dependence is linear over the whole pH
range following the equation Epc (V)=−0.10–0.061 pH, Fig.
6B. The slope of the line, 61 mV per pH unit, suggests that the
reduction of 2,8-DHA involves the same number of electrons
and protons. Taking into account the width at half-height of
peak 2c, W1 / 2=44 mV, it could be concluded that the reduction
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of 2,8-DHA occurs with the transfer of 2 electrons and 2
protons.


The graph of the variation of peak 2c current versus pH, Fig.
6B, shows that the current increases with the pH reaching a
maximum in pH 4.5 0.2 M acetate buffer. For this reason, this
electrolyte was chosen to study the reduction mechanism of 2,8-
DHA. After this pH value, the current decreases with the pH
increase.


Nevertheless, for pH between 4.5 and 9.3 the peak 4c became
more negative with increasing the pH of the supporting
electrolyte, Fig. 6B. The peak potential turns more negative
with 59 mV per pH unit and this variation showed that the
number of electrons is equal with the number of protons
transferred during this reduction. Also, it could be verified that
the peak current shows a maximum in pH 7 0.2 M phosphate
buffer, Fig. 6B.


3.2.3. Square wave voltammetry
SW voltammograms were also recorded in N2 saturated


solution of 25 μM 2,8-DHA in pH 4.5 0.2 M acetate buffer,
using an effective scan rate ν=50 mV s−1 ( f=50 Hz,
ΔE=1 mV), Fig. 7.


This SW voltammogram shows the reversible character of
both charge transfer reduction reactions of 2,8-DHA. Moreover,
the identical values of the peak potentials on the forward (If) and
backward (Ib) currents shows that charge transfer is mostly due
to the 2,8-DHA molecules adsorbed on the electrode surface
[20].


4. Conclusion


This study shows that 2,8-dihydroxyadenine, the main in
vivo adenine oxidation product, undergoes oxidation and
reduction at a glassy carbon electrode.


The oxidation of 2,8-DHA is a pH dependent process and
occurs in a single step, with the transfer of 2 electrons, leading
to the formation of an electroactive oxidation product that
strongly adsorbs on the GCE surface. Using cyclic voltam-
metry it was also possible to detect the formation of 2,8-DHA
dimers.


The reduction of 2,8-DHA is a reversible process in the
absence of molecular oxygen. In electrolytes with pH between 4
and 9 two consecutive reversible charge transfer reactions were
identified. It was also demonstrated that O2 interfered with the
reductive electron transfer process of 2,8-DHA, and that in the
presence of oxygen, the reduction of 2,8-DHA occurs at more
negative potentials than in the absence of oxygen.
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Abstract


Modified electrodes coated by adsorbed cobalt phthalocyanines are known to show substantial electrocatalytic activity for the electro-oxidation
of several thiols in alkaline aqueous solution. In this context, we explore in this study the electrocatalytic activity of adsorbed cobalt
phthalocyanine (CoPc) on ordinary pyrolytic graphite electrode for the oxidation of reduced L-glutathione GSH and the reduction of its disulfide
GSSG at physiological pH. To do so, cyclic and rotating disk voltammetries were performed and the amperometric results show that a stable
electrochemical sensing material, with good reproducibility and sensitivity (in accordance with the concentrations of GSH expected in biological
media), can be easily achieved. This opens the way for the design of an electrochemical sensor able to detect these two analytes in biologically
relevant experimental conditions (in terms of pH).
© 2006 Elsevier B.V. All rights reserved.

Keywords: Amperometry; Cobalt phthalocyanine; Electrochemical detection; L-glutathione; Modified electrode

1. Introduction


Reduced glutathione (GSH) (γ-L-glutamyl-L-cysteinyl-gly-
cine, see Fig. 1) is the major non-protein thiol in living cells,
with cellular concentrations ranging from 0.5 to 10 mmol L−1.
This tripeptide containing a sulfurhydryl group plays important
biological functions in the organism, including protein and
DNA synthesis, enzyme activity, metabolism and cell protection
[1–5]. GSH is capable of scavenging oxygen-derived free
radicals, which are thought to contribute to the development of
many common diseases including cancer, heart attack, stroke,
arthritis [6–8], and also helps in regenerating other antioxidants
as vitamin E and ascorbic acid [9,10]. Therefore, this tripeptide
was established to be a marker of oxidative stress [11] and its
concentration in the organism can be relevant for the clinical
diagnosis.

⁎ Corresponding author. Fax: +33 153 10 12 95.
E-mail address: fethi-bedioui@enscp.fr (F. Bedioui).
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Several methods have been described in the literature for
GSH analysis. In biological samples, the most commonly used
assay is the Ellman's method [12]. This is based on the reaction
between GSH and 5,5-dithiobis(2-nitrobenzoic acid) generating
2-nitro-5-mercapto-benzoic acid, which is monitored spectro-
photometrically at 412 nm. Although this test is inexpensive
and easy to use, it is not sensitive enough. Other methods such
as high-performance liquid chromatography [13–16], spectro-
fluorimetry [17], spectrophotometry [18,19] and potentiometry
[20] have been reported and successfully used. They are less
susceptible to interference problems, but are not suitable in
many cases where a rapid and accurate GSH determination is
necessary, as they often require extraction and pre-concentration
steps. Electrochemical sensors have been developed in the
recent years [21–25]. However, the electrochemical detection of
thiols, generally, is often hampered by slow rate of electron
transfer at the electrode surface and the application of large
over-potential is usually needed.


Chemically modified electrodes have been demonstrated to
be able to improve the rate of electron transfer from substrates to
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Fig. 1. Molecular Structure of (A) reduced L-glutathione (or N-(N-L-gamma-
glutamyl-L-cysteinyl) glycine or γ-glutamyl-cysteinyl-glycine; GSH) and (B)
cobalt phthalocyanine (CoPc).
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Fig. 2. Cyclic voltammogram of bare OPG electrode (curve a) and CoPc/OPG
modified electrode (curve b) in PBS (pH=7.4). Scan rate 0.1 V s−1.
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the electrode. Hence, the development of such modified
electrodes is a growing field of interest in analytical chemistry.
Metallophthalocyanines have been reported to be efficient
catalysts [26], especially concerning the electrochemical
oxidation of thiols in acid or alkaline solutions [27–38]. In
particular, it has been reported that modified electrodes coated
by adsorbed cobalt phthalocyanines show substantial electro-
catalytic activity towards the electro-oxidation of L-cysteine, 2-
mercaptoethanol, reduced L-glutathione [27,28] and 2-ami-
noethanethiol [29] in alkaline aqueous solution.


In this context, we explore in this study the electrocatalytic
activity of adsorbed cobalt phthalocyanine (CoPc, see structure
in Fig. 1) for the oxidation of GSH and the reduction of its
disulfide GSSG at physiological pH, in order to conceptualize
an electrochemical sensor able to detect these two analytes in
biologically relevant experimental conditions (in terms of pH).


2. Experimental


Electrochemical measurements were performed using a BAS
CV-50w voltammetric analyser. The working electrode was an
ordinary pyrolytic graphite disk (OPG) exposing a geometrical
area of 0.44 cm2 mounted in Teflon. The OPG electrode was
polished before each experiment with 1200 and 2400 grit emery
paper followed by ultrasonic treatment in purified water for
2 min. As a reference, a saturated calomel electrode (SCE) was
used and the auxiliary electrode was a platinum spiral wire
(99.99%, Aldrich) exposing an area of 1.4 cm2. A conventional
Pyrex glass electrochemical cell was used. Electrolytic solutions
were prepared from deionised and bidistilled water and
deaerated with ultra pure N2 gas. All electrochemical measure-
ments were conducted in deaerated solutions.


Cobalt phthalocyanine (CoPc), reduced L-glutathione (GSH)
and oxidized L-glutathione (GSSG) were obtained from

Aldrich. GSH and GSSG were kept refrigerated at all times.
Electrolytes (KCl/KH2PO4/NaCl/Na2HPO4·7H20) were analyt-
ical grade from Merck and were used without further
purification.


Phosphate buffer solution (PBS) has the following compo-
sition: KCl (2.60 mmol L−1), KH2PO4 (1.46 mmol L−1), NaCl
(137 mmol L−1) and Na2HPO4·7H2O (8 mmol L−1). The pH of
this solution is 7.4 and it was regulated with a solution of NaOH
aqueous solution (0.1 mol L−1) when high concentrations of
GSH and GSSG were used.


CoPc was adsorbed on the OPG electrode by placing a drop
of a 50 mmol L−1 solution of CoPc dissolved in DMF over the
surface of the OPG electrode for 30 min. Then, the electrode
was washed several times with pure DMF to remove any excess
of CoPc. After drying, the electrode was rinsed with purified
water. Then the modified electrode was ready to use and
introduced in the electrochemical cell. The modified electrodes
obtained are then denoted as CoPc/OPG.


3. Results and discussion


3.1. Electrochemistry of adsorbed CoPc at physiological
pH=7.4


The first step of this study is aimed at describing and
validating the electrocatalytic properties of the CoPc/OPG
modified electrode. Fig. 2a shows the typical cyclic voltammo-
gram of an OPG electrode obtained in PBS (pH 7.4). It exhibits
weak voltammetric peaks that can be related to the presence of
possible reactive functional groups on the surface of the bare
OPG. Fig. 2b shows the typical voltammogram of a CoPc/OPG
modified electrode obtained in PBS (pH 7.4). The potential scan
was started at −1.1 V/SCE and directed towards positive values
up to 0.6 V/SCE. Under these experimental conditions, the
obtained voltammogram exhibits a well-defined and intense
reversible pair of peaks at ca. −0.60 V vs. SCE which can be
assigned to the redox Co(II)/Co(I) reversible process of the
adsorbed CoPc [34–38]. Three other extra weak peaks of low
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Fig. 3. Cyclic voltammograms of unmodified OPG electrode (curve a) and
CoPc/OPG modified electrode (curve b) in the presence of 3 mmol L−1 of GSH
in deaerated PBS buffer solution (pH=7.4). Scan rate 0.1 V s−1.
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intensity are also observed. We suggest that these could be
possibly attributed to the presence of the CoPc on the surface
that affect the double layer capacity in this potential region. We
do not believe that they might be due to faradaic processes
linked to the complex. In general, these signals are not observed
at high pH values. However further studies are required to
clarify this point.


The amount of the apparent electroactive cobalt sites can be
estimated from the electrical charge under the oxidative or
reductive peak shown in Fig. 2b. The calculation gives a total
amount of 3.36×10−10 mol cm−2 (result obtained from 7
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samples), by considering the geometrical area of the electrode
(without any surface roughness correction). By taking into
account the size and the shape of the square-planar cobalt
phthalocyanine complex (12×12 Å22) and the average distance
between the two staked complexes (4 Å) [39], one may estimate
the thickness of the electroactive CoPc deposit to 1.2 nm or the
equivalence of 3 monolayers of complex [34]. However, the real
surface coverage is probably lower since it is likely that the
roughness factor of the surface is higher than one. The adsorbed
layer of CoPc was stable and the results obtained showed a good
reproducibility.


3.2. Electro-oxidation of reduced L-glutathione GSH at
physiological pH=7.4


Fig. 3 shows a series of voltammograms obtained with
unmodified OPG (curve a) and CoPc/OPG modified electrode
(curve b) after adding 3 mmol L−1 of GSH in deaerated PBS
solution (pH=7.4). The potential scan was started at −1.0 V/
SCE and directed towards positive values up to 0.8 V/SCE
and 0.3 V/SCE, respectively. In the case of bare OPG
electrode, an oxidation peak appears at 0.6 V/SCE which is
indicative of the GSH oxidation process. It is noticeable that
during the reverse cathodic scan, no reduction process is
observed. This is indicative of the fact that the formed
disulfide is not electroreducible in the investigated potential
range (down to −1.0 V/SCE) in the absence of CoPc. In the
case of the CoPc/OPG modified electrode, a new well-defined
couple of peaks is observed, whereas no redox processes
appeared with the unmodified electrode. Indeed, on the CoPc/
OPG modified electrode, an intense oxidation peak appears at
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ca. 0 V and it can be associated to the electrocatalytic
oxidation of GSH. The appearance of the oxidation peak at
ca. 0 V is concomitant with the appearance of the reduction
peak at −0.92 V, during the reverse scan. According to the
previously reported studies on the electrocatalytic oxidation of
several other thiols by adsorbed and polymer-based metal-
lophthalocyanines [28–32,34–38] in alkaline solutions, the
large cathodic peak may be related to the reduction of the
corresponding GSSG disulfide. Thus, this result clearly shows
that CoPc not only acts as a real catalyst towards the
oxidation of GSH but also acts as a catalyst for the reduction
of the corresponding disulfide.


The voltammogram shown has the usual shape for an
irreversible oxidation process of thiols in alkaline solution,
through an adsorption-like and irreversible ligation of the
thiolate anion (GS−) to the central metal of the phthalocyanine,
prior to electron-transfer [40]. Indeed, it has been previously
proposed, for the oxidation of other thiols on monolayers of
adsorbed cobalt phthalocyanines in alkaline solution, that the
CoII/CoI redox process is involved [28–38] via an inner sphere
mechanism: an adduct between GS− and CoI center is formed
and its oxidation occurs at a potential which is higher than that
of the CoII/CoI to process. A similar explanation can be
provided for the reduction of the disulfide. Thus, the
electrocatalytic mechanism involves CoII and CoI forms, as it
was previously suggested by spectroelectrochemical experi-
ments in the case of adsorbed cobalt phorphyrin in presence of
2-mercaptoethanol [34].


Although previous work demonstrated that the oxidation of
GSH, as of other thiols, could be catalysed by CoPc adsorbed
on graphite electrodes, most of this work was performed in
alkaline solutions. Therefore, the remarkable result that
should be emphasized here is that the electrocatalytic
oxidation of GSH by adsorbed CoPc is clearly occurring at
physiological pH.
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Fig. 5. (A) Cyclic voltammograms of 1 mmol L−1 GSH in PBS buffer solution (pH=7
s−1 (curve 2), 200 mV s−1 (curve 3), 300 mV s−1 (curve 4), 400 mV s−1 (curve 5)

Further experiments were carried out using different
concentrations of GSH. The results obtained are shown in
Fig. 4A. They were recorded by using the same CoPc/OPG
modified electrode, confirming that no passivation of the
electrode surface occurs upon GSH oxidation. They also
show that there is a clear linear correlation between the
intensity of both oxidation and reduction peaks (Ipa and Ipc,
respectively) and GSH concentration ([GSH]) (Fig. 4B and
C). These linear correlations illustrate the potential analytical
application of this electrode. Also, this series of voltammo-
grams show that the CoPc catalytic sites within the adsorbed
layer are not poisoned by the product of the oxidation of
GSH, since as the area of the peaks relative to Co(I)/Co(II)
redox process does not change upon repeated scans and
several experiments.


Fig. 5A shows a series of voltammograms 1 mmol L−1 GSH
in PBS at pH 7.4 obtained at different potential scan rates
(varying from 50 to 500 mV s−1). The intensities of the
oxidation and reduction peaks related to the thiol redox
processes vary linearly with the square root of potential
sweep rate (Fig 5B), with a slope close to 0.5 (while that of
the Co(II)/Co(I) redox processes of the adsorbed catalyst vary
with a slope close to 1, as expected for surface confined
species). This reveals that the rate of the electro-oxidation of
GSH at the surface of CoPc-modified electrode is controlled by
the diffusion of the thiol in solution to the electrode surface
(within the range of the investigated scan rates).


The electrocatalytic oxidation of GSH is now analyzed in
more detail further on, using the rotating disk electrode
technique, RDE. Fig. 6 shows the voltammograms for the
oxidation of GSH on CoPc/OPG electrode, obtained with
different electrode rotation rates. A typical diffusional plateau
is observed at potential values higher than 0.2 V. However, at
overpotentials higher than 0.25 V, a slight decrease of the
current was observed probably due to a possible passivation of
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the electrode surface upon GSH oxidation, under these
hydrodynamic conditions (data not shown). Fig. 7 shows the
expected linear Tafel plot constructed from data obtained with
the rotating disk electrode. The slope is close to 0.12 V per
decade (the slope is equal to 2.3RT/αF where α is a transfer
coefficient). This indicates that the first-one electron transfer is
the rate-determining step for GSH oxidation, according to the
following possible mechanism previously reported for other
thiols in alkaline solution [28,29,31]:


G� SHpYGS− þ HþðpKa ¼ 9:2Þ ð1Þ


GS− þ PcCoðIIÞ→½PcCoðIÞ−ðGSÞ�− ð2Þ


½PcCoðIÞ−ðGSÞ�− Yr:d:s:½PcCoðIIÞ−ðGSÞ� þ e− ð3Þ


½PcCoðIIÞ−ðGSÞ�→PcCoðIIÞ þ GS• ð4Þ


GS• þ GS• Y
fast


GSSG ð5Þ
Even though at the physiological pH of 7.4 the amount of


dissociated GS− is low, there seems to be enough of thiolate ion
on the electrode to sustain the catalytic current. The remarkable
result is that the electrocatalytic effect of adsorbed CoPc
towards the oxidation of GSH at physiological pH is effective. It
occurs following a mechanism that is similar to that reported
previously [28,29,31] in the case of alkaline solution, where
step 5 is extremely fast.
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Fig. 7. Tafel plot for the oxidation of 1 mmol L−1 GSH in PBS buffer solution
(pH=7.4) on CoPc/OPG modified electrode (data from Fig. 6).

3.3. Electro-reduction of oxidized L-glutathione GSSG at
physiological pH=7.4


As reported above for the oxidation of GSH, the
investigation of the anodic process by using cyclic voltam-
metry allows the observation of a cathodic process confirming

the formation of GSSG at the electrode. In order to further
investigate GSSG electrochemical activation, experiments
were performed with GSSG in solution, at physiological
pH. Fig. 8A shows a series of cyclic voltammograms
obtained on CoPc/OPG electrode in the presence of different
concentrations of GSSG in PBS (pH 7.4). The potential scan
was first started at −0.4 V/SCE, directed towards negative
values down to −1.1 V/SCE, then reversed to 0.3 V/SCE and
finally stopped at −1.1 V/SCE. The results obtained with the
same modified electrode show that there is a linear correlation
between the intensity of the reduction peak intensity (Ipc) and
GSSG concentration in solution ([GSSG]). This confirms the
possible use of the Ip as an analytical parameter to determine
GSSG concentration in solution, without any surface
passivation of the electrode (in the range of the concentrations
examined in Fig. 8B).


Fig. 9A shows a series of cyclic voltammograms of GSSG
solution at pH 7.4, at different potential scan rates (varying
from 50 to 500 mV s−1). The obtained results show that the
intensity of the GSSG reduction peak varies linearly with the
square root of potential sweep rate (Fig. 9B), with a slope
close to 0.5. These results confirm that the reduction of GSSG
at the CoPc/OPG modified electrode is diffusion controlled in
the range of the examined scan rates. Finally, the rotating disk
electrode voltammograms of GSSG at the CoPc/OPG
electrode, recorded with different electrode rotation rates
exhibit the typical diffusion plateaus for all a rotation rates
studied, although they are ill defined at high rotation speeds
(data not shown).


3.4. Chronoamperometry analysis of reduced and oxidized
L-glutathione at physiological pH=7.4


In order to test our modified electrode as a sensor for
measuring GSH and GSSG concentrations in biological
conditions, a series of chronoamperograms were performed.
This was achieved by using a rotating disk electrode at a
controlled rotation rate of 1600 rpm. The CoPc/OPG modified
electrode was polarized at two different potentials: E=0.2 V/
SCE for the detection of GSH measuring its electrocatalytic
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Fig. 8. (A) Cyclic voltammograms for the reduction of GSSG in PBS (pH=7.4) at various concentrations: 1.2 mmol L−1 (curve 1), 1 mmol L−1 (curve 2), 0.8 mmol
L−1 (curve 3), 0.6 mmol L−1 (curve 4), 0.4 mmol L−1 (curve 5) on CoPc/OPG modified electrode. Scan rate=0.1 V s−1. (B) Linear variation of the intensity of the
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oxidation, and at E=−1 V/SCE for the detection of GSSG
measuring its electrocatalytic reduction. The results presented in
Fig. 10 show very well-defined amperometric responses of the
CoPc/OPG modified electrode for both GSSG and GSH (Fig.
10A and C, respectively). Indeed, an increase of the electro-
catalytic currents for GSSG reduction and GSH oxidation as a
function of GSSG and GSH concentrations are clearly
observed. Fig. 10B and D shows the linear variation of the
electrocatalytic current plateau with GSSG and GSH concen-
trations, in the range of 0.08–1 mM, with a linear regression
coefficient of 0.998 in both cases. The calculated sensitivities
are 23 μA μmol−1 L for GSSG and 11.5 μA μmol−1 L for GSH,
which are highly acceptable. No passivation of the electrode
was observed for the range of concentrations used, which are
biologically relevant.


These preliminary results are remarkable for several
reasons. First, they demonstrate that both GSH and GSSG
can be detected in parallel by using the same modified
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Fig. 9. (A) Cyclic voltammograms of 1 mmol L−1 GSSG in PBS buffer solution (p
(curve 1), 200 mV s−1 (curve 2), 300 mV s−1 (curve 3), 400 mV s−1 (curve 4) an

electrode. Second, this can be simply done by changing the
operating potential without having to deal with passivation
complications.


4. Conclusion


These preliminary studies demonstrate the advantages of
using a CoPc/OPG modified electrode for the electrochemical
detection of GSH and GSSG at physiological pH. The
voltammetric studies at pH 7.4 show that a similar
electrocatalytic behaviour of both reduced and oxidized
GSH and GSSG is observed. The amperometric results
performed showed that a stable electrochemical sensing
material, with good reproducibility and sensitivity can be
easily obtained (in accordance with the concentrations of
GSH expected in biological media). It opens the way for
other important applications such as the study of nitrosothiols,
in particular GSNO. Indeed, such a sensor could be used for
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the detection of the released GSSG upon NO donation and
provide accurate information on the GSH/GSSG balance
ratio.
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Abstract


The adsorption of a model protein, bovine serum albumin (BSA), on Au electrodes was investigated using the Cu adatom probe method and
Electrochemical Quartz Crystal Nanobalance (EQCN) technique. The adsorption of BSAwas confirmed by AFM imaging and has been found to be
controlled by kinetics. Using the Cu adatom probemethod, wewere able to reconstruct the entire BSA adsorption transientΘBSAvs. t. The adsorption
rate constant k1, determined from this transient is k1=2.45×10


5 L mol−1 s−1. We have found that the bulk Cu0 deposition process is blocked by BSA
adsorption and it decays exponentially with time during BSA adsorption. It ceases completely when a full monolayer of BSA is formed. In contrast to
that, the mass associated with Cu-u.p.d. decreases only to ca. 50% of that in the absence of BSA, indicating that Cu adatoms can penetrate (wedge)
into the space between the surface Au atoms and the adsorbed BSAmolecules. In addition to that, we have found that the degree of penetration of Cu
adatoms can be controlled by the applied deposition potential. By selecting a sufficiently cathodic potential, we were able to deposit a full Cu-u.p.d.
monolayer, independent of the BSA surface coverage extending fromΘBSA=0 toΘBSA≈1. The positive shift of Cuad desorption peak potential Ep,
observed in the presence of adsorbed BSA, has been interpreted in terms of Frumkin exchange interaction forces between Cuad and BSAad, on the
basis of our earlier theoretical model, expanded here to include adsorbed species in two monolayers. This expansion is possible owing to the fast rate
of Cu adatom penetration in the interfacial region. From the plots of Ep vs. ΘBSA, the presence of strong attractive interactions between Cuad and
BSAad was deduced. These interactions result in a super-shift of the Cu-u.p.d. desorption peak potential, corresponding to the exchange interaction
coefficient gM,Xb−4, indicating on a possibility of the formation of a stable interface complex.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Albumin adsorption; BSA; EQCN; Metal adatom probe method; Cu-u.p.d.

1. Introduction


The adsorption of proteins on solid surfaces has been the
subject of a particular scientific interest in many fields, including
biomimetic electron-transfer processes [1–3], protein-mem-
brane phenomena [4], studies of antibody–antigen and other
affinity interactions [5–7], and the interactions of proteins with
solid surfaces with various kinds of adsorbed species [8,9]. The
interactions of proteins with metals have also been studied to
investigate the effects of substrate materials on the protein
molecule integrity and its biological activity [10–22]. The
adsorption of proteins is an important issue for many practical
applications such as the biosensors [7,23–29], medical implants
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[30], drug development and drug delivery systems [7,31], food
processing [32–34], and others.


Among different methods used in studies of adsorbed
proteins and other compounds of biological importance, are
non-electrochemical techniques such as the radioactive labeling
[35], ellipsometry [35–38], infrared reflection-absorption spec-
troscopy [39], electron microscopy [40], surface stress measure-
ments [41], lateral friction force [42], electroreflectance [43] and
surface-enhanced Raman spectroscopy [44]. A group of elec-
trochemical methods includes voltammetry, used for studies of
redox proteins [1–3], electrochemical quartz crystal nanoba-
lance (EQCN) technique [26,45], adatom probe [8] and redox
ion probe [9] methods, atomic force microscopy (AFM)
[8,9,46], quartz crystal immittance (QCI) technique [9], rotating
disk electrode (RDE) voltammetry [8], capacitance and surface
charge measurements [1,47], and electrochemical impedance
spectroscopy (EIS) [33]. The EQCN technique has been
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previously used to monitor a variety of surface processes [26],
including adsorption and reactivity of small organic compounds
of biological importance and biocompatible polymers [48–58].
Recent studies included also small polypeptides [48,49] and
globular proteins [9,59,60].


In this work a model protein, bovine serum albumin (BSA),
was used to study its adsorption on Au electrodes and surface
interactions between underpotentially deposited copper adatoms
and adsorbed BSAmolecules. This experimental work is related
to our earlier theoretical analysis [61] of the effect of irreversible
adsorption of organic compounds on anodic stripping voltam-
metry of metals. In previous studies [8], we have investigated the
kinetics of BSA adsorption on a Ag-RDE using the Pb-adatom
probe technique in the range of low BSA surface coverages,
0bθBSAb0.4. It has been found that the adsorption process is
relatively fast, with the rate constant: kads=2.42×10


−4 cm/s.
The equilibrium constant for BSA adsorption on Ag electrode is:
Kads=2.17×10


7 L/mol, which corresponds to the Gibbs free
energy of adsorption: ΔGads


0 =−9.99 kcal/mol (−41.85 kJ/mol).
The adsorption of BSA on Au is also relatively strong, as
documented in EQCN and AFM studies [9]. Recently [9,62], we
have investigated the conformational transitions of BSA
molecules adsorbed on Au using the EQCN andQCI techniques.
The conformational transitions were induced under potential
control conditions by Cd adatoms and the electrocatalytic nitrate
reduction process.


To gain further insight into the nature of metal adatom inter-
actions with adsorbed proteins, in the present work we have in-
vestigated the surface phenomena associated with adsorbed BSA
and Cu adatoms, which do not induce conformational transitions
observed with underpotentially deposited cadmium [9]. The parti-
cular interest waswhether the Cuad adatoms do interact with BSAad


and whether they can wedge into the space between the surface Au
atoms and the adsorbed BSA molecules. This type of wedging
process was suggested before for copper metal adatoms and
adsorbed tripeptide glutathione [48,49], aswell as for Cu-u.p.d. and
self-assembled monolayer films of short carbon chain thiols [63].


2. Experimental


2.1. Chemicals


All chemicals used for investigations were of reagent grade
purity. Bovine serum albumin (BSA) was purchased from
Aldrich Chemical Company and was used without further
purification. The molar mass of BSA is MBSA=69,000. Other
compounds, including copper sulfate and sulfuric acids, were
obtained from Alfa Aesar. Solutions were prepared using Milli-
Pore Milli-Q deionized water (conductivity σ=55 nS/cm). They
were deoxygenated by bubbling with purified nitrogen. The
experiments were performed at room temperature, 22 °C.


2.2. Instrumentation


An Electrochemical Quartz Crystal Nanobalance Model
EQCN-930 (Elchema, Potsdam, NY) with 10 MHz AT-cut quartz
crystal resonators was used in this study. The EQCN technique

allowed us for simultaneous monitoring of voltamperometric and
nanogravimetric characteristics. The resonant frequency of the
quartz crystal lattice vibrations in a thin quartz crystal wafer was
measured as a function of themass attached to the crystal interfaces.
For thin rigid films, the interfacialmass changesΔmwere related to
the shift in series resonance oscillation frequencyΔf of the EQCN
through the Sauerbrey equation [64]:


Df ¼ −
2Dmnf 20
A ffiffiffiffiffiffiffiffiffiffilqqq
p ð1Þ


where f0 is the oscillation frequency in the fundamental mode, n is
the overtone number, A is the piezoelectrically active surface area,
ρq is the density of quartz (ρq=2.648 g cm


−3), and μq is the shear
modulus of quartz (μq=2.947×10


11 g cm−1 s−2). The oscillator
was tuned to the resonance frequency ofworking piezoelectrodes to
minimize effects due to energy dissipation in protein films. All
experimental variables influencing the resonant frequency [26] of
the EQCN electrodes, such as the temperature, pressure, viscosity
and density of the solution, were kept constant during the course of
measurements. The experimental uncertainty in the apparent mass
change measurements was ±0.1 to ±0.5 ng (depending on the time
scale of experiments) and the instrument resolution was 0.01 ng.


The piezoelectrically active (geometrical) surface area of the
working Au electrode was 0.196 cm2 and the real surface area
A=0.255 cm2 (roughness factor R=1.3). A 200 nm thick Au
film was deposited on a 14-mm diameter, 0.166-mm thick, AT-
cut quartz resonator wafer with vacuum evaporated Cr adhesion
interlayer (20 nm thick). The real surface area was determined
for Au-EQCN electrodes by a standard monolayer oxide forma-
tion procedure [65].


The resonator crystals were sealed to the side opening in a
glass vessel of 50 mL capacity using high purity siloxane glue
with intermediate viscosity (Elchema SS-431). The seal was
cured for 24 h at room temperature. The working electrode was
polarized using a Pt wire counter electrode and its potential
measured vs. a double-junction (1M KNO3 external solution)
KCl saturated Ag/AgCl electrode.


A Model PS-605 potentiostat/galvanostat (Elchema) was
used in the measurements. A 16-bit real-time Data Logger and
Control System DAQ-716v with VOLTSCAN 5.0 (Intellect Sft.,
Potsdam, NY) working under MS Windows-XP operating sys-
tem was used for simultaneous recording of i–E andΔf–E, or i–t
and Δf–t curves. The experimental curves were fitted using
Voltscan 5.0 or Microcal Origin 6.0 least-square fitting routines.
For fitting of adsorption kinetics transients, appropriate equa-
tions were programmed as the user-defined functions.


Atomic Force Microscopy (AFM) imaging of BSA films on
Au piezoelectrodes was done using a Veeco Model Nanoscope
IIIa SPM and an Elchema nanopositioner Nanoscan NP-5.03.
The cantilevers with high resonance frequency (higher than
250 kHz) with sharpened Si tips for tapping mode AFM imaging
were employed.


2.3. Procedures


TheAu electrode surface was cleaned by degreasing in propyl
alcohol, followed by immersing in piranha etching solution
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Fig. 1. Linear potential scan voltammograms for a Cu0 deposition and
electrodissolution obtained in a 5 mM CuSO4+5 mM H2SO4 solution, recorded
at ν=50 mV/s, before and after injection of a 9.6×10−8M BSA; BSA adsorption
time [min]: (1) 0, (2) 0.15, (3) 1, (4) 2, (5) 3, (6) 4, (7) 5, (8) 6.
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(30% H2O2/H2SO4=1:3) for 2 min, and rinsing with triply
distilled water. The Au|BSA filmswere formed by injection of an
aliquot of 0.1% w/w BSA stock solution (14.49 μM) into the
analyte under study while monitoring the EQCN frequency shift
and/or the decay of a redox ion probe current using cyclic
voltammetry. The BSA concentrations, after dilution, were in the
range from 4.8×10−8 to 6×10−7 M. The permeability of BSA
filmswas tested using a Cu adatomprobemethod or occasionally
a redox probe method with 0.4–3 mM Fe(CN)6


3− ion probe
solution, except as otherwise noted. The electrolyte concentra-
tions employed during BSA film formation and experiments
with Cu deposition were maintained low to avoid suppression of
electrostatic components of BSA–BSA and BSA–substrate
interactions. The main solution used for investigations of BSA
dynamics was 5 mM CuSO4+5 mM H2SO4 with pH=2.19,
which was used in all experiments, except as otherwise noted. In
this solution, BSA is in a partially unfolded (denatured) state [62]
(the native state can be reversibly restored at higher pH and
higher salt concentration). The medium exchange, whenever
necessary, was done without drying the protein film. All experi-
ments were carried out with freshly prepared Au|BSA electrodes
(within 2–3 h from the film deposition) to avoid long term
conformation changes of adsorbed BSA, which may be en-
countered at longer times (e.g. overnight).


The acoustic impedance characteristics vs. frequency in
vicinity of resonance and antiresonance frequency were
recorded using QCI unit of the Model EQCN-930 employing
the procedure described earlier [9,66]. The high frequency
complex admittance (10 MHz band) of quartz crystal resonators
was analyzed using evaluation and simulation functions of
Voltscan QCI 2.0 software. The adsorption of BSA on Au
piezoelectrodes caused only a minor increase in the resonance
resistance (less than 2Ω). Hence, the BSA film can be treated as
a thin rigid film. The admittance characteristics of BSA films on
Au are published elsewhere [9]. No changes in the admittance
modulus vs. frequency characteristics were observed on
deposition of small amount of copper, investigated in this work.


The BSA films for AFM imaging were prepared in the same
way as for the EQCN measurements, viz. by injection of a
9.6×10−8M BSA to a solution with submerged substrate for
60 min, followed by washing with distilled water and drying
with a stream of nitrogen at room temperature.


3. Results and discussion


3.1. Effect of albumin on bulk-Cu deposition on Au electrode


The adsorption of BSA on a gold electrode results in the
partial blocking of electrode surface. The diminished accessibil-
ity of electroactive species to charge transfer centers can be used
to evaluate the degree of surface coverage by BSA. In Fig. 1,
the effect of BSA on linear scan voltammetric characteristics of
a Au electrode in 5 mM CuSO4+5 mM H2SO4 solution after
injection of a 9.6×10−8M BSA, is presented for scan rate
ν=50 mV/s. During the course of BSA adsorption, the active
surface area of Au electrode is gradually diminished and, hence,
the Cu2+ discharge currents decrease in consecutive curves ob-

tained at longer times of BSA adsorption. At the same time,
the Cu0 electrooxidation peak height also decreases, confirming
the lower amounts of copper deposited. The mass of Cu0 formed
in these experiments was monitored by recording the EQCN
resonant frequency changes. The graph of Cu0 mass mCu,bulk vs.
time of BSA adsorption tads,BSA is presented in Fig. 2. The mCu,


bulk–tads,BSA curve can be fitted with empirical single exponential
decay function:


mCu;bulk ¼ mfin þ Aexp −
tads;BSA
s0


� �
ð2Þ


where mfin is the final mass (mfin=1.58 ng), A is the amplitude
(A=169.4 ng), and τ0 is the characteristic time constant for the
mass decay (τ0=3.12 min). It is seen that at times longer than
18 min (ca. 6×τ0), the Au surface is virtually completely blocked
to the bulkCu0 deposition process. Therefore, the probing test with
bulk Cu0 deposition can basically be used to estimate the surface
coverageΘBSAby adsorbedBSA.However, in order to do that, the
linearity of the dependenceΘBSA= f (mCu,upd), or exact formof this
dependence if it is non-linear, should be tested. Although the
experimental mCu,bulk and ip,Cu,bulk correctly decrease to zero on
adsorption of BSA, we have to take into account the fact that in the
growth of 3-D nuclei of Cu0, both the current and mass are related
to the projected surface area as follows:


mCu;bulk aVCu ¼ 1
2


4
3
pr3


� �
¼ 2


3
Ar ¼ 2


3
ffiffiffi
p


p A3=2; ð3Þ


if we assume a simple model of monodispersed Cu0 nuclei with a
hemispherical shape. In the above expressions, VCu is a volume
and A is a cross section of the nucleus. Therefore, mCu,bulk should
show an inherent superlinear dependence onA. The same type of a
relationship is expected between ip,Cu,bulk and A. In reality, the
situation becomesmore complicated because the nuclei are usually
polydispersed and the shape of nuclei may vary. The theory and
experimental evidence for the non-linearity of the charge–time
transients for progressive nucleation processes were published
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Fig. 2. The mCu,bulk vs. tads,BSA plot for the EQCN mass of Cu0 deposited on a
Au piezoelectrode from 5 mM CuSO4+5 mM H2SO4 solution, by scanning to
Edep=−0.1 V vs. Ag/AgCl at ν=50 mV/s, as a function of BSA adsorption time
after injection of a 9.6×10−8 M BSA; solid line represents the exponential decay
fitting function.
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elsewhere [67]. This means that the calculation of ΘBSA from the
bulk Cu deposition characteristics is not as straightforward as it
might seem at the first glance. Since, in contrast to the bulk metal
probes, the adatom probes form only a monolayer coverage, they
are free from3-Dnucleation problems of the bulkmetal probes,we
will rely more on the adatom probes, evaluated in the following
sections. The bulk Cu0 probe will be employed to confirm the full
coverage of BSA.


3.2. Formation of Cu-u.p.d. on Au in the presence of adsorbed
albumin


The u.p.d.-Cu on gold, which is observed in the absence of
BSA, is also formed in the presence of BSA.We have found that
in contrast to the bulk Cu0 deposition, the u.p.d.-Cu process
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Fig. 3. Voltammograms for Cu-u.p.d. formation and stripping in a 5 mMCuSO4+
5 mMH2SO4 solution; Cu-u.p.d. deposited potentiostatically at Edep=+0.15 V vs.
Ag/AgCl for τdep=5 s, recorded at ν=50 mV/s, before and after injection of a
9.6×10−8 M BSA; BSA adsorption time [min]: (1) 0, (2) 0.15, (3) 5, (4) 10, (5)
15, (6) 21, (7) 25, (8) 45, (9) 50.

does not vanish completely at high BSA surface coverage.
Therefore, we have investigated this interesting phenomenon in
more details. In Fig. 3, a series of voltammograms for u.p.d.-Cu
formation and stripping are presented. The program waveform
included a potential scan from E1=0.6 V to E2=0.15 V at
ν=50 mV/s, holding at E2=0.15 V for τdep=5 s, and a scan to
E3=0.6 V at ν=50 mV/s. The test voltammograms were
recorded before BSA injection and periodically after the
injection of 9.6×10−8M BSA. It is seen that the anodic Cu
desorption peak current ip,Cu-upd decreases during the adsorption
of BSA and simultaneously, the peak potential Ep,Cu-upd shifts
toward more positive values. However, the ip,Cu-upd does not
decrease down to zero, even after 60 min of BSA adsorption.
The peak current decay plot of ip,Cu-upd vs. tads,BSA is presented
in Fig. 4, curve 1. The solid line represents a nonlinear least-
square (LSQ) fitting to the exponential decay function: i= ifin+
Aexp{− t/τ0}, with ifin=10.58 μA, A=12.55 μA, and τ0=8.43
in. At ΘBSA≈1, the peak current actually decreases only to ca.
50% of the initial value. In comparison to that, the bulk Cu0


deposition decreased to ca. 2% of its initial value, for the same
ΘBSA. Therefore, it is possible that part of the u.p.d.-Cu may be
wedged into the space between the Au surface atoms and the
adsorbed BSA molecules.


It has to be pointed out that it is not only the bulk Cu0 mass,
which decreases to zero at tads,BSAN18 min, that makes us
believe that a full monolayer coverage of BSA has been
achieved. We have also an independent confirmation from AFM
imaging, which indicates that a full monolayer coverage of BSA
is developed on samples showing high penetration of Cu
adatoms. An example of an AFM image of such a Au|BSA
electrode surface is presented in Fig. 5. The AFM image was
obtained using a Si tip oscillating at 273 kHz, in the constant
amplitude negative feedback mode (also called the tapping
mode) to avoid any effect of the scanning tip on the soft BSA
film. The tapping mode is well established for studies of soft
targets. The AFM image presented in Fig. 5 shows the edge of a
dense BSA film. The sectioning analysis of the film thickness
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Fig. 5. Tapping mode AFM image of the edge of a BSA adsorption film on Au
piezoelectrode obtained from a 5 mM CuSO4+5 mM H2SO4+9.6×10


−8 M
BSA solution after 60 min of BSA adsorption; image size: (A) 875×875 nm2,
(B) 280×280 nm2; vertical sensitivity 5 nm/div.
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Fig. 6. ThemCu,upd vs. tads,BSA plot for the mass of a Cu-u.p.d. formed during the
adsorption process of BSA on a Au electrode; conditions the same as for Fig. 3;
solid line represents a nonlinear LSQ fitting to the exponential decay function.
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indicates that the height is h=4 nm, which corresponds to the
height of BSA molecules in horizontal orientation. Single
molecules of BSA observed in other media [9], could not be
resolved here, most likely because of the partial melting of the
protein at the low pH of the solution (conformer F with partially
unfolded domain III). We have not observed any Cu0 clustering
on top of the BSA film, which appeared to be very smooth.


The peak potential shift for u.p.d. desorption is shown in
Fig. 4, curve 2. It can be fitted with the empirical logistic
function:


Ep ¼ E1−E2


1þ tads;BSA
t0


� �p þ E2 ð4Þ


with E1=0.292 V, E2=0.372 V, t0=6.70, and p=1.56. It has to
be noted that any binding of Cu2+ to BSA in solution [68]

would cause a decrease of the Cu(II) discharge potential and a
negative shift of Ep. In our experiments, to the contrary, not a
negative shift but positive shift of the peak potential is ob-
served. The positive shift indicates on some kind of hindrance
of removal of Cu adatoms from Au surface at higher ΘBSA.
However, these difficulties are not due to any kinetic retar-
dation of the desorption process or mass transport slowness
since this would immediately be manifested by the strong
asymmetry of desorption peak, which is not observed on any
curve (Fig. 3). Evidently, the shift of Ep must be associated
with surface interactions of Cu adatoms with adsorbed BSA.
Further analysis of these interactions is presented in the next
section.


3.3. Surface interactions of Cuad with adsorbed BSA


The interactions of Cuad with adsorbed BSA can be related to
the model of lateral interactions of organic species with metal
adatoms, which we have developed before [61] for stripping
voltammetry. On the basis of Frumkin interaction forces, the
desorption peak of a metal u.p.d. (Mad) should be shifted nega-
tively when repulsive forces between Mad and the adsorbed
organic Xad are present. Alternatively, the Mad desorption peak
should be shifted positively when atractive forces between Mad


and the adsorbed organic Xad are dominant. The relationships
between the peak potentialEp and systemparameters are complex.
For a potentiostatic metal adatom deposition followed by linear
scan anodic stripping, we have derived the following formula:


Ep ¼ E0; f þ RT
azF


ln
am
ks


� �


þ RT
azF


ln −
Qmono


RT


� �
−
RT
zF


gM;XHX ð5Þ


where E0, f is the formal standard potential for M/Mz+ couple, z is
the metal ion charge, αan ia the charge transfer coefficient, ks is the
standard rate constant, ν is the potential scan rate, Qmono is the
monolayer charge, gM,X is the exchange interaction coefficient
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between Mad and Xad, and ΘX is the surface coverage by Xad. In
our case,E0,f includes also the term due to theGibbs free energy of
M-u.p.d. formation on the given substrate, ΔEupd


0 . By rearrange-
ment, Eq. (5) can be presented in the form:


Ep ¼ E Vþ RT
azF


ln mð Þ−RT
zF


gM;XHX ð6Þ


where E′ is a constant. From this equation, it becomes clear that at
a constant scan rate, the peak potential for Mad desorption is
directly related to the exchange interaction coefficient gM,X and
the surface coverage by organic compoundsΘX. To determine the
kind and strength of interaction forces between Mad and Xad, we
can plot Ep versus ΘX and obtain the interaction coefficient gM,X


from the slope:


AEp


AHX


� �
m


¼ −
RT
zF


gM;X ð7Þ


Since theΘX values are usually not directly known,we can use
the probe current or adatommass to determine these values. Here,
we have a choice of ip,Cu,bulk, ip,Cu,upd, mCu,bulk, and mCu,upd. As
discussed earlier, we will rely more on the adatom probes due to
the expected superlinear dependence of bulk Cu functions on free
surface area (Eq. (3) and the problem of incubation time due to the
nucleation and growth effects [67]). Therefore, we utilize here the
u.p.d. mass data to evaluateΘBSA. TheCu adatom probe variables
(especially, mCu,upd) should be linear with the accessible surface
area (1–ΘBSA). In an ideal case, one would expect then that mCu,


upd should cease to zero whenΘBSA→1. As seen in Fig. 6, this is
not happening in our experiments despite that the Cu bulk probe
tests indicate a full blocking effect by BSA. In Fig. 6, the mCu,upd


vs. tads,BSA experimental data are fitted with an exponential decay
function (solid line): m=mfin+Aexp{− t/τ0}, with mfin=6.89 ng,
A=13.43 ng, and τ0=7.05 min. The only plausible explanation of
high final mass of Cu-u.p.d. mfin is that Cu adatoms may still be
able to penetrate the interface Au|BSA by wedging into the space
between Au surface atoms and the adsorbed BSA molecules,
while there is no other mechanistic pathway to form 3D Cu0
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Fig. 7. Plot of the peak potential Ep
upd vs. mass of Cu-u.p.d. mCu,upd observed


during the adsorption of BSA on a Au piezoelectrode from a solution of 5 mM
CuSO4+5 mM H2SO4+9.6×10


−8 M BSA.

nuclei, other than on an uncovered Au surface. Similar effects
were considered in thiol SAM's by Espandiu et al. [63] and in
systems of small adsorbed biological molecules [48,49,69].


To test the above conclusions, we can return back to Eq. (6) and
note that Ep should be a linear function ofΘBSA. Thus, ifmCu,upd is
really a measure of ΘBSA, then Ep should be a linear function of
mCu,upd. The plot ofEp vs.mCu,upd is presented in Fig. 7 and shows a
well defined linear dependence. On the other hand, if we plotEp vs.
mCu,bulk or Ep vs. ip,Cu,bulk (plots not shown) then we do not obtain
linear dependencies, as expected. Therefore, we can conclude that
mCu,upd can be used to calculateΘBSA. In further investigations, we
have employed the following definition for ΘBSA:


HBSA ¼ 1−
ðmCu−mCu;minÞ


ðmCu;max−mCu;minÞ ð8Þ


Using this extended definition, we can now plot the Cuad
desorption peak potential Ep vs. ΘBSA. This plot is shown in
Fig. 8. The slope (∂Ep/∂Θ)v=0.0718, hence the value of gM,X=
−2.80, indicating strong attractive interactions between the
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Fig. 9. The BSA adsorption transient ΘBSA vs. tads,BSA reconstructed from
measurements of EQCN mass of a Cu-u.p.d. formed on a Au|BSA electrode
during BSA adsorption.







Fig. 11. (A) The EQCN characteristics: (1) i–E and (2) m–E, for the Cu-u.p.d.
formation and stripping on a Au|BSA piezoelectrode in 5 mM CuSO4+5 mM
H2SO4+9.6×10


−8 M solution. (B) The m–Q analysis (1) on the basis of the
above data (see text for explanation of symbols); the E–Q plot (2) is provided to
reference the charge to potential.
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adsorbed BSA and Cuad. For the sake of comparison, we can
invoke similar investigations we have performed with BSA and
Pb-u.p.d. on Ag-RDE [8], which have shown that the interactions
of adsorbed BSAwith Pbad are very weak and gM,X≈0.


Using the BSA surface coverages determined from Cu-u.p.d.
mass data, the adsorption transient ΘBSA vs. t can now be
reconstructed, as shown in Fig. 9. The experimental transient is
fitted (solid line) with the adsorption kinetics function:


HBSA ¼ Heq 1−exp −
t
s0


� �� �
ð9Þ


with Θeq=0.954, and time constant τ0=7.07 min. Here, τ0=1/
(k1C+k−1), where k1 and k−1 are the adsorption and desorption
rate constants, respectively, and C is the BSA concentration in
solution. The initial slope of adsorption transient is: (∂Θ/
∂t)t=0=0.141 min−1. From this slope, the value of k1 can be
evaluated since: (∂Θ/∂t)t=0=k1(1−Θ)C. Hence, for Θ=0 at
t=0, one obtains: k1=1.47×10


6 L/(mol min)=2.45×105 L/
(mol s).


3.4. Further insights into the formation of Cu-u.p.d. and
interactions with adsorbed albumin


The process of wedging of Cuad into the space between the
surface gold atoms and the adsorbed BSAmolecules, mentioned
earlier, is difficult for detailed studies. In particular, the
assessment of surface density of Cuad,w of copper adatoms
underneath BSA is not well understood. On the basis of the mCu,


upd measurements (Fig. 6), it is seen that the surface coverage of
Cuad is close 0.5 at ΘBSA≈1. In other words, copper adatoms
underneath adsorbed BSA molecules fill only about half of
adsorption sites that would otherwise be filled on an uncovered
Au surface.


To gain more information on Cuad wedging process, we have
performed a series of experiments similar to those shown in Fig. 1,
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Fig. 10. Voltammetric desorption peaks of a full monolayer Cu-u.p.d. formed on:
(1) bare Au and (2) Au|BSA electrode, in a solution of 5 mM CuSO4+5 mM
H2SO4; solution contained also 9.6×10−8 M BSA for curve (2); ν=50 mV/s,
Edep=−0.1 V, τdep=1 s.

in which the Cu-u.p.d. desorption peak was recorded before and
after the injection of 9.6×10−8 M BSA. The test waveform
involved a potential scan to E=−0.1 V so that in every test a bulk
Cu0 was always formed. In the return potential scan, after
dissolution of bulk Cu0, we recorded the Cu-u.p.d. peak.We have
found that the peak current and charge for the Cuad desorption
remain approximately the same. At the same time, the peak
potential shifts positively by ΔEp=66 mVafter BSA adsorption,
as shown in Fig. 10. The invariance of desorption charge means
that by forcing the deposition of bulk Cu0 by applying sufficiently
cathodic potential, the Cu-u.p.d. could be formed with filling all
active centers on Au surface, similar as in the absence of BSA.
Therefore, we were able to attain a full Cuad coverageΘCu,upd≈1
under a full BSA filmwithΘBSA≈1.As far aswe know, this is the
first observation of metal adatoms wedging underneath an
adsorbed protein film.


The observations of a 0.5 monolayer coverage of Cuad in data
presented in Fig. 6 and full monolayer coverage in experimental
data presented in Fig. 10 are not contradictory. We can
rationalize these two observations by realizing that the time
scale and value of the deposition potential were different in these
measurements. While in the former case (Fig. 6) only a short
deposition time at relatively high potential was applied, the scan
to a much more negative potential was used in the latter case
(Fig. 10). Obviously, the wedging process of Cuad requires more
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time and lower potentials for the completion. To evaluate the role
of these two variables (i.e. time and potential), we have to invoke
once again the experiments of Fig. 6. The variation of themCu,upd


with BSA adsorption time ceases after ca. 18 min and mCu,upd


approaches a constant value. Evidently, at the deposition poten-
tial E=+0.15 V, the wedging can not progress any further.
Therefore, it is the selection of a proper deposition potential that
is needed for further progressing of the Cuad wedging process
into the space between surface Au atoms and the adsorbed BSA
molecules. The possibility of wedging metal adatoms beneath
the thiol SAM's was considered by Czanderna et al. [70,71] and
demonstrated by Espandiu et al. [63] for Cu-u.p.d. on Au(111),
while Eliadis et al. [72] in galvanostatic experiments found a low
density of Cu clusters on top of a short chain thiol monolayer. It
is interesting that the buried Cu-u.p.d. investigated by Espandiu
et al. [63] has shown a positive shift of the desorption peak
potential Ep with respect to that on a bare Au(111) surface, with
Ep=+0.39 V (vs. Ag/AgCl) for Cu-u.p.d. buried beneath the
ethanethiol monolayer. Similar to the observations of Espandiu
et al. [63], we have also found in our experiments a positive shift
of Ep, which increased gradually from +0.295 V to +0.370 V
with increasing surface coverage of BSA from ΘBSA=0 to
ΘBSA≈1. The evaluation of the strength of interactions between
Cuad and adsorbed BSA using Eq. (6) leads to gM,X=−2.8 z. By
substituting z=2, one obtains gM,X=−5.6, which is less than the
critical value g⁎=−4 setting the boundary for a new compound
or phase formation. However, if a new compound or phase
would be formed, e.g. in the process:


pCu2þðaqÞ þ BSAad þ 2pe− ¼ CupBSAðsÞ ð10Þ


then both the Nernstian equilibrium potential Eeq and Ep for the
oxidation of CupBSAwould be expected to show a shift: (∂Ep/
∂Θ)=RT/(2F)=0.0128 V in the quasi-reversible case, or: (∂Ep/
∂Θ)=RT/(αF)≈0.0514 V in the irreversible case. The Ep shift
observed experimentally is much larger, (∂Ep/∂Θ)=0.072 V.
This supershift of Ep may be due to the surface supersaturation
and partial charge transfer. Experimental measurements of the
latter are difficult due to the two-step electrode reaction of Cu2+.
To test the system response to the standard mass-to-charge
evaluation procedure, we have performed EQCN measurements
using a Au|BSA electrode in 5 mM CuSO4+5 mM H2SO4+
9.6×10−8 MBSA,with potential waveform including scan from
E1=0.6 V to E2=0.15 V at ν=50 mV/s, holding at E2=0.15 V
for τdep=5 s, and a scan to E3=0.6 Vat ν=50 mV/s. The EQCN
characteristics of i–E and m–E are presented in Fig. 11A, curves
1 and 2, respectively. It is seen that the mass cycle is reversible
and the loss of mass due to diffusion of reactants to the bulk
solution is negligible. The initial small mass decrease in the
potential range from E=0.6 V to E=0.32 V can be attributed to
the ligand expulsion [73–75] and double-layer effects [26],
leading to the egress of anions (SO4


2− and HSO4
−) from the surface


and double-layer region. The analysis of mass vs. integrated
charge m–Q is presented in Fig. 11B, curve 1. The theoretical
slope can be calculated from the formula [26]: (∂m/∂Q)=−M/
(nF), where M is the reaction molmass (the molar mass gain or
loss of electrodic film due to the reactants attachment or de-

tachment from the film) and n is the number of electrons
exchanged in the reaction. Thus, for a 2-electron Cu(II) discharge
and electrodissolution of Cu0: SCu,2=(∂m/∂Q)=−0.329 ng/μC.
In Fig. 11B, curve 1, the sections A and C show a slope (∂m/∂Q)
which is smaller than the theoretical SCu,2. The smaller slope
means that in the region of section A the copper ion reduction
process partially involves Cu(II) ions trapped or bound in BSA
film, which results in the mass deficiency with respect to the
charge used in the process. The second region of mass deficiency
is the region of section C,where during the oxidation process, part
of the Cu(II) ions formed is not leaving the BSA film either
because of interactions with BSA, requirements of Donnan
membrane equilibria, or slowness of the mass transport. If we
reject regions A and C from further considerations and calculate
the effective number of electrons involved: n=M/[F(∂m/∂Q)]
only for regions B and D, we find that the slopes (∂m/∂Q) are:
−0.408 and −0.391 ng/μC, respectively, which correspond to
n=1.61 and n=1.68 for sections B and D. We can assume the
average value of n for these two sections to be: n=1.65. It is,
therefore, possible that Cu-u.p.d. retains a partial charge of ξ=2−
n=+0.35. By substituting the new value of n for z in Eq. (6), one
can correct the interaction coefficient gM,X determined from the
slope (∂Ep/∂ΘBSA) to obtain: g*M,X=−4.62, which is now very
close to the critical value of −4. The resemblance of Cu-u.p.d.
desorption voltammograms observed in this work for Au|BSA to
those obtained for ethanethiol SAM on Au [63] suggests that a
similar strong interactions betweenCuad and adsorbed ethanethiol
may exist. This is justified by very strong interactions of thiols
with copper and other metals [76–90]. From our measurements, it
follows that BSA interactions with Cuad are almost as strong as
those of ethanethiol (according to Eq. (6); the stronger the
attractive interaction is, themore positive the shift ofEp becomes).
Further studies are needed to elucidate inmore detail the observed
phenomena in these systems. In a similar wedging process of
metal adatoms, which we have found previously in supported
phospholipid membranes with embedded gramicidin ion chan-
nels [69], a full monolayer of Tl-u.p.d. was formed underneath a
lipid film. In this case, the wedging of Tlad was found to induce a
temporary lipid film lifting. Unlike this, the Cu adatoms here have
not induced any BSA film dynamic transformations, which could
be revealed in the m–E or m–t characteristics, such as those
observed in Cd-adatoms/NO3


− systems [9].


4. Conclusions


The investigations of adsorption of a model protein, BSA, on
Au electrodes were performed using the Cu adatom probe me-
thod and Electrochemical Quartz Crystal Nanobalance (EQCN)
technique in an attempt to explore the interfacial phenomena in a
system where large biological molecules interact with small
metal adatoms. We have found that the formation of a dense
protein adsorption film can block completely only a bulk Cu0


deposition process. In contrast to that, the mass associated with
Cu-u.p.d. decreases during the adsorption of BSA only to ca.
50% of that in the absence of BSA, indicating that Cu adatoms
can wedge into the space between the surface Au atoms and the
adsorbed BSA molecules. We have found that the degree of
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penetration of Cu adatoms can be controlled by the applied
deposition potential. By selecting a sufficiently cathodic poten-
tial, we were able to deposit a full Cu-u.p.d. monolayer, inde-
pendent of the BSA surface coverage extending from ΘBSA=0
to ΘBSA≈1. Our interpretation of the positive shift of Cuad
desorption peak potential Ep, observed in the presence of ad-
sorbed BSA, is based on the Frumkin exchange interaction
forces between Cuad and BSAad, defined according to our earlier
theoretical model [61], expanded here to include adsorbed spe-
cies in two monolayers. This expansion is possible owing to the
fast rate of Cu adatom penetration in the interfacial region. From
the analysis of Ep vs. ΘBSA plots, the presence of strong at-
tractive interactions between Cuad and BSAad was found. The
wedging effects demonstrated in this work are similar in nature
to those observed for Cu-u.p.d. on the ethanethiol SAM on Au
(111) by Espandiu et al. [63] and metal adatoms on a tripeptide
glutathione adsorbed on gold [48,49]. No dynamic transforma-
tions of BSA film, such as those observed for the Cd-adatoms/
NO3


− system [9], were induced by Cu adatoms.
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Abstract


The efficiency of electron transduction by Shewanella oneidensisMR-1 was investigated both in batch culture and in a dual-chambered electrochemical
cell. Aerobically grown bacteria were inoculated into an insoluble FeOOH suspension in an anaerobic environment. As the bacteria reduced Fe(III) to Fe(II)
there was a visible color change from red to bluish black; this simple color change assay proved to be a robust method for determining the electrochemical
activity of S. oneidensisMR-1.


In an effort to improve electricity production by S. oneidensisMR-1, the performance of the electrochemical cell with lactate as a fuel was first optimized
with respect to both poised potential and fuel concentration. Ultimately, electricity production proved to be proportional to both the poised potential and to
fuel concentration. In particular, higher poised potentials increased charge production.


Finally, we attempted to optimize the bacteria themselves for the efficient transduction of reduced carbon sources into electricity. The batch culture
underwent a series of serial dilutions; after the 4th dilution the microbe population exhibited a 30% increase in charge production. We are further exploring
whether this increase was due to metabolic adaptations or to genetic mutations, and examining additional ways to evolve electrogenic organisms.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Electrogenesis; Microbial electrochemical cell; Bacteria; S. oneidensis MR-1; Anaerobic

1. Introduction


Recently, a number of bacteria have been isolated based on
their ability to use metal ions, including Fe(III), as electron ac-
ceptors. Iron-reducing microbes are found in the genera She-
wanella [1,2], Geobacter [3,4], Geovibroi [5], Disulfobulbus
propionicus [6], Clostridium butyricum [7,8], Aeromonas hydro-
phila [9], and Rhodoferax ferrireducens [10], and have shown to
produce energy by coupling the oxidation of organic compounds
to the reduction of Fe(III).


Among these metal-reducing bacteria, Shewanella are perhaps
the most widely studied. Recent studies revealed that cytochrome
c participates in the reduction of water-insoluble Fe(III) by
physically and directly contacting Fe(III) on surfaces. Indeed,
Myers et al. have shown that when Shewanella putrefaciens is
grown anaerobically, 80% of its cytochromes are localized to the
outer membrane [11]. Direct electron transfer by bacterial attach-
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ment to an electrode has also proven possible with Geobacter
sulferreducens [12].


Microbial fuel cells are electrochemical cells that directly
convert microbial redox metabolism into electricity [13,14].
Microbial fuel cells have recently received increased attention as a
means to produce ‘green’ energy from organic waste or natural
carbohydrate substrates. Members of the genera Shewanella have
been used in electrochemical cells to produce electricity with
lactate as an electron donor (or fuel) and an electrode as the sole
electron acceptor, without soluble, organic mediators [1,2].


The efficiency of electricity production in a microbial fuel cell
can be optimized by altering its physical or electrochemical
components as reviewed by Angenent et al. and Rabaey et al.
[15,16]. For example, Kim et al. have reported that Mn2+ modi-
fied graphite electrodes increased electrical current 10-fold com-
pared to an unmodified graphite electrode. These authors also
optimized the lactate and bacterial cell concentrations to enhance
electrogenesis [8].


In contrast to themany studies that have focused on optimizing
physical or electrochemical components of fuel cells, little has
been reported on the optimization of the biological components.
Recently, Rabaey et al. started with anaerobic sludge and enriched
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a mixed bacterial culture in the anode compartment of a biofuel
cell via serial dilution. These authors demonstrated that power
output (rate of electron transfer) improved by over 7-fold during
the 71-day enrichment period [17,18].


In this paper, we not only investigated the impact of poised
potential and fuel concentration on current generation under
anaerobic conditions, but also attempted to improve the bacterial
component under specifically defined conditions as well. Serial
dilution of a single strain, Shewanella oneidensis MR-1, were
carried out in a strict anaerobic batch culture system using lactate
and fumarate as electron donor and acceptor, respectively, in order
to enrich electrochemically active microbes. The electrogenic
efficiency of the enriched population was compared with the
efficiency of the parental microbes. We found that the bacteria
adapted through 4 serial dilutions showed a 30% improvement in
charge production.


Another potential difficulty with the bacterial components of
fuel cells is that they may become inactivated upon exposure to
air. The electrochemical activity of anaerobically grown cells
exposed to air can be reactivated by lactate and/or poised potential
even after it has been inactivated by exposure to air [19]. How-
ever, cyclic voltammetry studies have shown that while She-
wanella putrefaciens grown under anaerobic conditions was
electrochemically active with a redox potential of around −0.2 V
against Ag/AgCl, no electrochemical activity was observed with
cells grown under aerobic conditions [2]. We now show that even
aerobically grown Shewanella oneidensisMR-1 can be activated
by switching to an anaerobic environment. These results have
important implications for the preparation of practical bacterial
fuel cells.

Fig. 1. Model of two-chambered electrochemical cell used f

2. Experimental


2.1. Bacterial growth conditions


Shewanella oneidensis MR-1 (ATCC 700550) was obtained
from the American Type Culture Collection (Manassas, VA).
Aerobic growth of cells was carried out in Luria–Bertani (LB)
medium. Anaerobic growth was carried out in either LML
medium (0.02% yeast, 0.01% peptone, 10 mM HEPES, pH 7.4)
or growth medium (50 mM sodium phosphate buffer (pH 7.4),
0.1 M NaCl, 1% vitamin mix (ATCC, MD-SD, Manassas, VA),
and 1% trace mineral mix (ATCC, MD-TMS, Manassas, VA)).
Cells were grown at 30 °C.


2.2. Electrochemical activity assays


The electrochemical activity of S. oneidensisMR-1was assayed
by twomethods. (1)A batch test was donewith amophorous Fe(III)
oxyhydroxide (FeOOH) prepared as described by Schwertmann
and Cornell [20]. Sterilized serum bottles (60 ml; Wheaton Scien-
tific, Millville, NJ) containing 20 ml of growth medium and 800 μl
of saturated FeOOH suspension were prepared and sealed with
butyl rubber stoppers and aluminum caps (Wheaton Scientific,
Millville, NJ). The bottles were then purged with deoxygenated N2


for 30min; trace oxygen in theN2 gaswas removed using a furnace
filledwith pure copper and heated to 360 °C.An inoculum (1%v/v)
of cells was prepared aerobically, then added to the serumbottle. (2)
Cyclic voltammetry of anaerobic cell suspensions was measured
using a potentiostat (CH Instrument 832, Austin, TX) at 25 °Cwith
a scanning rate of 0.05V s−1. Bacterial cells grown anaerobically in

or monitoring current generation and bacterial growth.







Fig. 2. Cyclic voltammograms of S. oneidensis MR-1 grown anaerobically and
aerobically.
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a serum bottle with LB were washed under strict anaerobic con-
ditions and suspended in phosphate buffer (50 mM, pH 7.0) with
0.1 M NaCl. A 3 mm diameter glassy carbon disc working elec-
trode (MF-2012, BAS, West Lafayette, IN), a platinum wire coun-
ter electrode (MW-4130, BAS), and an Ag/AgCl reference
electrode (MF-2052, 3 M KCl, BAS) were used in the elec-
trochemical cell with a working volume of 1 ml.


2.3. Electrochemical cell design


A dual-chambered electrochemical cell was constructed as
shown in Fig. 1. The chambers were separated with a cation-
selective membrane (Nafion 117, Ion Power, Inc., Bear, DE).
The electrodes were graphite plates (grade G10, Graphite
Engineering and Sales, Greenville, MI) with an area of 70 or
13 cm2. Connections were made with threaded watertight
connectors using no. 20 AWG marine-grade wire (Impulse, San
Diego, CA) screwed into holes drilled directly into the graphite
electrodes. Holes were filled with electronic insulating resin
(3M Scotchcast 2130, flame retardant compound, Micro Parts
and Supplies, Inc., Fox River Grove, IL). New electrodes were
soaked in 1 N HCl for 1 day. After each use, the electrodes
were washed in 1 N HCl, polished with sand paper (3M,
Maplewood, MN), washed in 5% bleach, rinsed copiously with
water and ethanol, and allowed to fully dry before placing them
into the electrochemical cell chamber. The liquid volume in
each chamber was approximately 150 ml (electrode
area=70 cm2) or 20 ml (electrode area=13 cm2), respectively.
The working electrode chamber was filled with sterilized
growth medium and lactate. The counter electrode chamber
was filled with growth medium and maintained in an aerobic
environment. Bacteria were inoculated into the working
electrode compartment after the working electrode chamber
was purged with oxygen-free nitrogen for more than 18 h. The
potential at the working electrode was maintained with
potentiostat (Model 2053, AMEL Instruments, electrolytica,
Amherst, NY) at a specific voltage against an Ag/AgCl re-
ference electrode (c-905, electrolytica, Amherst, NY). Current
was monitored through the potentiostat and data was logged
with Chart 4.0 software (ADInstruments, Colorado Springs,
CO). During bacterial growth, the cell density (OD at 600 nm)
of aliquots was measured using a UV spectrometer (UV-1601,
Shimadzu, Columbia, MD).


2.4. Anaerobic batch growth


Sterilized serum bottles containing 20 ml LMLmedium were
sealed with butyl rubber stoppers and aluminum caps and
purged with deoxygenated N2 for 20 min prior to the
inoculation of cells. For some experiments, lactate (0.2 M)
and fumarate (10 mM) were added before sealing the bottle. The
cells for inoculation were prepared from frozen cultures that
were revived under aerobic conditions and were added to the
serum bottle using a sterilized syringe. The OD was measured
right after the inoculation and then 48 h after incubation. All
experiments were performed in triplicate and the data shown are
averages with standard errors.

2.5. Serial batch cultures


Sterilized serum bottles containing LMLmedium with 0.2 M
lactate and 10 mM fumarate was prepared as described above.
To initiate a serial transfer experiment, the first batch was
inoculated with 100 μl of aerobically grown cells and incubated
overnight. For the serial dilutions, a 10% (v/v) aliquot of a
previous batch culture was inoculated into a freshly prepared
serum bottle containing LML medium, 0.2 M lactate, and
10 mM fumarate. Frozen stocks of enriched cultures were made
after every 5 batches (1st, 5th, 10th, 15th, and 20th), and the
efficiency of electricity generation was assayed using the
electrochemical cell described above.


3. Results and discussion


3.1. Electrochemical activity of S. oneidensis MR-1


In order to determine the basal electrochemical activity of S.
oneidensis MR-1 grown in our system, cultures were prepared
under both aerobic and anaerobic conditions. As shown in Fig. 2,
the cyclic voltammograms (CV) of cell suspensions show that the
cells grown in anaerobic conditions have a redox potential of
around− 0.2Vagainst anAg/AgCl reference electrode, whereas no
redox potential was foundwith cells grown in aerobic conditions, as
previously reported [19]. The ability to reduce insoluble Fe(III) to
Fe(II) in the presence of the electron donor, lactate, was examined
in liquid cultures supplemented with amophorous iron oxyhydr-
oxide. Two samples were prepared as controls; one had no fuel,
while the other had glucose as a fuel and anaerobically grown E.
coli was inoculated into the media rather than S. oneidensisMR-1.
The color of the FeOOH suspension was investigated after
overnight incubation. FeOOH in a batch culture that contained S.
oneidensis MR-1 and lactate turned to blue from red, due to the
reduction of Fe(III) to Fe(II) as cells grew anaerobically (Fig. 3A).
In contrast, the two controls (without lactate; Fig. 3B, orwithE. coli







Fig. 3. Fe(III) reduction by S. oneidensisMR-1 and E. coli in an anaerobic batch culture system. (A) A batch culture containing FeOOHwith lactate, inoculated with S.
oneidensisMR-1 and incubated at 30 °C. (B) A control batch culture containing FeOOH without lactate, inoculated with S. oneidensisMR-1 and incubated at 30 °C.
(C) A control batch culture containing FeOOH with glucose, inoculated with E. coli and incubated at 37 °C.
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and glucose; Fig. 3C) did not change the color of FeOOH. Because
S. oneidensis MR-1 does not grow without the addition of lactate,
there was no electron production, and thus FeOOH (III) was not
reduced (Fig. 3B). Similarly, although cell growth (increase in OD)
was observed in the presence of E. coli with glucose, FeOOH did
not change its color because E. coli is not capable of extra cellular
electron transduction (Fig. 3C). This result is consistent with
previous reports that E. coli requires soluble mediator compounds
[21] or a conducting polymer-modified electrode [22,23] to shuttle
electrons between cells and the electrode. These results confirm that

Fig. 4. Effect of poised potential on current generation by S. oneidensis MR-1 grow
Charge, peak current, and lag time as a function of poised potential. (•) represents

electron exchange is occurring between anaerobically grown S.
oneidensisMR-1 and the electrode surface, and also establish that
the batch culture method can be readily used for the simple
determination of the electrogenic activity of bacteria.


3.2. Optimization of reaction conditions for electrogenesis


Previously, Kim and co-workers demonstrated that S. putrefa-
ciens grown on lactate under anaerobic conditions could generate
electricity in a three-electrode electrochemical cell connected to a

n in 500 mM lactate. (A) Current profiles as a function of poised potential. (B)
charge, ( ) represents peak current, and ( ) represents lag time.
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potentiostat [1]. To gain a better understanding of electron trans-
duction during anaerobic growth and to optimize physical
components of the electrochemical cell prior to optimizing the
bacterial component we carried out similar experiments with S.
oneidensis MR-1 while varying poised potential and lactate
concentrations. A similar electrochemical cell with graphite elec-
trodes was used, in which the working electrode was poised at a
constant potential against an Ag/AgCl reference electrode, as
shown in Fig. 1. Once the background current of the electrochem-
ical cell had reached to a steady value, an aliquot of aerobically
grown S. oneidensis MR-1 (final concentration 0.7%, v/v) was
inoculated into the anodic compartment of electrochemical cells
and then the change in current was recorded.


3.2.1. Effect of poised potential on bacterial electrogenesis
Fig. 4A represents the current profile as a function of the poised


potential applied to the working electrode. S. oneidensis MR-1
electrogenesis was examined in the presence of excess lactate
(500 mM) to avoid electron donor limitation. Following inocu-
lation, there was a variable lag period prior to the onset of elec-
trogenesis. As the poised potential was increased, lag periods grew
shorter (Fig. 4B), from 90 to 5 h. Cellular ODs, in general,
decreased during the lag time and then increased by 50%alongwith
the increase in current. It is suspected that since S. oneidensisMR-1
transfers electrons directly to the working electrode that it becomes
enriched on the electrode surface, like Geobacter sulferreducens
[12], rather than in solution.


We attribute the lag period to the fact that aerobically grown S.
oneidensisMR-1was not electrochemically active when it was first
inoculated into the electrochemical cell, but that cellular metabo-
lism altered in the anaerobic environment to allow electrogenesis,
as previously reported by Kim et al. [19]. We now find that the
activation process can be accelerated by increasing the poised
potential to the working electrode. Interestingly, when even higher
poised potentials (above 750 mV) were applied, cells either did not
grow or current was not generated (data not shown). Themaximum
potential (and shortest lag time) at which S. oneidensisMR-1 could

Fig. 5. Effect of lactate concentration on current generation by S. oneidensisMR-1 wi
(A) Current profiles as a function of lactate concentration. (B) Charge, peak current
represents peak current, and ( ) represents lag time.

carry out productive electrogenesis was around 0.55 V, consistent
with previous reports that measured the potential of a bacterial
electrochemical cell in the absence of a poised potential [2]. These
findings should prove useful in recruiting natural, electrocompetent
bacteria to fuel cells newly introduced into the field. In particular, it
may be possible to recruit different sets of bacteria with different
poised potentials, and to build electrogenic ecology on an electrode
by varying potential over time. In addition, this discovery may
prove useful in waste water treatment; specific contaminants could
be decomposed rapidly by applying the appropriate poised potential
to an electrochemical cell.


After reaching a maximum value, the current fell to a basal
value over time, probably due to bacterial growth-induced re-
duction in pH (the final pH of the media in the working electrode
chamber was around 5.5 in all experiments). Park et al. have
previously reported that the pH in bacterial fuel cells can decrease
due to lactate fermentation [8].


Fig. 4B compares the effect of poised potential on overall
current generation. In general, as the poised potential was increased
from 0 to 500 mV the charge production (Q=current×time) also
increased slightly (by 6%), but peak current decreased slightly (by
12%). These changes are only slightly higher than the variations in
charge and peak current observed at 500mVpoised potential (0.7%
and 7.5%, respectively). It might be expected that peak and charge
should be constant in the presence of excess lactate. However, since
increasing the poised potential was found to shorten lag times for
electrogenesis, it is also possible that higher poised potential might
change either bacterial adaptations or biofilm formation, and
concomitantly change the efficiency of electron transduction.


3.2.2. Effect of fuel concentration
A similar electrochemical cell with a graphite electrode


poised at a 500 mV against the Ag/AgCl reference electrode
was used to investigate the effect of lactate on bacterial
electrogenesis. Aerobically grown, stationary-phase cell cul-
tures (final concentration 0.7%, v/v) were inoculated into the
anodic compartment. Fig. 5A shows the current profile at

th the working electrode poised at 500 mVagainst Ag/AgCl reference electrode.
, and lag time as a function of lactate concentration. ( ) represents charge, (•)
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various concentration of lactate. In general, current production
was faster (shorter lag time) and more efficient as the lactate
concentration was increased. Fig. 5B summarizes the effect of
fuel concentration on charge, peak current, and the lag time. As
lactate concentration was increased from 5 to 500 mM, charge
and peak current increased dramatically at values greater than
100 mM, up to ∼270 C (22.6-fold above the value at 5 mM
lactate) and ∼1.6 mA (18.6-fold above the value at 5 mM
lactate). The lag time decreased from 50 to 5 h. These results
imply that S. oneidensisMR-1 electrogenesis is proportional to
fuel concentration but can be saturated at 100 mM lactate.
These results suggest that pre-concentration of fuel may allow
more efficient electricity generation. In addition, the fact that
the bacterial electron transfer properties can change dramati-
cally as a function of fuel concentration may mean that the
bacterial portion of a fuel cell can be optimized for specific
situations by either adaptation or evolution.


3.3. Anaerobic batch growth


In preparation for serial transfer experiments, and to inves-
tigate the effect of an electron donor (lactate) and/or an acceptor
(fumarate) on the anaerobic growth of S. oneidensis MR-1 in
batch culture experiments, four different media with various
compositions were prepared (LM1=LML medium with lactate
and fumarate; LM2=LML medium with lactate; LM3=LML
medium with fumarate; and LM4=LML medium without lactate
and fumarate). Aerobically grown cells were inoculated to serum
bottles containing the various media and OD was measured both
right after inoculation and 48 h after incubation. The best cell
growth was obtained in medium LM1 (2.6-fold above inocula-
tion; data not shown). There was slight growth in medium LM3
(0.08×), but cells did not appear to grow in medium LM2 and
LM4, which did not contain fumarate. These results confirmed
that fumarate is necessary during anaerobic culture growth as an
electron sink. Based on these results, we used medium LM1 for
serial transfer experiments.

Fig. 6. Serial transfer of S. oneidensis MR-1 in a batch culture system. (A) OD as a
represents the final OD after 24 h incubation at 30 °C. (B) Efficiency of electricity ge
peak current.

3.4. Biological optimization through serial transfer


It is plausible that the bacterial component of a fuel cell can be
optimized by adaptation or evolution, as has also been demon-
strated by Rabaey et al. [17] for a bacterial consortium. In order to
determine to what extent a single, electrochemically active culture
could be adapted or selected, we carried out a series of serial growth
experiments in batch culture system under anaerobic conditions.
The batch culture system was constructed with a serum bottle
containing LML medium with lactate and fumarate, which was
sealed and then purged for 30 min to remove any trace oxygen.
Since lactate and fumarate function as an electron donor and an
acceptor, respectively, this batch culture systemmimicked a biofuel
cell. The first batch growth was inoculated with 100 μl of aero-
bically grown cells and grown for 24 h. Serial transfer was initiated
by anaerobic transferring 10% (v/v) of this batch to a new serum
bottle and again incubating for 24 h.As summarized in Fig. 6A, cell
growth was similar following each dilution, and the maximumOD
after 24 h incubation was between 0.12 and 0.15. Frozen stocks of
anaerobically-adapted cells were made approximately every 5
serial transfers (1st, 5th, 10th, 15th, and 20th batches) and, these
generations were assayed for electrogenesis using the electrochem-
ical cell system. In detail, frozen stocks from the archived gene-
rations were revived in LB medium, grown aerobically, and then
inoculated into the anaerobic electrochemical cell at identical cell
densities (OD)with 50mM lactate as a fuel.We used 50mM lactate
rather than 100 mM so that fuel was not saturating and impro-
vements in electrogenesis could be distinguished. As summarized
in Fig. 6B, after the 4th serial transfer (5th batch), bacteria retained
better charge production (1.3 times higher) with higher peak current
(1.7 times).


While it seems unlikely that significant evolution could have
occurred over only five generations, it is nonetheless quite plau-
sible that the cells have physiologically adapted to the batch
culture conditions and that this physiological change persists over
at least one generation of aerobic growth. These results are also
somewhat surprising given that fumarate, rather than an electrode

function of serial dilution; (•) represents initial OD upon inoculation and ( )
neration as a function of serial dilution. (•) represents charge and ( ) represents
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surface, was the electron acceptor, and further emphasize the
importance of anaerobic metabolism in fuel cell function. Given
that cells are thought to attach themselves to the electrode surface
and may undergo only limited growth and metabolic differenti-
ation following attachment, these results provide significant
insights into how to prepare bacterial cultures for fuel cells.


It is difficult to directly compare results from an electrochem-
ical cell and a single bacterial species (this work) with results from
a biofuel cell and a bacterial consortium (Rabaey et al.). None-
theless, while the change in peak current we observed (1.7 fold
improvement) is less than the improvement in power output (7-
fold) observed by Rabaey et al., it should be noted that most of the
change in the efficiency of the bacterial consortium likely resulted
from changes in the relative proportions of individual species in
the population, whereas our improvements were due solely to
improvements in a single species. These results suggest that it
may be possible to improve individual strains and then rein-
troduce them into a consortium, providing a further mechanism
for increasing the efficiency of electrogenesis.


Moreover, the fact that physiological adaptations can be
readily observed implies that it should also be possible to select
for evolutionary changes as well. The simple serial transfer
method described here can be used to further select microbes or
microbe populations that are more efficient in electrogenesis.


4. Conclusion


The ability of S. oneidensis MR-1 to oxidize organic com-
pounds with an electrode serving as the electron acceptor has
implications for harvesting energy from waste matter, and may
provide a means for bioremediation of subsurface environments
contaminated with organic compounds.


We regulated the working electrode chamber in the elec-
trochemical cell system in order to investigate the effect of
poised potential and fuel concentration on the electrogenesis by
S. oneidensis MR-1. Increasing poised potential resulted in
shorter lag times until current generation was observed. In-
creasing lactate concentration to 100 mM also resulted in shorter
lag times, and yielded 22.6 times more charge, 18.6 times higher
peak current. These series of optimization experiments sug-
gested that the electricity generation and microbe enrichment in
an electrochemical cell can be optimized in part by changing
poised potential and fuel concentration. In addition, regulation
of the electrochemical cell allowed us to speed up the recovery of
aerobically grown microbes.


The biological component of the electrochemical cell could
also be optimized. Anaerobic, serial transfer experiments with
S. oneidensisMR-1 were initiated with a soluble electron donor
and acceptor in order to pre-adapt bacterial metabolism to an
anaerobic environment. Compared with unadapted bacteria, the
anaerobically adapted S. oneidensis MR-1 showed improved
efficiency in electricity generation, even following re-exposure
to air. These experiments should now serve as a starting point
for the directed evolution of organismal electrogenesis. The
optimization of electrochemical and biological components
should help improve the sustainability of electrogenesis under
conditions where fuel is continuously replenished.
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Abstract


An ex vivo system for simultaneous detection of nitric oxide (NO) and L-glutamate using integrated dual 250 μm platinum disk electrodes
modified individually with suitable sensing chemistries has been developed. One of the sensors was coated with an electrocatalytic layer of Ni
tetrasulfonate phthalocyanine tetrasodium salt (Ni-TSPc) covered by second layer of Nafion, which stabilises on the one hand the primary
oxidation product NO+ and prevents interferences from negatively charged compounds such as NO2


−. For glutamate determination, the second
electrode was modified with a crosslinked redox hydrogel consisting of Os complex modified poly(vinylimidazol), glutamate oxidase and
peroxidase. A manual x–y–z micromanipulator on top of an inverted optical microscope was used to position the dual electrode sensor at a defined
distance of 5 μm from a cell population under visual control. C6 glioma cells were stimulated simultaneously with bradykinin or VEGF to release
NO while KCl was used to invoke glutamate release. For evaluation of the glutamate sensors, in some experiments HN10 cells were used. To
investigate the sensitivity and reliability of the system, several drugs were applied to the cells, e.g. Ca2+-channel inhibitors for testing Ca2+-
dependence of the release of NO and glutamate, rotenone for inducing oxidative stress and glutamate antagonists for analysing glutamate release.
With these drugs the NO and glutamate release was modulated in a similar way then expected from previously described systems or even in-vivo
measurements. We therefore conclude that our system is suitable to analyse stress-induced mechanisms in cell lines.
© 2006 Elsevier B.V. All rights reserved.

Keywords: Dual electrode; Simultaneous detection; Nitric oxide; Glutamate; Drugs; Antagonists

1. Introduction


Glutamate is an important neurotransmitter involved among
others in learning and memory processes, while NO acts as a
retrograde messenger, which is released upon stimulation of the
postsynaptic cell and used to modulate synaptic transmission
[1,2]. In addition, NO is known to interfere with the regulation of
blood pressure and may activate immune response. Both sub-
stances are thought to contribute to the pathogenesis of several
diseases for example glutamate in stroke, epilepsy, schizophre-
nia and Parkinson disease [1,3,4], and NO in hypertension, hy-
perglycaemia, arteriosclerosis, arthritis, reperfusion injury and
cancer [5–7]. Both substances are also known to be released in
response to oxidative stress [8,9]. Suitable, sensitive electro-
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E-mail address: wolfgang.schuhmann@rub.de (W. Schuhmann).
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chemical methods are necessary to analyse the biochemical
background of these diseases and might also serve as efficient
systems for testing the response to oxidative stress in different
cell systems. For this purpose, it is important to develop meth-
odologies to determine both compounds with low detection
limit, high selectivity in complex samples, fast response time,
the possibility for miniaturization with potential in-vivo capa-
bility, and easy handling. To obtain real quantitative and re-
producible information about the concentrations of glutamate or
NO after cell stimulation, besides the amount of secreted sub-
stances and possible reactions with compounds present in the
immediate proximity of the release site, the distance between
cells and active surface of the sensor is a very important param-
eter determining the sensor signal. To cope with this fact, SECM
[10–12] and manual or computer controlled x–y–z manipulator
with positioning resolution below 1 μm [13,14] were used for
positioning sensors in very close and known distance to the cell
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or cell population. This assures the successful detection of NO
released from cells avoiding significant losses of NO by diffu-
sion or reaction with other substances such as O2.


The detection of simultaneous release of NO and glutamate
from an adherently growing cell population was shown in a pre-
vious study using a planar microelectrode array [15]. A nanopore
membrane, which was used as biocompatible surface for cell
cultivation concomitantly preventing the direct contact of the cells
with the sensor surfaces, decreases transmitter diffusion causing a
slowed-down response time and a decreased collection efficiency
for NO and glutamate.


In this communication, an integrated needle-type dual elec-
trode assembly was applied which can be accurately positioned
at known distances from adherently growing cells using a man-
ual micromanipulator mounted on an inverted optical micro-
scope. The dual electrode setup allowed for the simultaneous
monitoring of the release of glutamate and NO upon stimula-
tion of the cells with relevant drugs (e.g. KCl or veratridin, a Na+-
channels agonist [16], for stimulating release of glutamate, and
bradykinin or VEGF for invoking the release of NO). Addition-
ally, the dependence of NO release from intra- and extracellular
Ca2+ was investigated by incubating the cells with Ca2+-channel
blockers prior to release experiments. It is known that oxidative
stress enhances the response of glutamate at glutamatergic N-
methyl-D-aspartate NMDA receptors [17]. To analyse possible
effects of oxidative stress on glutamate and NO release, we used
rotenone, which blocks the oxidative phosphorylation within the
cells and thereby produces H2O2 [18–20]. In addition glutamate
antagonists were applied, which are known to interfere in vivo
with neurotoxicity of glutamate [21–23].


2. Experimental


2.1. Chemicals


NaCl, KCl, NaH2PO4, MgCl2, CaCl2, NaHCO3, glucose,
HEPES (Riedel-de-Haen, Seelze, Germany) were used to prepare
Hank's buffer. Stock solutions of drugs and glutamate antagonists
were dissolved in dimethylsulfoxid (DMSO) (Riedel de-Haen,
Seelze, Germany). Glutamate oxidase (EC 1.4.3.11, Cat. No.
7804) was from Yamasa Corporation (Tokyo, Japan) and horse-
radish peroxidase (EC 1.11.1.7, Cat. No. P-6782, Lot. No.
111K74351) was obtained from Sigma (Deisenhofen, Germany).
PVI-dme-Os was synthesized according to an earlier published
procedure [24]. To crosslink glutamate oxidase, horseradish
peroxidase and the Os-modified redox polymer a bifunctional
crosslinker (poly(ethylene glycol)diglycidyl ether; PEGDGE;
Polyscience, Warrington, PA, USA) was used. Ni tetrasulfonate
phthalocyanine tetrasodium salt (Ni-TSPc), KOH, bradykinin and
vascular endothelial growth factor-E (VEGF-E) were purchased
from Aldrich (Steinheim, Germany). Arginine, L-glutamic acid,
rotenone, nifedipine, veratridine, and flunarizine were purchased
from Sigma (Steinheim, Germany). Non-competitive AMPA
antagonists [25] such as 1-(4-aminophenyl)-4-methyl-7,8-methy-
lenedioxy-5H-2,3-benzodiazepine (GYKI-52466), 1-(4-amino-
phenyl)-3-methylcarbamyl-4-methyl-7,8-methylenedioxy-3,4-
dihydro-5H-2,3-benzodiazepine (GYKI-53655) and talampanel

(GYKI-53773; (R)-7-acetyl-5-(4-aminophenyl)-8,9-dihydro-8-
methyl-7H[1,3]dioxolo[4,5][2,3]benzodiazepine) were provided
from IVAX Drug Research Institute, Budapest, Hungary.


2.2. Sensor preparation


Preparation of the disk shaped Pt dual electrode was pre-
viously described in detail [11]. After pulling of a θ-type boro-
silicate glass capillary with a home made capillary puller, two
250-μm diameter Pt wires were inserted into the capillary from
the back and the tip was sealed by heating under vacuum. The
electrical contact to the Pt wire was achieved by means of a thin
Cu wire using tin powder. The electrode was carefully polished
using emery paper and an alumina suspension (0.3 μm particle
size; Leco, Kirchheim, Germany) ensuring that the surface of the
tip was kept perpendicular to the polishing wheel. The polished
electrodes were rinsed with H2SO4, KOH and H2O. The sensing
chemistry for NO and glutamate detection was deposited se-
quentially. First, for establishing the NO-sensor the dual elec-
trode was inserted into a solution of 2 mM NiTSPc dissolved in
0.1 M KOH. Polymerization of NiTSPc on one of the 250 μm Pt
electrodes was achieved using multi-sweep cyclic voltammetry
in a potential range between 0 and 1.2 V (30 cycles). Polymeric
Ni-TSPc is a well-known electrocatalyst for the oxidation of NO
[10,26,27]. As a second layer, 5% Nafion in ethanol was applied
in the format of a dip droplet and allowed to dry. Following the
NO-sensor preparation, the second 250-μm electrode was
modified with a glutamate-sensing bi-enzyme sensor architec-
ture developed before [15,28,29]. The sensing layer consists of a
mixture of horseradish peroxidase (5 mg ml−1), glutamate ox-
idase (10 mg ml−1), PVI-dme-Os (2.5 mg ml−1) and PEGDGE
(2.5 mg ml−1, in water used within 15 min). About 1 μl of this
mixture was placed under microscopic control on the Pt surface
using a microsyringe forming a small droplet covering the entire
Pt surface. After drying the sensor was stored for 20 h at room
temperature to induce crosslinking. Afterwards, the sensor was
stored at 4 °C before use.


2.3. Cell preparation


C6-glioma cells were cultivated in Dulbecco's modified eagle
medium (DMEM) supplemented with 10% foetal calf serum,
2 mM glutamine and 100 U penicillin/streptomycin in an atmo-
sphere of 10%CO2. HN10 neuroblastoma cells were cultivated in
RPMI 1640 medium with the same supplements used for C6-
glioma but in an atmosphere of 5%CO2. Passages of the cellswere
performed all 3 days using 2 mM EDTA in PBS for detaching the
cells. 24 h prior to electrochemical experiment the cells were
seeded in a density of 105 cells per cover slip (2*2 cm2).


2.4. Apparatus and electrochemical measurements


A CHI 1030 eight-fold potentiostat (CH Instruments, Austin,
USA) was used to polymerize Ni-TSPc on top of the Pt surface
using multi-sweep cyclic voltammetry (CV). The simultaneous
amperometric measurement of NO and glutamate was carried
out with a Biometra EP-30 bipotentiostat (Biometra, Göttingen,
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Germany). A potential of −50 mV was applied to the glutamate
sensor and a potential of +750 mV was applied to the NO
sensor. These potential values are sufficiently low (for
glutamate detection) and high (for NO oxidation) that small
potential changes at the pseudo-Ag/AgCl reference electrode
upon addition of Cl− do not lead to changes in the diffusion
limited current. A manual x–y–z micromanipulator (Märzhäu-
ser, Wetzlar, Germany and Physik Instrumente, Waldbronn,
Germany) was used for positioning the dual electrode in known
distance from the cell layer. The micromanipulor was fixed to
the base plate of an inverted microscope (Axiovert 25C, Carl
Zeiss Jena, Germany) which was used for controlling the

Fig. 2. Schematic representation of the experimental set-up showing the inverted m
attached dual-barrel electrode and the electrochemical cell with a 300 μl droplet as bu
5 μm from the adherently growing C6-glioma cell layer.

electrode positioning. Usually, a slow approach of the sensor tip
was made until contact to the cells was achieved. The electrode
was then removed by 5 μm and moved in x–y direction to detect
glutamate and NO release from cells which did not have any
contact to the electrode before.


3. Results and discussion


3.1. Electrode characterization


A Pt dual barrel electrode with active electrode surfaces of
250 μm each was modified with appropriate sensing chemistries

icroscope for visual approach and distance control, the micromanipulator with
lk volume. The inset is showing the electrode surfaces as seen at the distance of
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for the simultaneous detection of NO and glutamate. The work-
ing potentials of −50 mV for the reduction of the Os2+/3+ couple
at the glutamate sensor and of +750 mV for electrocatalytic
oxidation of NO at the phthalocyanine-modified NO sensor
were applied vs. a pseudo Ag/AgCl reference/counter electrode
using a bipotentiostat.


The electrode was approached to a bare glass slide in absence
of cells to a working distance similar to the later experiments with
cells (see below). To rule out possible cross-talk between the two
sensing chemistries, glutamate or NO stock solution, respective-
ly, were added bymeans of amicropipette. Addition of glutamate
(3 μM final concentration) induced an immediate response of the
glutamate sensor but no response at the NO sensor (Fig. 1A).
Vice versa, NO addition let to an exclusive response of the NO-
sensor but not of the glutamate sensor (Fig. 1b).


3.2. Simultaneous detection of glutamate and NO release from
C6-glioma cells


We already have shown earlier that in the case of C6-glioma
cells K+-stimulated glutamate release did not affect NO-release,
while NO bradykinin stimulated release did not induce gluta-
mate release [15].


A cover slip with adherently growing C6-glioma cells was
located on the platform of an inverted microscope and
covered with a droplet of 300 μl buffer. Under visual control,
the tip of the dual electrode was moved towards the cells until
a contact between the microelectrode and the cell layer was
seen. This distance is referred to as relative distance zero.
Using the z-micromanipulator the dual-barrel electrode was
retracted to a position of 5 μm apart from the cells. Fig. 2
shows a schematic representation of the used set-up and an
image of the dual electrode positioned at a distance of 5 μm
to the cells.


After positioning of the tip of the dual electrode at the pre-
defined distance from the cell population the working potentials
were applied to both sensors. After a stable background current
was attained, 35 μl of a mixture of the stimulants, namely
bradykinin and K+, were carefully injected in close proximity to

the electrodes into the 300 μl buffer solution on top of the cell
layer. The final concentration of KCl and bradykinin were
100 mM and 20 μM, respectively. As expected, the stimulation
of the cells by K+-ions and bradykinin induced simultaneously
the release of glutamate and NO causing a current change at the
related sensor (Fig. 3a). These results unequivocally demon-
strate the capacity of the dual sensor configuration to simul-
taneously detect glutamate and NO released from the cells. The
compounds released from the adherently growing cell popula-
tion upon stimulation are diffusing away from the cells into the
bulk solution under formation of a complex diffusion zone.
Moreover, re-uptake of glutamate by the cells and follow-up
reactions of NO (e.g. with molecular oxygen) modulate this
diffusion profile. Hence, all experiments are giving current val-
ues instead of glutamate or NO concentrations. As a matter of
fact, the accurately positioned electrodes allow for a comparison
of the experiments due to a comparable position of the active
sensor surface with respect to the releasing cells.


VEGF-E (vascular endothelial growth factor E) triggers the
synthesis and release of NO by activation of a constitute NO
synthase [30]. Therefore, similar to the activation using
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bradykinin, VEGF-E was tested as an alternative stimulator for
provoking NO release. The addition of 35 μl of a mixture of
VEGF-E and KCl leading to final concentrations of 100 mM K+


and 15 ng/ml VEGF-E, respectively, demonstrated the successful
stimulation of simultaneous NO and glutamate release from the
cell layer invoked by membrane depolarization and activation of
the VEGF receptor 2 (Fig. 3b).


In order to prove that the addition of the stimulants does not
lead to any changes in the current at both sensors a similar
experiment was performed by adding a mixture of VEGF-E and
KCl in the absence of cells (Fig. 4).


3.3. Effect of different inhibitors on the release of glutamate
and NO from C6-glioma cells


Massive releases of neurotransmitters into the extracellular
space are associated with acute membrane depolarization caused
by postsynaptic Na+ and Ca2+ influx via voltage-operated as
well as ligand-gated channels. This initiates a cascade of events
that generate tissue damage, cell swelling, generation of free
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binds to voltage-sensitive Na+ channels and prevents their closing. The resulting
neurotransmitters [20]. Stimulation of C6-cells with 50 μM veratridine induced a si

radicals, increased NO production, impaired mitochondrial ac-
tivity and possibly apoptosis [31,32]. In addition, Na+ and Ca2+


channels are important components in neurotransmission regu-
lating the propagation of the action potential along the axon.
When this depolarization reaches the nerve terminal, Ca2+ chan-
nels open and trigger exocytosis of synaptic vesicles which re-
lease neurotransmitters. Hence, modulation of these channels
can alter neurotransmitter release [16]. In order to investigate if
the modulation of this Na+ and Ca2+ channels will alter the
release of NO and/or glutamate in the in-vitro cell culture sys-
tem, C6 glioma cells were incubated with three different com-
pounds namely rotenone, flunarizine and nifedipine prior to the
detection of stimulated NO and glutamate release by means of
the positioned dual barrel electrode.


To evaluate the Ca2+ dependence of stimulated NO and/or
glutamate release from C6 glioma cells, the cells were incubated
for 30 min prior to measurements with nifedipine (50 μM), an
inhibitor of L-type Ca2+ channels, or with flunarizine (50 μM),
inhibiting L- and T-type Ca2+ channels. While the release of NO
and glutamate upon stimulation with KCl and bradykinin and
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hence any current response of the NO and glutamate sensors
were completely blocked by flunarizine (Fig. 5A), only NO
release was blocked by nifedipine (Fig. 5B). The missing in-
hibitory effect of nifedipine on glutamate release is in accor-
dance with previously reported experiments [33].


In order to further evaluate the applicability of the estab-
lished in-vitro NO and glutamate detection system we antic-
ipated to investigate its suitability for analyzing oxidative stress
in cells. One model for inducing oxidative stress in cells is the
disruption of oxidative phosphorylation in the mitochondria of
the cells. A drug often used to block the electron flow from
NADH to co-enzyme Q in the complex I of the respiratory chain
is rotenone. It has been associated with induction of apoptosis
[18], oxidative stress [19] and induction of Parkinson disease
like effects on dopaminergic cells [20]. It is known that rotenone
interferes at the same point of the respiratory chain as 1-methyl-
4-phenylpyridinium (MPP+) does. Thus, it shows the same
properties but has the advantage to induce the block in a variety
of different cells, while MPP+ only acts on dopaminergic neu-
rons. Therefore rotenone is seen as a valuable tool for induc-
ing oxidative stress in any cell line of interest. In addition, it
is known that oxidative stress will sensitize glutamatergic
NMDA-receptors which might increase glutamate release from
cells [17]. Thus, we were interested in the possibility to inves-
tigate stimulated glutamate and NO release from cells after ro-
tenone treatment. Fig. 6A shows the stimulated release of NO
and glutamate after treatment of the cells with 10 μM rotenone
for 4 h. A clear increase of both, the current at the NO and the
current at the glutamate sensor can be detected.


3.4. Effect of glutamate antagonists on the release of glutamate
from HN10 cells


Hypoxic-ischemic neuronal injuries occurring during and
after stroke have been attributed to an excess release of gluta-
mate. The neurotransmitter stimulates postsynaptic á-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and
NMDA receptors leading to a massive increase in intracellular

Ca2+ and Na+ concentration [34–36]. In turn, influx of Ca2+


produces toxic molecules such as superoxide, hydroxyl radicals,
and NO [17,37]. Treatment with an AMPA receptor antagonist
reduced the neuronal cell death after such a stress by reducing
Ca2+ influx into the cells. To evaluate this system using the
proposed set-up, a hippocampal neuronal cell line (HN10)
was treated with the AMPA receptor antagonists GYKI-52466,
GYKI-53655 and GYKI-53773 at different concentrations
30 min prior to stimulation to see if antagonists of AMPA re-
ceptors also reduce KCl-stimulated glutamate release. As shown
in Fig. 7 the drugs reduced stimulated glutamate release ob-
viously in dependence from the dose of the administered drug.
These results are in good agreement with data obtained during
in-vivo analysis of ischemia [22,23,38] suggesting that gluta-
mate release and hypoxic-ischemic neuronal cell death could
significantly be reduced after treatment of the cells with AMPA
receptor antagonists.


4. Conclusion


In this study, we present an in-vitro system for simultaneously
analysing stimulated glutamate and NO release from cells. We
could demonstrate that this system is sufficiently sensitive to
indicate oxidative stress of cells via an increased NO and
glutamate release. In addition, we have shown that inhibition of
AMPA receptors reduced the activation-induced glutamate re-
lease in hippocampal neurons, verifying in vivo results, which
demonstrate the beneficial effect of AMPA receptor antagonists
on hypoxic ischemic neuronal death. We conclude that the
system is capable to analyze stress induction in cells and might
be a good model for analyzing the biochemical background as
well as treatment of different diseases involving stress induced
effects.
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Abstract


The rapid and reliable detection of pathogenic microorganisms is an important issue for the safety and security of our society. Here we describe
the use of a sensitive, inexpensive, amperometric, phage-based biosensor for the detection of extremely low concentrations of Bacillus cereus and
Mycobacterium smegmatis as models for Bacillus anthracis (the causative agent of anthrax) and for Mycobacterium tuberculosis (the causative
agent of tuberculosis), respectively. The detection procedure developed here enabled the determination of bacteria at a low concentration of 10
viable cells/mL within 8 h. This experimental setup allows the simultaneous analysis of up to eight independent samples, using disposable screen-
printed electrodes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction


The fields of medicine and public health require the rapid
detection of bacterial pathogens that cause severe infectious di-
seases and poisonings. Although culturing methodology remains
the gold standard for detection of food-borne pathogens, the
technique is time-consuming (24–48 h of enrichment before
analysis) [1,2]. Moreover, the identification of certain types of
pathogens by culturing often results in false negatives due to a
high background level of competing microorganisms. Another
conventional method for detecting a bacterial pathogen involves
the use of antibodies against the microorganism [3,4]. This
method has some drawbacks as well: the sensitivity is inadequate
and the bacteria must be purified, a process requiring many hours
[5,6]. The polymerase chain reaction (PCR) has been used
extensively in the last few years to detect bacteria and viruses.
Although the sensitivity is improved, the technique is laborious
and expensive [7,8]. Furthermore, PCR cannot differentiate
between viable and non-viable bacteria. Therefore a more rapid,
convenient and sensitive method would be extremely helpful.

⁎ Corresponding author. Tel.: +972 3 6409366; fax: +972 3 6409407.
E-mail address: Rishpon@post.tau.ac.il (J. Rishpon).
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Bacteriophages are extremely specific for their host because
in the first step of phage infection the phage attaches to a spe-
cific receptor on the bacterial cell surface [9]. Bacteriophages
have been used extensively in areas such as epidemiological
phage typing [10,11] and the specific detection of bacteria
[12,13]. The principle of phage-based detection is that the phage
infection results in the bacterial lysis that results in the
formation of visible plaques on solid medium plates. Alterna-
tively, the lysis of phage-infected bacteria in a liquid growth
medium, which occurs within a few hours, results in the release
of cell contents into the surrounding medium. Thus, upon lysis
in liquid medium, specific intrinsic cell compounds like en-
zymes can be measured and quantified rapidly by calorimetric
or electrochemical methods. This provides a powerful means for
the highly specific detection of a given bacterial strain. We have
previously shown that the presence of low amounts of
Escherichia coli cells can be specifically detected in an elec-
trochemical assay of β-galactosidase released by cells lysed
after being infected by bacteriophage lambda [14].


The detection of Bacillus anthracis, the causative agent of
anthrax, is a very important issue because of its potential use in
biological warfare. Once exposed to internal tissues of the host,
anthrax bacteria can germinate and grow rapidly, which in many
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cases will result in the death of the human or animal host within
several days [13]. Therefore, it is of particular importance that
methods for a rapid analysis and detection in the environment
be developed. Tuberculosis (TB), caused by Mycobacterium
tuberculosis, is one of the most neglected global health
problems today and remains endemic in most parts of the
world [5]. Fast and reliable detection of tuberculosis is critical
from the point of view of effective medical treatment and
epidemic prevention.


Among the abundant detection techniques [3,8,10] for the
pathogen, none is available that integrates the following nec-
essary features: speed, specificity, simplicity and economy. Here
we show that the electrochemical method developed for the
identification of low concentrations of E. coli can be applied to
Bacillus cereus as a model for B. anthracis and to Mycobacte-
rium smegmatis as a model for M. tuberculosis. This biosensor,
developed here, is based on the phage-specific release of an
intrinsic cell-marker enzyme that can be measured electrochem-
ically, even when starting with a low amount of bacteria. The
detection procedure takes less than 8 h and the results are shown
on-line throughout the process. The sensor is inexpensive, easy
to operate under field conditions, does not require early pre-
paration of the specimen, and is not affected by the turbidity of
the solution or the presence of other microorganisms. The elec-
trochemical procedure allows the simultaneous examination of
up to eight different samples.


2. Materials and methods


2.1. Bacterial strains and bacteriophages


B. cereus strain 7064 and its strain-specific bacteriophage
B1-7064 were purchased from the American Type Culture
Collection (ATCC) were obtained from Dr. McNerney and Dr.
Hatfull. M. smegmatis strain mc2155 and its phage-specific
strain D29 [15,16].


2.2. Cultures and growth conditions


B. cereus was grown on nutrient broth medium (Difco) with
shaking at 37 °C and M. smegmatis was grown in Middlebrook
7H9 at 30 °C [16].


2.3. Determination of bacterial concentration


The bacterial concentration was determined by spreading
serial dilutions on 2% nutrient agar plates followed by in-
cubation overnight at 37 °C. The concentration of viable cells in
the original culture was expressed as colony forming units per
milliliter (cfu/mL). The phage concentration was determined by
mixing 100 μl of serial dilutions of the phage stock with ∼108


cells followed by the addition 5% melted soft agar, and rapid
plating on nutrient agar. Following an overnight incubation at
37 °C, the number of plaques formed on the lawn of bacteria
was counted, and the concentration of live phage in the un-
diluted sample was expressed as plaque forming units per
milliliter (pfu/mL).

2.4. Chemicals


para-Aminophenol ( p-AP) and para-amino-phenyl-β-D-
glucopyranoside ( p-AP-β-GLU) were purchased from Sigma
Chemicals Company, USA. para-Amino-phenyl-α-D-glucopyr-
anoside ( p-AP-α-GLU) was synthesized by Prof. Shmuel Car-
meli from Tel-Aviv University.


2.5. Amperometric measurement of enzymatic activity


Enzymatic activity was determined electrochemically using as
substrate p-AP-α-GLU for B. cereus and p-AP-β-GLU for M.
smegmatis. The product of the reaction, p-aminophenol (p-AP) is
oxidized at the carbon anode at 220 mV vs. (Ag/AgCl) reference
electrode. Aliquots (300 μl) from the cultures were analyzed.
Screen-printed electrodes consisted of carbon working and
counter electrodes and a silver/silver chloride reference electrode,
all printed on a ceramic support as described in [14]. The elec-
trochemical cells consisted of polystyrene tubes (0.3-mL volume)
attached to disposable screen-print electrodes. The electrochem-
ical measuring system consisted of an eight-channeled, highly
sensitive potentiostat (detection limit of 1 nA), constructed by
Prof. Yarnitzky, Technion, Israel Institute of Technology. This
multi-potentiostat allows the simultaneous measurement of eight
electrochemical cells. The potentiostat was interfaced to a PC via
an A/D converter employing visual basic software, so that the
results of enzyme activity could be simultaneously visualized in
real-time on a computer screen. We used a specific homemade
apparatus for the electrical contacts of the screen print electrodes
combined with suction-expulsion-based efficient stirring.


When we used different initial concentrations of cells (Figs. 3
and 5), 2 l of solution containing an initial concentration of 1000,
100 or 10 cfu/mL was filtered. The filter was re-suspended in
10 mL of medium and incubated for 3.5 h at 37 °C with
continuous stirring. Then bacteria were infected bymixing 100 μl
of bacteria with 10 μl of bacteriophage at MOI of 0.1 in a 15-mL
test tube. Two milliliters of medium was added and the mixtures
were incubated for 30 min without shaking. At the end of the
absorption period, freshmediumwas added to a volume of 10mL.
The mixture was incubated for an additional 4 h with vigorous
shaking atwhich time lysis of infected cultureswas complete. The
resulting solution was filtered through a 0.22-μm filter and
electrochemical measurement was performed on the filtrate.


2.6. Safety considerations


B. cereus andM. smegmatis bacteria were handled according
to rules appropriate for biosafety level 2 microorganisms (no
special hazard). Biosafety levels are defined by the Centers for
Disease Control (CDC, USA).


3. Results and discussion


The enzymes alpha-glucosidase and beta-glucosidase, which
are constitutively expressed in B. cereus and in M. smegmatis,
respectively (5, 14), catalyze the hydrolysis of para-amino-
phenyl-α-glucopyranoside (p-AP-α-GLU) or para-amino-
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Fig. 1. Amperometric response of α-glucosidase in cultures of B. cereus
infected with bacteriophage (1), of uninfected bacteria (2) and of the phage
culture (3).
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Fig. 3. Amperometric signals (presented as Current/Time (pA/s) of α-
glucosidase in cultures of B. cereus at different initial concentrations, grown
and infected at an MOI=0.1. The control was without bacteria.
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phenyl-β-glucopyranoside (p-AP-β-GLU) to para-aminophe-
nol ( p-AP) and glucose. After the oxidation of the reaction
product ( p-AP) at the carbonworking electrode at 220mV vs. an
Ag/AgCl reference electrode, the current produced can be mea-
sured and analyzed. Thus, the specific cell markers, alpha- and
beta-glucosidase, released into the medium upon phage-induced
cell lysis, are quantified amperometrically. The measurement
system is based on the on-line electrochemical monitoring of a
mixture of culture medium and substrate placed in a disposable
screen-printed electrochemical cell that is connected to an eight-
channel based potentiostat as previously described [14].


Cells of B. cereus (strain 7064, obtained from the ATCC),
grown overnight at 37 °C in nutrient broth, were infected at a
concentration of 107 cfu/mL with phage particles (strain B1-
7064, ATCC) at a multiplicity of infection (MOI) of 0.1 (one
phage particle per 10 cells). The cell cultures were shaken in a
water bath at 37 °C and following lysis, samples were placed
into electrochemical cells for the amperometric monitoring of
α-glucosidase (Fig. 1, line 1). In parallel, aliquots of non-in-
fected bacteria (line 2) and of the phage culture alone (line 3)
were used as controls. The results show that the phage-infected
lysed culture (line 1) was over four-fold more active than was
the uninfected culture (line 2), whereas the phage culture alone
(line 3) was completely inactive. The residual activity of the
uninfected culture is due to a partial penetration of the substrate
into the uninfected cells (see below, Fig. 4B).
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Fig. 2. Amperometric signals (presented as Current/Time (pA/s) of α-
glucosidase in cultures of B. cereus infected at different MOIs.

Next, we tested the effect of different MOIs on enzyme
activity (Fig. 2). The best results were obtained at a MOI of 0.1.
Apparently, at the lower MOI of 0.01, a significant fraction of
the cells reached a growth phase that rendered them resistant to
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of B. cereus (line 1) of a 1:1 mixture of B. cereus and E. coli (line 2) and of E.
coli alone (line 3). (B) Amperometric signals of α-glucosidase (after 60 min of
measurement) of the following cultures: B. cereus (column 1), B. subtilis
(column 2), a filtered culture of B. cereus (column 3), a filtered culture of B.
subtilis (column 4), a filtered culture of a phage-infected B. cereus (column 5),
and a filtered culture of a phage infected 1:1 mixture of B. cereus and B. subtilis
(column 6). All cultures in (A) and (B) started at an initial concentration of
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further phage infection. In contrast, at the high MOIs of 1 and
10, the cells did not have a chance to propagate and lysed when
the concentration of cells in the culture was still low. Thus, in all
other experiments, we used an MOI of 0.1.


In the following experiment, we tested the sensitivity of
the amperometric response to the initial concentration of cells
in the culture. Cultures of different initial cell densities were
grown, infected with the phage and tested for α-glucosidase
as described in Materials and methods. The results presented
in Fig. 3 shows that even in a culture that started with only
10 cfu/mL a significant enzyme activity could be detected with-
in 8 h.


To test the specificity of the phage-promoted amperometric
test, we used a 1:1 mixed culture of B. cereus and E. coli, each at
an initial low concentration of 10 cfu/mL. Fig. 4A, line 2 shows
that the enzyme activity of the mixed culture infected with the
B. cereus-specific phage was similar to the non-mixed phage-
infected culture of B. cereus (line 1), whereas E. coli cells alone,
in the presence of the B. cereus-specific phage, did not show
any activity (line 3). Another Bacillus species, B. subtilis, also
produces β-glucosidase constitutively but does not support the
growth of the B. cereus phage B1-7604. Fig. 4B shows that
uninfected cells of both B. subtilis (column 1) and B. cereus
(column 2) display a low amount of background activity, due to
substrate penetration into the cells. Columns 3 and 4 show the
amperometric signal obtained when the cell cultures were

filtered through a 0.22-μm filter. The lower background activity
in these cultures demonstrates the importance of sample fil-
tration before the measurement. A filtered culture of a 1:1
mixture of a low concentration (10 cfu/mL) of phage-infected B.
subtilis and B. cereus exhibited a significantly increased activity
(column 6), although much lower than that of a filtered culture
of phage-infected B. cereus alone (column 5). One reason for
the difference (here as well as in the mixed culture with E. coli
shown in Fig. 4A) might be that the competitive growth con-
ditions between the two bacterial species yielded fewer B.
cereus cells.


Finally, we repeated the same experiments usingM. smegmatis
grown at 30 °C, using its specific phage (strain D29). Fig. 5a
illustrates that the activity of the phage-infected cells was more
than four-fold stronger than that of uninfected cells. As shown in
Fig. 5b using M. smegmatis, the assay can be done within 8 h
beginning with a culture that starts with 10 viable cells/mL.
Also it should be mentioned that pre-filtration of the culture
before the measurement is essential for increasing the quality of
the detection. The results presented here demonstrate the high
efficiency of our model system for the specific identification of
B. cereus and M. smegmatis, either alone or in a mixture.
Enzymatic activity of a bacterial cell content at a lower detection
limit of 10 cfu/mL was recorded in the extremely short time
(after as fast as 10min from the beginning of measurement). The
ability to measure the enzymatic reaction rate directly in the
electrochemical cell eliminates the need for additional treat-
ments of the bacteria.


Our approach allows identification of pathogenic bacteria
from variable sources (such as air, water, body-fluids, etc.) with
minimum adaptation of the general procedure. Moreover, the
biosensor described here has a generic structure and can easily
be applied in the identification and quantification of other
bacteria by measuring their specific enzymes on the electrodes.


4. Conclusion


In conclusion, a phage-sensed amperometric method that
was originally developed to identify very low concentrations of
a laboratory E. coli strain is applicable to close relatives of the
pathogens B. anthracis andM. tuberculosis. It is therefore plau-
sible that the same method can be used for an early identification
of low concentrations of the actual pathogens. Even at a low
concentration of bacteria, the entire detection process takes no
longer than 8 h. The process is simple and can be applied under
field conditions or in a physician's laboratory, thus facilitating
early treatment of the relevant diseases. Moreover, due to the
specificity of the phage, a mixture containing bacteria that are
not attacked by the phage has only a small effect on the sen-
sitivity of the detection.
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