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Editorial

The present Special Issue of Bioelectrochemistry, the official
scientific journal of the Bioelectrochemical Society (BES), contains
selected contributions of oral and poster presentations at the XIXth
International Symposium on Bioelectrochemistry and Bioenergetics.
The symposium, as the main biannual conference of BES, was
organized by Justin Teissie and Luis M. Mir, April 1-4, 2007 in
Toulouse, and was attended by more than 180 participants, mainly
members of the BES.

The scientific program included three plenary lecturers. Prof. L
Willner, Hebrew University of Jerusalem, on "Design of new archi-
tectures and motors based on biological processes”, Prof. ]. Wang,
Arizona State University, on “Nanomaterials for monitoring and
controlling biomolecular interactions” and the awardee of the Giulio
Milazzo Prize 2005, Prof. E. Neumann, University of Bielefeld, on
“Twenty five years (1982-2007) of functional electrotransfer of naked
gene DNA into cells”.

The winner of the Giulio Milazzo Prize 2007 is Prof Dieter Walz,
Basel, previous Principal Editor (1999-2005) of our journal Bioelec-
trochemistry. The prize lecture was on “Modelling of bioelectrochem-
ical phenomena”. The Luigi Galvani Prize 2007 was awarded to Dr.
Mojca Pavlin, Ljubljana, in recognition of her excellent work on
“Theoretical and experimental analysis of diffusion of ions and
molecules during cell electroporation — the relation between
transient and stable pores”, also documented here.

Generally, all contributions of this issue of Bioelectrochemistry
cover and reflect the various scientific topics of our community and
document the progress of science and technology at the interface
between physics, chemistry and life sciences. The research fields
comprise the basics of biochemistry and biophysics, life sciences and

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.08.005

biotechnology as well as industrial and clinical applications. Funda-
mental research in bioenergetics provides elaborate concepts for
energy conversions which are also used for the design of new
biosensors. The bioenergetics and biotechnology of membrane
organization and function continues to provide new concepts and
methods for drug delivery and for direct transfer of genetic material.
Electrical and molecular mechanical forces are clearly the key
elements of the cohesion of cell membrane structures and membrane
functions in a tissue.

The controlled application of electric pulses continues to be used
for the purpose of achieving major changes in the cell organization,
inclusively providing controlled access to the cytoplasm. This is only
one example illustrating how basic research in bioelectrochemistry
offers new perspectives for biotechnological and biomedical
applications.

We, the guest editors of this issue, would like to thank all
participants of the Toulouse Meeting and all the contributors to this
special issue for their efforts to promote progress to the broad field of
Bioelectrochemistry. We thank the Principal Editor Eberhard Neu-
mann for his engaged help of editorially managing this Special Issue.

Justin Teissie*

Lluis M. Mir

*Corresponding author.

E-mail address: Justin.Teissie@ipbs.fr (]. Teissie).
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Abstract

The positively charged polyene molecule amphotericin B 3-dimethylaminopropylamide (AMA) is an efficient agent for the delivery of
antisense oligodeoxyribonucleotides (ODN) into target cells. In the present study, bilayer lipid membrane (BLM) conductance, elasticity modulus
perpendicular to the membrane plane, surface potential and electrical capacitance were measured by conductance and electrostriction methods in
the presence of AMA, pure or complexed to 20-mer single stranded ODN at different ratios. Pure AMA did not induce changes in conductance of
cholesterol-containing BLM, but did induce an increase in elasticity modulus and surface potential. ODN/AMA complexes changed BLM
properties depending on the charge ratio. The most pronounced effect on membrane conductance was observed for positively charged ODN/AMA
complexes (charge ratio p—/+=0.1), while for negatively charged complexes these changes were less marked/apparent, correlating to substantially
lower binding constants. The effect of ODN/AMA complexes on elasticity modulus and charge potential was biphasic. After an increase in both
values, a decrease was observed for higher incubation times and ODN/AMA concentrations. These results are interpreted as indicating that the
membrane property changes result from the large AMA aggregates induced by the presence of the negatively charged ODN, which condensate on
these aggregates. It is suggested that the decrease of elasticity modulus and surface potential in the presence of increasing incubation time and
AMA concentration result from desorption of the complexes in the complex-free compartment of the BLM cell, or appearance of a non-linear

conductance of the lipid bilayer. The first alternative would explain the AMA-induced transmembrane transfer of ODN.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Oligonucleotide; Amphotericin; Bilayer lipid membranes; Conductance; Electrostriction; Compressibility; Surface potential

1. Introduction

Antisense strategy is the blockade of protein synthesis by
binding of an appropriate single-strand oligodeoxyribonucleo-
tide (ODN) to mRNA (see [1] and references therein). It im-
plies, as an essential step, internalisation of the ODN into target
cells. The molecular weight of this nucleic acid and its negative
charge prevent its passive diffusion across the cell membrane.
To enable it, numerous delivery systems are under current study.
Nearly all of them rely on an endocytic uptake mechanism. The
limitation of the endosomal process is that once in the endo-
somes, the ODNs are degraded by enzymes and still have to

* Corresponding author. Tel.: +421 2 60295683; fax: +421 2 65426774.
E-mail address: hianik@fmph.uniba.sk (T. Hianik).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.08.001

reach the cytoplasm. Solutions have been proposed to solve this
problem [2], in particular the use of pore-forming molecules
which would allow transmembrane passage of ODNs. Indeed,
AMA (Fig. 1), the positively charged 3-dimethylaminopropyl
amide derivative of the polyene antibiotic amphotericin B
(AmB) has been shown to enhance the intracellular uptake of
a 5’ fluoresceinated anti-MDR1 20-mer into NIH-MDR-G185
cells [3]. Furthermore, the unlabelled phosphorothioate form of
the ODN, complexed to AMA, inhibited P-glycoprotein ex-
pression of these cells. On the other hand, AMA did bind to a
plasmid DNA containing the green fluorescent protein (GFP)
reporter gene, coding for the GFP, and permitted expression of
this plasmid in 3T3 cells, as seen by fluorescence microscopy [4].

Some information has been gained on the mechanism of ODN
transmembrane permeabilisation by AMA, but supplementary
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Fig. 1. Chemical formula of AMA.

studies are still necessary to get a better understanding thereof. The
formation of ODN/AMA complexes was studied by optical spec-
troscopy and electron microscopy, and stressed the importance of
the electrostatic interactions between the positively charged AMA
and the negatively charged ODN [5]. The characteristics of the
ODN/AMA complexes adsorption onto monolayer lipid mem-
branes were determined using surface/pressure measurements [6].

It is, however, not yet clear whether the ODN/AMA com-
plexes could translocate through the lipid bilayer (although two-
sided addition of cationic derivatives of AmB has been shown
to induce permeability in planar bilayer lipid membranes
(BLM) [7]) or how this translocation depends on the charge
ratio ODN/AMA. If such a translocation exists, its mechanism
is not clear, considering in particular the large size of the ODN/
AMA complexes. To obtain further insight in this problem, the
conductance and electrostriction properties of BLM in the
presence of AMA or ODN/AMA complexes at different charge
ratios were also examined. Conductance could provide infor-
mation about the translocation of the complexes, while elec-
trostriction measurements provide information on membrane
compressibility and surface potential.

2. Experimental
2.1. Reagents

AMA was kindly provided by Edward Borowski (Technical
University, Gdansk, Poland). A 1073 M AMA stock solution
was prepared daily by dissolution in Millipore water (Elix 5,
Millipore, El Paso, USA). The ODN was a 20-mer phospho-
diester of sequence: 5’-TGT ATA GCT AAA GTA GGC GC-3/,
purified by HPLC and supplied by Generi Biotech (Czech
Republic). ODN was dissolved in Millipore water at a final
concentration of 10°* M. ODN/AMA mixed solutions were
prepared by mixing the stock solutions in the desired charge
ratio (p—/+=molar ratio of negative charges of nucleic acid over
the positive charges of AMA). The charge ratio was calculated
as the 20-mer ODN molecule having 20 negative charges and
AMA two positive charges. Then the ODN/AMA mixture was
diluted in order to obtain the desired final concentration of
ODN/AMA. The interaction of both AMA and ODN/AMA
complexes of a charge ratio p—/+=0.1, 0.44 and 4.0 with BLM
were studied. The buffer used was 150 mM NaCl + 10 mM
Tris—HCI and 1 mM EDTA (pH 7.6) (where the pH was ad-
justed by addition of small amounts of 0.1 M NaOH).

2.2. Preparation of BLM

Bilayer lipid membranes (BLM) were prepared from a mixture
of diphytanoylphosphatidylcholine (DPhyPC) (Avanti Polar
Lipids, USA) with cholesterol (Fluka, Switzerland) (4:1 w/w)
dissolved in n-decane (Fluka) at a concentration of 20 mg/ml.
BLMs were formed according to Mueller et al. [8] on a circular
aperture of a 0.5 mm diameter in a Teflon partition separating the
Teflon cup into two identical compartments with a volume of 3 ml
each. Briefly, after accurate cleaning of the cell with detergent,
washing with distilled water and drying at 80 °C, the aperture was
pre-treated with a small amount of lipid solution (for pre-
treatment n-heptane was used instead of n-decane because of its
superior evaporation characteristics). After drying of this solution
and formation of a thin lipid layer at the aperture, the cell was
filled with a buffer. Then a Pasteur pipette was immersed into the
lipid solution and placed at the bottom part of the aperture, where
the bubble developed. The bubble first covered the aperture and
then rose. The small amount of lipid film that remained attached to
the aperture was sufficient for formation of the BLM. The film
was first rather thick (several hundreds of nm) as indicated by the
appearance of coloured Newton circles. However, as soon as the
self assembly thinning process started (almost immediately after
appearance of the Newton circles), the black-bilayer regions ap-
peared, rapidly expanding over the aperture. The formation of the
membrane was observed optically by means of a stereo microscope
and electrically by measuring the electrical capacitance.

2.3. BLM conductance

BLM conductance was studied based on the measurement of
current flow across BLM at a constant dc potential of 50 mV, by
means of a Keithley 6512 (USA) programmable electrometer
connected on line with an IBM PC 486 DX via a KPC-488.2AT
Hi Speed IEEE-Interface board. The potential was applied from
a dc source to the BLM by means of Ag/AgCl electrodes placed
into a plastic tube filled with agar gel. The agar gel was prepared
using 3 M KCI and served as a salt bridge. The experiments
were performed at 20+1 °C.

2.4. BLM electrostriction
The electrostriction method enabled simultaneous measure-

ment of the elasticity modulus in the direction perpendicular to
the membrane plane, £, the electrical capacitance, C, and the
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Fig. 2. Time dependence of the current flowing across BLM after one-sided
addition of ODN/AMA complexes (charge ratio p—/+=0.1) at various con-
centrations. Addition of ODN/AMA complexes is shown by arrows.

surface potential difference, A® of the bilayer. Briefly, an al-
ternating voltage U= Uysin2nft of an amplitude Uy=50 mV and
frequency /=1 kHz was applied to the BLM through the reference
Ag/AgCl electrode. Due to the non-linear dependence of capaci-
tance on the voltage (C=Co(1+aU?), where C, is the capacitance
at U=0 and o is the electrostriction coefficient), second and third
current harmonics with frequencies 2f, 3f and amplitudes b, I,
respectively are generated in addition to the basic first current
harmonic of an amplitude /; and frequency /. The measurements of
these amplitudes allowed us to determine the elasticity modulus:

E. =31,CU; /(4dl3) (1)

where Cs is the specific capacitance of the membrane (Cs=C/4, A
is the membrane area) and d is the thickness of the hydrophobic
part of the membrane. The specific capacitance was determined
from electrical capacitance and area of BLM. The area was
estimated by means of stereomicroscope. For BLM used the C;=
(4.0+£1.0)x 10" F/m”. The thickness of the BLM was determined
by equation d=€g&,/C, where £=2.1 is relative dielectric permit-
tivity of the hydrophobic part of the membrane and £,=8.85 x
10~ "2 F/m is the dielectric permittivity of the vacuum. Thus, d=
(4.6+1.1) nm. The surface potential difference can be determined
from the following equation:

A® = —U, + Uph/(415), (2)

where U is the external dc voltage. The value A® represents the
sum of Gouy—Chapman potential, A®gc, and dipole potential
AD,. (ADP=ADs-+ Ady). The electrical capacitance is propor-
tional to the amplitude of the first current harmonics, /1, as follows:

C=1/(2nfUo) (3)
(see [9] for details of the method).

3. Results and discussion

3.1. Changes in BLM conductance induced by the addition of
ODN, AMA, or ODN/AMA complexes

An example of the kinetic changes of BLM conductance
induced by the addition of the ODN/AMA complexes (charge

ratio p—/+=0.1) at different concentrations is shown on Fig. 2.
The current flowing through an unmodified BLM is relatively
small, around 16 pA, which correspond to a membrane con-
ductance of 1.6x 10> S m™ 2. This agrees with the previously
reported values of BLM conductance [10] associated with the
insulating properties of the lipid bilayer. Addition of relatively
small concentrations of the ODN/AMA complexes (0.1 uM) did
not cause significant changes of membrane conductance. How-
ever, conductance started to increase following addition of
higher concentration of the complexes. We should note that
addition of pure AMA or ODN, up to 3 uM did not result in
changes of BLM conductance. The fact that AMA does not
induce conductance of BLM when added only to one side of the
membrane is not surprising. It is known that cationic derivatives
of amphotericin B form channels only when they are added
from both sides of the BLM [7].

The AMA concentration dependence of the changes of the
ratio of conductance induced by AMA or AMA/ODN com-
plexes at various charge ratios is shown in Fig. 3. We can see
that practically no changes of conductance took place as a result
of increasing concentrations of pure AMA. However, with
ODN/AMA complex at the charge ratio p—/+=0.1, i.e. with a
positively charged complex, a considerable increase in con-
ductance took place. For a less positively charged complex of
ODN/AMA (p—/+=0.44) the changes of conductance were less
well-defined. However, even for a negatively charged complex
(p—/+=4) a BLM conductance increase was still observed. It
should be noted that the internalisation of a fluorescein-labelled
oligonucleotide into NIH-MDR-G185 cells follows a similar
tendency [3]: the intracellular fluorescence intensity obtained
by confocal laser microspectrofluorimetry was 1.7 times higher
for a ratio p—/+=2 than for a ratio p—/+=4. An additional
increase in conductance was observed following addition of
Mg*" ions at a final concentration of 5 mM to both sides of the
BLM. The increase in conductance in the presence of Mg?" ions
is likely due to partial shielding of the negative charges of
the complexes. The addition of Mg?" ions alone, at a final

0.67
o]
0.51 /
041 4
o / 34
g 0.31 | +5mM Mg
3 / \Y
0.249 N e
_e—" -
- o
0.1 }_’_nr_u/
0.04-4 A
L T T T T 1
0 2 4 6 8 10 12
[Substance] / uM

Fig. 3. The changes of the ratio of conductance of BLM, Ag/g, as a function of
the concentration of AMA or ODN/AMA complexes at different charge ratios
p—/+(Ag=g—go, where gy is the BLM conductance prior to, and g the
conductance after addition of AMA or ODN/AMA complexes) and following
addition of Mg”" ions at both sides of the membrane at a final concentration of
5 mM. Substance: A — AMA, O — ODN/AMA (p—/+=0.1), ® — ODN/
AMA (p—/+=0.44), [] — ODN/AMA (p—/+=4).
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concentration of 5 mM, did not result in significant changes of
BLM conductance.

The analysis of the binding of AMA to a membrane can be
performed by Hill plot. The binding constant, that characterize
the interaction of ligand, L with a binding site at the membrane,
can be expressed as [11,12]:

K= [[Bl_j]jz]n (4)

where, K" is binding constant, [LB] is the concentration of the
ligand-binding site complexes, [B] is the concentration of
binding sites, ¢ is the concentration of free, unbounded ligands
(i.e. ODN/AMA complexes) and m is the Hill coefficient. The
Hill coefficient is an indicator of cooperativity of the binding.
For m=1, the binding is non-cooperative and all binding sites
are equivalent. When m # 1 the binding is more complex and the
binding is either positively cooperative: m>1 or negatively
cooperative: 0<m<1. For the fraction of bound ligand f=
[LB]/([LB]+[B]) and considering that Ag/g is proportional to
£, from Eq. (4) we obtain:

m__ Ag/8
&= T dg/aner ®)

and in a logarithmic form:

Ag/go

log ————=— = mlog(K./M) + mlog(c/M 6
2405 log(, /M) + mloglc/ M) ©)
The plot of loglfi/gg"o as a function of logc allowing to

determine both the binding constant and the Hill coefficient. An
example of this plot for ODN/AMA complexes of charge ratio
p—/+ =0.1 (i.e. the complexes are positively charged) is shown
on Fig. 4. From the square least fit of this linear dependence we
obtain the Hill coefficient: m=1.02+0.23 and binding constant
Kc=(54+13)x10° M.

The linear dependences for Hill plot were obtained also for
ODN/AMA complexes with other charge ratios (p—/+ =0.44
and 4, respectively), but the Hill coefficient was lower then 1
(Table 1) in these cases, which suggest negative cooperativity.
This means that the binding of ligand at one binding site
interfere with another binding site. The situation when m<1 is
much less understood in comparison with positive cooperativity
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Fig. 4. The Hill plot according to Eq. (6) for ODN/AMA complexes with a
charge ratio p—/+=0.1. The curve is the fit of experimental results (symbols)
using least square method.

Table 1

The Hill coefficient, m and binding constant, K, determined from the Hill plot
according to Eq. (6) for ODN/AMA complexes at various charge ratios, p—/+.
Results represent mean+SD from 3 independent experiments

Charge ratio of ODN/ p—/+=0.1 p—/+=0.44 p—/+=4
AMA complexes

m 1.02+0.23 0.42+0.07 0.44+0.09
Ke, Mt (5.4+1.3)x10° 491+171 5074239

processes. This is particularly due to the fact that also the
heterogeneous binding of ligand, i.e. mixture of non-identical
binding site yield to m<1 [13]. However, according to Ref [12]
it is possible to estimate minimum number of interacting
binding sites, N, as N> 1/m. Thus, for charge ratio p—/+ >0.1
the number of interacting binding site is N>2. In this case,
however, also binding constant K- was substantially lower
in comparison with positively charged ODN/AMA complex
(p—/+ =0.1). Thus, the binding constant substantially decreases
with increasing the negative charge of the ODN/AMA com-
plexes. This is also consistent with the results of the con-
ductance changes. The maximal changes of Ag/g, decreased
with increasing the negative charge of the ODN/AMA
complexes. The decrease of binding constant with increasing
ODN/AMA ratios p—/+ is in agreement with those of Blanc
et al. [6] from lipid monolayer surface-pressure measurements
studies and under experimental conditions similar to ours
(0.24x10"°® M AMA and 150 mM NaCl-containing medium)
these authors found that the adsorption onto the monolayers was
much lower for the ODN/AMA complexes than for AMA
alone, and furthermore it decreased when ODN concentration
increased. An interpretation based on these and spectroscopic
data has been proposed [5,6]. It assumed that amphotericin B
and its derivatives are present in aqueous media under three
concentration-dependent forms: monomers, water-soluble self-
associated species and non water-soluble aggregated self-
associated species. Monomers are assumed not to induce
permeability through cholesterol-containing membranes [14].
In the presence of the negatively charged ODN, according to
Manning’s popular model, the cation AMA becomes territori-
ally bound to the oligonucleotide backbone. At low p—/+, large
AMA aggregates are induced, on which oligonucleotides are
compacted (species A). With increasing p—/+, the large ag-
gregates reorganize into smaller ones, which distribute along the
ODN skeleton, “decorating it”(species B) (Fig. 5). From our
results it appears that not only monomeric AMA (M), — as
proposed by Blanc et al. [6] — binds, but also another species
interact with the BLM, because permeability is induced (as said
above, monomeric polyene antibiotics are considered as not
forming transmembrane pores). Species A are the better
candidates since their amount decrease with increasing p—/+,
as do permeability inducement and K.

3.2. Electrostriction
The electrostriction method was used in order to gain further

insight into the interaction of AMA and ODN/AMA complexes
with BLM. This method enables simultaneous determination of
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Fig. 5. Schematic representation of incorporation of monomers of AMA (M) into the outer monolayer of BLM, translocation of AMA aggregates with adsorbed ODNs
at low charge ratio (p—/+=0.1) through lipid bilayers (A) and ODNs decorated by AMA at higher charge ratio (p—/+=0.44 or 4) (B).

the membrane capacitance, C, the compressibility modulus in
the direction perpendicular to the membrane plane, £ |, and the
surface potential, A®. The elasticity modulus is rather sensitive
to the structural changes of BLM, while the surface potential is a
measure of the changes of both Gouy—Chapman and dipole
potential at the surface of the BLM. The changes of the above
values following addition of pure AMA into the buffer at one
BLM side are presented in Fig. 6. It appears that, while
membrane capacitance practically does not change, the
elasticity modulus and surface potential increase with increas-
ing AMA concentration. The increase in surface potential is
obviously due to the positive charges of the AMA molecules.
Thus one side of BLM becomes positively charged and this
causes the appearance of differences in the surface potential
between both BLM sides. The increase in elasticity modulus
suggests an ordering effect of AMA on the BLM structure, most
probably due to the formation of tightly packed AMA-

cholesterol complexes in the outer BLM monolayer. Our results
are in agreement with those obtained by Blanc et al. by surface-
pressure studies [8]: AMA molecules were shown to penetrate
into the cholesterol/phospholipid monolayers.

Analogous changes of the capacitance, elasticity modulus
and surface potential for ODN/AMA complexes of a different
charge ratio p—/+=0.1, 0.44 and 4 are presented on Figs. 7,
8 and 9, respectively. For the positively charged ODN/AMA
complex (p—/+=0.1) the changes of the measured values were
similar to those of pure AMA, although higher amplitude of
noises was observed. However, for ODN/AMA complexes with
charge ratios p—/+=0.44 and 4, the changes of elasticity
modulus and surface potential were different (Figs. 8 and 9).
Below the complex concentration of 1 pM both elasticity mo-
dulus and surface potential increased with increasing concentra-
tion of ODN/AMA complexes. However, at higher concentration,
a sharp time-and concentration-dependent decrease of these
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Fig. 6. Changes of (a) elasticity modulus, £, (b) electrical capacitance, C, and (c) surface potential, A®, of a BLM following one-sided addition of AMA at a final

concentration of (1) 0.1 uM, (2) 0.3 uM (3) 1 uM (4) 3 uM (5) 10 uM.
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Fig. 7. Changes of (a) elasticity modulus, £, (b) electrical capacitance, C, and (c) surface potential, A®, of BLM following one-sided addition of ODN/AMA
complexes (charge ratio p—/+=0.1) at a final concentration of (1) 0.1 pM, (2) 0.3 uM, (3) 1 uM, (4) 3 uM, (5) 10 uM, and of Mg>" at a final concentration of (6) 5 mM

and (7) 12.1 mM.
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Fig. 8. Changes of (a) elasticity modulus, £, (b) electrical capacitance, C, and (c) surface potential, A®, of BLM following one-sided addition of ODN/AMA
complexes (charge ratio p—/+=0.44) at a final concentration of (1) 0.1 uM, (2) 0.3 uM, (3) 1 uM, (4) 3 uM, (5) 10 uM, and of Mg>" at a final concentration of

(6) 5 mM and (7) 12.1 mM.

values was observed. These changes were not accompanied by a
modification of electrical capacitance. The initial increase in
elasticity modulus suggests that adsorption of ODN/AMA com-
plexes occurred and resulted in a more rigid membrane in agree-
ment with surface-pressure measurements [8].

The corresponding increase in surface potential supports our
interpretation, according to which it is AMA or low p—/+ ODN/
AMA complexes (species A) that bind to the membrane. However,
binding of high p—/+ ODN/AMA complexes (species B) results in
more complex changes both in surface potential and in elasticity
modulus. The increase in both surface potential and elasticity
modulus can be interpreted in analogy with that for pure AMA and
for low p—/+ ODN/AMA complexes.

Two explanations can be proposed concerning the decrease
of both elasticity modulus and surface potential at higher incu-
bation times and higher complex concentration. Firstly, de-
sorption of the membrane-bound species can occur. This has
been observed by surface-pressure measurements with AMA
[8]. However by the same method, in the presence of ODN/
AMA complexes no desorption was observed but it should be
noted that the membrane model was a monolayer, not a bilayer,
the concentration used was 2.4 x 10”7 M and the time of study
was limited to 10 min. In our study on BLM, AMA con-
centrations and incubation times were larger. If a transmem-
brane movement of species A (low p—/+ ODN/AMA
complexes) occurs or if the bound species spans both layers,
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Fig. 9. Changes of (a) elasticity modulus, £, (b) electrical capacitance, C, and (c) surface potential, AP, of BLM following one-sided addition of ODN/AMA
complexes (charge ratio p—/+=4) at a final concentration of (1) 0.1 M, (2) 0.3 pM, (3) 1 pM, (4) 3 pM, (5) 10 uM, and of Mg*" at a final concentration of (6) 5 mM
and (7) 12.1 mM.
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desorption is likely to occur due to the absence of AMA and
ODN molecules in the second compartment of the Teflon cup.
As aresult a net transfer of oligonucleotide will be observed, to
the extent that ODN molecules remain bound to AMA during
the interaction with membranes.

Secondly, it had been shown earlier that higher harmonics
are generated not only in the case of membrane electrostriction,
i.e. due to non-linear dependence of capacitance on the voltage,
but also in the case of non-linear conductance, i.e. g=go(1+
al?). Using this phenomenon we developed the method of
determination of current voltage characteristics of ionic chan-
nels, including those formed by amphotericin B [9]. Thus it
would be possible to explain the observed phenomenon as-
suming that a non-linear conductance of the membrane appears
at higher concentrations of ODN/AMA complexes. Certainly,
increase in the non-linear conductance would result in an in-
crease in the amplitude of the third current harmonic. As a
result, both elasticity modulus and surface potential, which are
reciprocally proportional to the amplitude of the third current
harmonic, should decrease (see Egs. (1) and (2)). Further study
would, however, be necessary for more detailed understanding
of the phenomena observed.

4. Conclusion

Our results show that the interaction of ODN/AMA complexes
with BLM induce substantial changes in the conductance of lipid
bilayers. A decrease in the charge ratio p—/+ of the complexes
from 0.1 to 4 results in a lower permeability inducement ac-
companied by lower binding affinity to the membranes. This
results that the permeabilising species would consist of ODN
condensed on large AMA aggregates (species A) rather than
of AMA monomers or small AMA oligomer decorated ODN
(species B). On the other hand, the initial increase in elasticity
modulus of BLM induced by ODN/AMA complexes and pure
AMA reveals increased bilayer rigidity. For longer incubation
times or higher concentrations of ODN/AMA complexes the
surface potential and elasticity modulus decreases following the
initial increase may be interpreted as representing a desorption of
the complexes in the second compartment of the Teflon cup or the
appearance of a non-linear conductance of the membrane. The
first hypothesis would explain the transfer of oligonucleotide into
3T3 cells observed by fluorescence microscopy and its higher
efficacy at low p—/+.
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Abstract

Studying cell behaviour under irradiation with radiofrequency electromagnetic fields (RF-EMF) is often impeded by the difficulty to monitor
cell characteristics during irradiation. Here we report the design and the application of a complete device for continuous microscopic observation
of cells exposed to modulated EMF similar to mobile phones signals. The system allows the follow up of cell progression into mitosis under
controlled temperature and CO, environment. Protocols are proposed in which the same cells are the controls before and after the EMF exposure
and we demonstrate the interest of the “before exposure” controls. The exposure system was validated by cell endocytosis measurements. While
the endocytosis rate was increased, no alteration of mitosis progression and mitosis duration was observed in cells exposed to 900 MHz modulated

EMF for 1 h, at 30 °C and at a Specific Absorption Rate of 2.2 W/kg.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Mitosis; Fluid phase endocytosis; Phase contrast microscopy; TEM cell; GSM-EMF

1. Introduction

Many studies have explored the potential risks for human
health linked to the use of communication technologies based
on radiofrequency electromagnetic fields (RF-EMF). In the
particular case of mobile phones EMF, in vitro studies have
been performed on different cellular models to complement the
epidemiological and in vivo studies. Meltz [1] summarized the
results achieved reporting no significant genotoxicity and cell
transformation induced by mammalian cell exposure to low
intensity RF-EMF. He criticized the lack of rigorous dosimetry
and Specific Absorption Rate (SAR) calculation, of adequate

Abbreviations: EMF, electromagnetic field; GSM, Global System for Mobile
communication; RF, radiofrequency; SAR, Specific Absorption Rate; TEM cell,
Transverse Electric Magnetic cell; LY, Lucifer Yellow; WPC, wire patch cell.
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temperature control or of precise exposure protocols description
in the scientific literature [1]. Since then, other studies have
confirmed the absence of significant in vitro genotoxicity
covering the frequency range of 800-2450 MHz [2—4] as well
as the absence of apoptosis induction [5—7]. Nevertheless few
reports suggested a potentiation of apoptosis suggesting that cell
sensitivity to RF-EMF may be different according to the cell
type [8—10]. Other studies on gene expression reported an
overexpression of 38 proteins, including 2 cytoskeletal proteins
[11]. Cell cycle analysis by flow cytometry and BrdU
incorporation studies rather reported the absence of fre-
quency-modulated EMF effects on the cell cycle progression
of cells exposed to various SARs [12—-14].

We have previously reported that the cells exposure to
900 MHz modulated EMF similar to the GSM mobile phones
signals (GSM-EMF) provokes an increase of the fluid phase
endocytosis. The cells were exposed for 20 min to 3.2 W/kg
SAR, at 29+0.5 °C in a wire patch cell matched to the frequency
0f 900 MHz [15] and of Moisescu et al.(submitted). Our previous
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microscopic observations performed during endocytosis experi-
ments suggested that an increased number of prometaphase—
metaphase round cells was present at the end of the GSM-EMF
exposure comparatively to controls. In an attempt to understand
the stimulation mechanism of the fluid phase endocytosis, we
designed an experimental set-up to study whether or not the
GSM-EMF might affect the cell mitosis too. Indeed, the changes
in, for example, the cell membrane tension during endocytosis
and mitosis are well documented [16,17].

Thus, a continuous follow up during the whole mitosis
seemed necessary to detect not only if mitosis duration could be
affected by the GSM-EMF, but also whether a particular phase
of the mitosis could be either accelerated or slowed down. Other
laboratories studies have been mainly focused on genotoxicity,
apoptosis, cell cycle progression, but not on mitosis progression
and mitosis duration during and after the exposure to the
modulated RF-EMF. To perform this type of analysis, a
Transverse Electric Magnetic (TEM) exposure cell with holes
was developed to allow the cell microscopic visualization
during 1 h GSM-EMF exposure of 2.2 W/kg SAR, at 30 °C, in
culture medium not supplemented with Foetal Bovine Serum
and antibiotics. The TEM cell was placed inside an incubator
system adapted to an inverted microscope. Therefore, the
temperature, CO, and humidity conditions were controlled for
several hours. Consequently the same cells could be followed
for hours and the cell progression through different mitosis
phases could be observed in detail. The experimental set-up was
validated by fluid phase endocytosis measurements under
GSM-EMF exposure.

2. Materials and methods
2.1. Cell culture

Metastatic murine B16F10 melanoma cells were cultured in
5% CO, humid atmosphere at 37 °C, in Minimum Essential
Medium with Earle’s Salts w/1 mM L-Glutamine (MEM)
supplemented with 10% Foetal Bovine Serum, and 1% antibiotic
mixture (10000 UI/ml Penicillin G sodium, 10000 pg/ml
Streptomycin sulphate in 0.85% saline) (MEMs). For endocytosis
experiments, 24 h before, 5—7 x 10° cells were seeded per 35 mm
Petri dish (TPP, Switzerland) in order to obtain a homogeneously
distributed cell monolayer in exponential growth. For mitosis

RFPA Signal Generator Bidirectional

coupler

Cw || Circulator

experiments, 1-2x 10° cells were seeded per dish to get half-
filled cellular monolayer where the morphological aspects typical
to various mitosis phases could be easily visualised. Cell culture
products were from Gibco-Invitrogen, UK.

2.2. Fluid phase endocytosis determination

Cells were incubated for 30 min, at 30+0.5 °C with 3.5 ml of
2 mM Lucifer Yellow (LY) in MEM and simultaneously exposed
or not to GSM-EMF. Then, cells were washed three times with
3 ml of 0.9% NaCl, trypsinized for 1 min, harvested in 3 ml
phosphate buffer, centrifuged (200 g, 10 min, room temperature)
and the cellular pellets discarded in 1 ml lysis buffer (Promega
Lysis Reagent kit). Lysate fluorescence was measured at 423 nm
excitation/525 nm emission wavelengths, using a spectrofluo-
rometer (SFM 25, Kontron Instruments). The baseline was
obtained using LY untreated cells. Total protein dosage was
performed on 20 pl of cell lysis (MicroBCA Protein Assay Kkit,
Pierce) to normalise the measured fluorescence intensity. Lucifer
Yellow dipotassium salt and phosphate buffer were from Sigma-
Aldrich, Germany.

2.3. EMF exposure system

EMEF exposures were performed into a Transverse Electric
Magnetic cell (TEM) mounted in a specially designed hold-
ing frame of an inverted microscope (AxioVert S100, Zeiss,
Germany). The TEM cell was placed inside an incubator cham-
ber covering the microscope stage to control the culture con-
ditions during exposure (Fig. 1).

To allow living cells follow up under the microscope, holes
were perforated into the three metal plates of the TEM cell
(Fig. 2).The 35 mm Petri dish with attached cells in culture was
centered above the lower plate hole.

A RFS 900-60 generator (RFPA, Bordeaux, France) was used to
deliver 900 MHz modulated signals similar to the GSM mobile
phones signals (GSM-EMF). Its amplitude was modulated by
rectangular pulses (pulse width 576 ps) with a repetition of 217 Hz
and a duty cycle of 1:8. The generator could deliver powers ranging
from 0 to 8 W (mean incident powers, corresponding to 0—64 W
peak incident powers). A powermeter (E4417A, Agilent, USA)
connected to a bidirectional coupler (BC JO0OO 30 N, Universal
Microwave Components Corp., USA) through two power sensors
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Fig. 1. Experimental set-up drawing. Pi,./Pr.r=incident/reflected power.
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Fig. 2. Schematic drawings of TEM cell, upper and lateral views.

(E4412A, Agilent) allowed the simultaneous measurement of
incident and reflected powers during exposure (Fig. 2). The good
900 MHz matching (S;; <—17 dB) of the TEM cell was monitored
on the powermeter.

For endocytosis experiments, the cells attached to Petri dishes
were subjected to either GSM-EMF or sham exposure, under
identical experimental conditions. For mitosis experiments, the
same cell population served as control “before exposure” and
control “after exposure”.

2.4. SAR evaluation

The Specific Absorption Rate is defined as
SAR = ¢E*/p, (1)

where o is the conductivity of the radiated system, p the mass
density, here taken as 1 g/L, and E is the local field at the molecular
sites where the radiation energy absorption process takes place, say
water molecules bound at molecular interfaces, including those in
catalytic centers of proton transfers [18]. The Specific Absorption
Rate (SAR) assessments have been performed solving the
Maxwell’s equations (FDTD method) with a 0. mm spatial
resolution. The characteristic values of the medium were a relative
permittivity €. of 75, a conductivity o of 1.88 S/m (experimentally
measured at 30 °C) and a medium density p of 1000 kg/m>. The
geometry of the Petri dish, including the thickness of the plastic, as
well as the presence of the microscope objective under the dish, was
taken into account.

2.5. Temperature measurements for EMF exposure

The TEM cell was placed inside the incubator chamber of the
microscope at least 2 h before the beginning of the experiments.
This incubator device included plexiglass chamber, heated
microscope stage and temperature/CO, digital controllers (Temp-
control 37-2 and CTI Controller 3700, Zeiss). The controllers were

adjusted 0.5 °C above the 30 °C experiment temperature to
compensate the heat loss. The bulk increase of the temperature in
the sample dishes was measured (i) immediately before and after
either real or sham exposures, using a fast digital thermometer P600
with thin thermocouple probe (Dostmann Electronic GmbH,
Germany), or (ii) during the exposure, using an optical fiber
thermometer (Luxtron One, Luxtron, USA), that is immune to
the EMF. The temperature variations were never larger than 1 °C
in either real or sham exposure. Even though endocytosis is known
as a temperature sensitive process, the 1 °C variation resulted in no
or insignificantly small variations of endocytosis rate (Moisescu
et al — submitted).

Before the GSM-EMF or sham exposures, the cell culture
medium (MEMs) was changed with incubation medium (MEM
w/wo LY) under a hood, at room temperature. To prevent the
sample temperature decrease due to this manipulation, the
incubation media were heated around 5 °C above the 30 °C and
hence a fast temperature equilibration was achieved.

2.6. Evaluation of mitosis phases

Mitosis follow up images were acquired using a cooled CCD
camera (AxioCam HRe, Zeiss) and processed with AxioVision
4.3 software (Zeiss). Images of 50—100 ms exposure time were
acquired in time lapse mode, 1 image/minute, for 3 h or 5 h,
depending on the experiment. The images were taken with a
small x5 objective to cover large optical fields with sufficiently
numerous cells. In a very slow speed movie mode, the cells
progressing into mitosis (generally 100—-200 mitosis events)
were identified and marked all over the frames Then, under
digital magnification (190-220%) every cell mitosis was
analyzed frame by frame regarding the morphological mod-
ifications of mother and daughter cells. When morphological
aspects were indicating the passage from one mitosis phase to
the next one, the frames’ numbers were recorded and thus, the
duration of every phase could be calculated.

2.7. Statistics
For endocytosis experiments the fluorescence of each sample

was first referred to the protein content of the sample. Baseline of
fluorescent unexposed cells (cell autofluorescence) was then
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Fig. 3. Relative changes in fluorescence (AF/F)+SD for different SAR (W/kg)
exposures. BI6F10 intracellular fluorescence was measured after 30 min of
incubation with 2 mM LY, at 30 °C, under sham or GSM-EMF exposures
into the TEM with holes. Statistical significance was determined using unpaired
t-test: ¥=p<0.05, ¥*=p<0.01, ***=p<0.001.
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Fig. 4. Left image: progression of cell morphological appearances in different mitotic phases (light microscopy, phase contrast objective (x 10), scale bar=20 pm):
A) beginning of Prophase: cellular projections start to retract and the cell rounds off; B) beginning of Prometaphase: the cell is round and the genetic material
condenses in visible chromosomes; C) Metaphase: the chromosomes align in the middle line referred as the metaphase plate; D) beginning of Anaphase: the cell
starts to elongate while the paired chromosomes separate and move to opposite sides of the cell; E) beginning of Telophase: the partitioning of the cell starts thanks
to the cytokinesis ring that visibly starts to pinch off the cell into two daughter cells; F) end of Telophase: the cytokinesis is complete and the doublet cells are two
smaller separate round cells with visible genetic material; G) beginning of Interphase: the two daughter cells are separated, start to flatten and the chromosomes
disperse; H) Interphase: the daughter cells are adherent to the plastic and present cytoplasmic projections. Right image: part of a working screen with cells in
different mitotic phases; the numbers mark the cells that have been, are or will be in mitosis at some time within the 5 h of image acquisition (scale bar=20 pum).

subtracted. Samples values were calculated as percentage of the 3. Results

average value of controls performed during the same day with the

same batch of cells. They are reported as average values+ 3.1. Validation of experimental set-up for GSM-EMF exposure
standard deviation (SD). Statistical significance of differences

between data groups was assessed using unpaired Student’s #-test The stimulation of LY uptake by GSM-EMF was used to
(NS = not significant, *=p<0.05, **=p<0.01, ***=p<0.001). validate the experimental TEM cell with holes installed on the
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156

2 3 2 3
Time (h) Time (h)

Fig. 5. Sequence of mitosis events during two records of 5 h long acquisitions. The cells were exposed for 1 h to 2.2 W/kg SAR in 3.5 ml MEM, at 30 °C during the 3rd hour of
incubation (grey area). Every cell mitosis is presented as a bar with 4 segments proportional to the 4 mitosis phases duration: , where the closed/open segments
stand consecutively for Prophase (P), Prometaphase +Metaphase (M), the Anaphase (A) and the Telophase (T). Symbols I, IT, 111, etc. stand for mitotic events that take place strictly
during the 1st, 2nd, 3rd, etc. hour of image acquisition, while the I/I, II/I1I, etc. stand for mitotic events that straddle the limit between the 1st and 2nd hour, the 2nd and 3rd hour, etc.
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microscope stage. The B16F10 cells were incubated for
30 min with 3.5 ml of 2 mM LY in MEM. For 4.2+4.15 and
4.7+4.65 W/kg average SAR (+SD) values calculated at the
bottom of the Petri dishes (corresponding respectively to 5 and
5.6 W incident), the cells displayed LY uptake increases of 22%
and 33% respectively, statistically significant with respect to the
control cells (Fig. 3).

3.2. Follow up of mitosis phases

During the mitosis follow up experiments, the cells were
incubated with 3.5 ml MEM, at 30 °C in humid 5% CO,. Fig. 4
illustrates the cellular morphological aspects that were used to
define the following mitosis phases: P =Prophase (Fig. 4A), M =
Prometaphase (Fig. 4B) +Metaphase (Fig. 4C), A = Anaphase
(Fig. 4D) and T = Telophase (Fig. 4E and F). The duration of
every phase and the total mitosis duration were measured.

The duration of the phases before the beginning of the
chromosomes separation and of the phases after this point, were
compared and reported respectively as pre-division phase and
post-division phase. The pre-division phase duration was
determined by the number of frames between the beginning of
the prometaphase and the beginning of the anaphase (Fig. 4, B
and D). Similarly the post-division phase duration was con-
sidered between the beginning of the anaphase and the end of
the telophase (Fig. 4, D and F). Then, the ratio of the pre-division
to the post-division duration was calculated separately for every
cell. The averages of these ratios were made for the following
time domains: I, I/IT, 11, II/II, 111, III/TV, IV, IV/V and V, where 1,
II, III, etc. domains cover the mitotic events that took place
strictly during the Ist, 2nd, 3rd, etc. hour of image acquisition,
while the I/II, II/III, etc. domains cover the mitotic events that
straddled the limit between the 1st and 2nd hour, the 2nd and 3rd
hour, etc. For each recorded mitosis the duration of every P, M,
A, T mitosis phase is reported in proportional piled up bars
(P and A — closed bars, M and T — open bars). The ratios of
average duration of the pre-/post-division phases are reported as
histograms.

3.3. Evaluation of mitosis duration and progression

The cells were exposed to 2.2 W/kg SAR, for 1 h at the
beginning or in the middle of image acquisition (local SAR
corresponding to 5 W incident, calculated at the bottom of the
Petri dish center). Following exposure protocols were used: (i)
1 h GSM exposure+2 h control after exposure (1 hGSM+2 h C)
and (ii) 2 h control before exposure+1 h GSM exposure+2 h
control after exposure (2 h C+1h GSM+2 h C).

Fig. 5A is an example of a detailed presentation of all
individual mitosis events recorded during a typical experiment
under the protocol 2 h C+1 h GSM+2 h C. The cells were
exposed to 2.2 W/kg SAR for 1 h in the middle of 5 h image
acquisition (grey area). No significant perturbation of total
mitosis duration (P+M+A+T) or every mitosis phase duration
was found during the 1 h GSM-EMF exposure. These values
were similar to those measured during the 2 h of control “before
exposure” and 2 h of control “after exposure”. The average

mitosis duration of all the cells that progressed into mitosis
during the 5 h of image acquisition was 33+8 min.

Fig. 5B presents another complete 5 h long mitosis follow up.
This experiment interest consists in “before exposure” mitosis (time
domains I, I/IT and II) longer than exposed mitosis (time domains
III) or “after exposure” ones (time domains IV, IV/V and V) mainly
because of the extension of the prometaphase+ metaphase segment
duration. A careful a posteriori analysis of the experimental
conditions revealed that the incubation medium had been
transferred from a bottle of medium opened 3 weeks earlier, with
a basic pH (pH=7.8-8). Fig. 5A experiment with no variable
mitosis duration during the all image acquisition, was performed
using an incubation medium transferred from a freshly open bottle,
with equilibrated chemical characteristics. In ulterior experiments
made on purpose, we verified that the pH returns to 7.4 after 2 1/2 h
under the 5% CO, atmosphere of the microscope incubator. But
even in Fig. 5B cases, once the incubation conditions are stabilized,
the mitosis duration as well as the duration of mitosis different
phases were similar during both the exposure and the “after
exposure” control. The average mitosis duration of the cells that
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Fig. 6. Duration ratio of the pre-/post-division phases during consecutive time
domains. Panel A: 3 h control, without any exposure, Panel B: 1 h GSM+2 h
after exposure control performed with the same batch of cells as in Panel A,
Panels C and D: 2 h control before+1 h GSM exposure+2 h control after
exposure. The cells were exposed to GSM for 1 hto 2.2 W/kg SAR, at 30 °C, in
3.5 ml MEM during the 1st hour of image acquisition (domain I — Panel B) and
3rd hour (domain III — Panels C and D).
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progress into mitosis during the first 2 h was 56418 min. Then,
during the last 3 h, it decreased to 38+9 min.

Actually, the first protocol employed 1 h GSM+2 h C did
not include a control image acquisition before the GSM-EMF
exposure period (Fig. 6B). The same day, under the same
conditions, less the GSM exposure, a 3 h control was performed
(Fig. 6A). The ratio of the pre-division phase duration to the
post-division phase one was similar all over the time domains,
with or without GSM-EMF exposure. The average mitosis
duration of the cells that progressed into mitosis during the 3 h
of image acquisition was 32+8 min for the 1 h GSM+2 h C
experiment and 34+7 min for the 3 h control experiment.

Because nevertheless, some variations were observed at the
beginning of the incubations, the adopted protocols were those
when the cells are being followed before the GSM-EMF
exposures as well (the 2 h C+1 h GSM+2 h C protocol). The
corresponding analysis of Fig. SA case revealed no variation,
under optimal conditions, of the pre-division phase duration
relative to the post-division phase before, during, after exposure,
as well as for the mitosis overlapping the periods with and
without GSM-EMF (Fig. 6C). The fluctuations of the mitosis
duration, if detectable, are more the consequence of medium
parameters disequilibrium, rather than a GSM-EMF effect. The
corresponding analysis of Fig. 5B case is presented in Fig. 6D.

4. Discussion

In summary, we can conclude that 1) the 900 MHz GSM-
EMF signals of 2.2 W/kg SAR applied for 1 h do not affect either
the mitosis progression or the mitosis duration in our experi-
mental conditions, 2) the incubation parameters (for example the
incubation medium pH) may actually affect the mitosis
progression and duration, and 3) our exposure chamber allows
to circumvent perturbations of the initial experimental condi-
tions, to correct them (if necessary) and consequently to get
rigorously controlled observations. The protocols including 2 h
observation before and after the GSM-EMF exposure are not
only more complete but also more suitable to obtain reliable data.

We highlight that a new exposure system consisting in a
TEM cell with holes for microscopic observation was
developed for living cells studies during the GSM-EMF
exposure. The system includes the incubation parameters
control during microscope observation. Consequently the
same cells could be followed for hours, allowing the detailed
observation of cell progression through different mitosis phases.

Concerning the cells exposure to GSM-EMF, the experimental
set-up was validated by LY uptake measurements under GSM
exposure. Indeed the fluid phase endocytosis rate was increased by
30 min exposures to 4.2+4.15 and 4.7+£4.65 W/kg average SAR
(=SD) values at the bottom of the Petri dishes, as we previously
reported using another exposure system [15], (Moisescu et al. —
submitted). In these previous reports a wire patch cell (WPC) was
mounted into a usual cell incubator and the LY endocytosis was
increased under 1.8—4.5 W/kg SAR exposures. The WPC was
designed to get a homogeneous SAR distribution [19], while the
present TEM cell with holes designed for microscopic observation,
not for a homogenous SAR distribution inside the Petri dish.

Despite this in present experiments the endocytosis was actually
stimulated, validating the use of the TEM cell for mitosis
microscopic observations and validating the numerical calculations
of the SAR. Calculated SAR at the center of the Petri dish bottom
(the actual location of the cells observed under the microscope was
2.2 W/kg, value in the SAR range values that actually stimulate the
fluid phase endocytosis in the WPC [15].

In the experiments here reported the cells were incubated at
30 °C with culture medium not supplemented with FBS and
antibiotics in order to respect the conditions of endocytosis
stimulation. Indeed, the goal of the experiments here reported was
to determine whether the GSM-EMF that perturb the endocytosis
could also perturb the mitosis progression or duration. In another
respect, the phases used here to describe the mitosis progression are
the conventional ones. The duration of these phases was based on
morphological criteria and we considered that enough precision
was achieved with a time lapse recording procedure of 1 image/
minute.

We found that the sequence of mitotic events, the mitosis total
duration and the duration of each of the mitosis phases were not
modified by the cells exposure for 1 h to 2.2 W/kg SAR.
Moreover, we compared the duration of the phases before the
beginning of the chromosomes separation and after this point,
which we reported respectively as pre- and post-division phases.
No change in the duration ratio of the pre-/post-division phases
was observed under any of the experimental protocols. This result
suggests that the GSM-EMF signals do not accelerate nor retard
the beginning of the cytokinesis. Indeed, effects of the modulated
RF-EMF on linear polymers (like the spindle pole body
microtubules) or on the DNA itself could affect the start of the
movement of the chromosomes at the limit metaphase/anaphase.
A potential effect on mitosis progression could not cause
prolonged total mitosis duration because compensatory mechan-
isms could accelerate the post-division phases. Thus, it was
important to check every phase duration independently of the
mitosis total duration.

Finally, here we report an improved experimental set-up which
allows the continuous microscope cell observation during their
exposure to GSM-EMF under well controlled conditions. The
system described in this manuscript also offers the possibility to
monitor fluorescent changes in living cells exposed to GSM-
EMEF. The possibility to have the best of the controls, namely the
same cells before and after the cells exposure, is one of the most
attractive features of this experimental system. In particular, we
recommend a 2 h “before the exposure” control during which the
cells will overcome the normal manipulation stress and reliable
data on GSM-EMF effects only are obtained.
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In terms of bioelectrochemistry, Venus flytrap responses can be considered in three stages: stimulus
perception, electrical signal transmission, and induction of mechanical and biochemical responses. When an
insect touches the trigger hairs, these mechanosensors generate receptor potentials, which induce solitary
waves activating the motor cells. We found that the electrical charge injected between a midrib and a lobe
closes the Venus flytrap leaf by activating motor cells without mechanical stimulation of trigger hairs. The
mean electrical charge required for the closure of the Venus flytrap leaf is 13.6 pC. To close the trap, electrical
charge can be submitted as a single charge or applied cumulatively by small portions during a short period of
time. Ion channel blocker such as Zn?* as well as an uncoupler CCCP, dramatically decreases the speed of the
trap closing a few hours after treatment of the soil. This effect is reversible. After soil washing by distilled
water, the closing time of Venus flytrap treated by CCCP or ZnCl, decreases back from 2-5 s to 0.3 s, but higher
electrical charge is needed for trap closure. The mechanism behind closing the upper leaf of Venus flytrap is

Keywords:

Plant electrophysiology
Electrical signaling
Venus flytrap

Motor cells

Ion channels

discussed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electrical potentials have been measured at the tissue and whole
plant level [1-7]. At the cellular level, electrical potentials exist across
membranes, and thus between cellular and specific compartments.
Anions, K*, Ca?*, and H" are actively involved in the establishment and
modulation of electrical potentials [3-5].

Plants can sense mechanical stimuli. This process involves
mechanosensitive channels that were found in all types of cells from
animal and plant cells to fungi and bacteria. The omnipresence of
these channels underlines their important physiological function in
the regulation of osmolarity, cell volume and growth. These channels
are ideal transducers of physiologically relevant mechanical forces.
Mechanosensory ion channels (MSC) in plants are activated by
mechanical stress and then transduce this information into electrical
signals. These channels are involved in the growth, development, and
response to environmental stress in higher plants. Detailed analyses of
the electrophysiology in higher plants are difficult because such plants
are composed of complex tissues. Plant response to mechanical
stimulation has long been known [8-15]. Perhaps all plants react in
response to the mechanical stimuli, but only certain plants with rapid
and highly noticeable touch-stimulus response have received much
attention, such as the trap closure of Venus flytrap — Dionaea
muscipula [16-18]. The small plant consists of 5-7 leaves of which a

* Paper presented at the Bioelectrochemistry and Bioenergetics Meeting, Toulouse
2007.
* Corresponding author. Tel./fax: +1 256 726 7113.
E-mail address: agvolkov@yahoo.com (A.G. Volkov).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.02.004

leaf is divided into two parts: upper part of the leaf has a pair of
trapezoidal-shaped lobes held together by a blade (midrib). The center
of each lobe contains three or more trigger hairs (sensitive hairs) with
a red anthocynanin pigment that attracts insects. The edge of each
lobe is engulfed with hair-like projections (cilia). Lower part of the
leaf, sometimes referred to as the footstalk, has an expanded leaf-like
structure. Each leaf reaches a maximum size of 3-7 cm.

Touching trigger hairs protruding from the upper leaf epidermis of
Venus flytrap activates mechanosensitive ion channels and generates
receptor potentials, which can induce action potentials [11-14,19,20].
Receptor potentials always precede the action potentials and couple
the mechanical stimulation step to the action potential step of the
preying sequence.

The cilia protruding from the edges of both lobes form an
interlocking wall when the trap is shut, impenetrable to all except
the smallest prey. The trap shuts when a prey touches trigger hairs
arranged in a triangular pattern three to a lobe. Partial closure occurs
so that the spines overlap, but the lobes are still held slightly ajar. This
is normally accomplished in only a fraction of a second, but it may take
several minutes for the lobes to come fully together. If an insect is
successfully caught, the lobes seal tightly and remain so for about 5-
7 days while digestion occurs.

The mechanism by which Venus flytrap snaps is not clearly
understood and numerous conflicting models have been proposed.

Darwin [21] was the first to observe that the lobes of traps are
convex when held open and concave when held shut. Brown [8] noted
that the area of the underside of the lobes expands during closure,
whereas the area of the inner sides of the lobes increases upon
reopening. This model helps explain the flipping action “of the most
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Fig. 1. Experimental setup.

wonderful plant” mentioned by Darwin [21]. By painting the surface
with dots, Darwin [21] was able to prove that during the process of
closing, the superficial layer of cells of the leaf contracted over the
whole upper surface. Forterre et al. [22] suggested that the leaf's
geometry plays a crucial role in a buckling instability and con-
sidered Venus flytrap as a bistable vibrator, which can open and close
simultaneously.

The rapid trap closure of Dionaea muscipula Ellis has been
explained by either a loss of turgor pressure of the upper epidermis
or by a sudden acid-induced wall loosening of the motor cells.
According to [18] experiments, both explanations are doubtful.

The traps probably do not move using only a rapid decrease in
turgor because the changes in cell length have been observed to be
irreversible. Several recent articles have linked trap closure with a
rapid decrease in pH; traps have been shown to close when immersed
in solutions with pH of 4.5 and below [23]. The low pH must activate
the enzymes that expand lobe cell walls. Leaves infiltrated with
neutral buffers that keep pH above 4.5 do not close in response to
stimulation of their trigger hairs even though action potentials are
generated. ATP is used by the motor cells for a fast transport of
protons.

2. Materials and methods
2.1. Data acquisition

All measurements were conducted in the laboratory at constant
room temperature 22 °C inside a Faraday cage mounted on a vibration-
stabilized table. In order to estimate possible high frequency content of
the responses evoked, a high performance National Instruments data
acquisition system was used. High speed data acquisition of low-pass
filtered signals was performed using microcomputers with simulta-
neous multifunction I/O plug-in data acquisition board NI-PXI-6115 or
NI-PCI-6115 (National Instruments) interfaced through a NI SCB-68
shielded connector block to 0.1 mm thick nonpolarizable reversible
Ag/AgCl electrodes (Fig. 1). The results were reproduced on a work-
station with data acquisition board NI 6052E DAQ with input
impedance of 100 GQ interfaced through a NI SC-2040 Simultaneous
Sample and Hold. The system integrates standard low-pass anti-
aliasing filters at one half of the sampling frequency. The multifunction
NI-PXI-6115 data acquisition board provides high resolution and a

wide gain range. Any single channel can be sampled at any gain at up to
10 MSamples/s.

2.2. Electrodes

Ag/AgCl electrodes were prepared from Teflon coated silver wires
(World Precision Instruments) with the diameter of 0.1 mm [13].
Following insertion of the electrodes into lobes and a midrib, the traps
closed. We allowed plants to rest until the traps were completely
open.

2.3. Plant electrostimulation

The Charge Injection Method (Fig. 1) has been used to precisely
estimate the amount of electrical energy necessary to cause the
closing of the leaves. Two critical parameters have been analyzed: the
amount of charge and the applied voltage. Both parameters are tested
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Fig. 2. Electrical signaling in Venus Flytrap induced by a peace of gelatin stimulating one
trigger hair on each lobe. One Ag/AgCl electrode was located in the midrib and another
Ag/AgCl electrode (channel 1) in the center of lobe and two Ag/AgCl electrodes (channel
2) were located in a lower leaf on the distance 1 cm between them. Channel 1 shows
solitary waves between a lobe and the midrib, channel 2 shows electrical spikes in the
lower part of the leaf (footstalk). The frequency of scanning was 250,000 samples per
second.
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Fig. 3. Sequence of Venus flytrap photos during electrical stimulation (14 uC, 1.5 V) using two Ag/AgCl electrodes located in a midrib (+) and in one of the lobes (-).

to determine the minimum amount of charge and the minimum
voltage sufficient to close the plant's trap. A double pole, double throw
(DPDT) switch was used to connect the known capacitor to the voltage
source during charging, and then to the plant during plant stimula-
tion. Since the charge of capacitor Q connected to the voltage source V
is Q=CV, we can precisely regulate the amount of charge using
different capacitors and applying various voltages. By changing switch
position, we can instantaneously connect the charged capacitor to the
plant and induce an evoked response.

2.4. Images

Digital video camera recorders Sony DCR-HC36 and Canon ZR300
were used for the monitoring of Venus flytraps and to collect digital
images, which were analyzed frame by frame.

2.5. Chemicals

Carbonyl cyanide 3-chlorophenylhydrazone (CCCP), gelatin, and
ZnCl, were obtained from Fluka (New York, NY).

2.6. Plants

Two hundred bulbs of Dionaea muscipula (Venus flytrap) were
purchased for this experimental work from Fly-Trap Farm (Supply,
North Carolina) and grown in a well drained peat moss in plastic pots
at 22 °C with a 12:12 h light:dark photoperiod. The soil was treated
with distilled water. All experiments were performed on healthy adult
specimens. Plants were fed a 6 mmx6 mmx2 mm cube of 4% (w/v)
gelatin and induced to close by stimulating 2 of the 3 trigger hairs.

3. Results

We created a charge injection method, shown in Fig. 1. This method
has been used to precisely estimate the amount of electrical charge
necessary to cause the closing of the leaves.

Venus flytrap can be closed by mechanical stimulation of trigger
hairs using a cotton thread or a small piece of gelatin.

We generated an electrical response by mechanically simulating the
trigger hairs of Venus flytrap using a small piece of gelatin. Electrical
signaling resembling an action potential propagates from the mechan-
osensitive trigger hairs in the upper part of the leaf from a lobe to a midrib
as presented in Fig. 2. Action potentials between electrodes located in the
footstalk have not been found (Fig. 2, channel 2). This indicates that fast
electrical signaling is limited to the upper part of the leaf.

Venus flytrap was successfully closed when we applied an
electrical pulse between the midrib (positive potential) and a lobe of
the upper leaf (negative potential), without mechanical stimulation.
Fig. 3 demonstrates the closing of the Venus flytrap in 0.3 s after
electrical stimulation. Closing of Venus flytrap by electrical stimula-
tion of motor cells is characterized by a slow initial phase, a rapid
intermediate and slow final phases exactly depicted after mechanical
stimulation of Venus flytrap (Fig. 4).

The inverted polarity pulse with negative voltage applied to the
midrib was not able to close the plant, and we were not able to open the
plant by applying the same voltage range and polarity for pulses up to
100 s.

d/d ..

0.0+ T T T T T
0 10 20 30 40 50 60

Time, s

Fig. 4. Time dependence of the trap closing after electrical stimulation (14 pC, 1.5 V)
using two Ag/AgCl electrodes located in a midrib (+) and in one of the lobes ().
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Fig. 5. Dependence of the distance between rims of lobes on injected charge using two Ag/AgCl electrodes located in a midrib (+) and in one of the lobes (-) and 3 pC charge was

injected to the same plant every 7 s. Capacitor was charged 1 s from 1.5 V battery.

Transmission of a single electrical charge (mean 13.63 puC, median
14.00 uC, std. dev.1.51 uC, n=41) causes closure of a trap and induces an
electrical signal propagating between the lobes and the midrib. Fig. 5
illustrates that Venus flytrap can accumulate small charges and as soon
as threshold value of accumulated charge is submitted, trap closes in
0.3 s. Repeated application of smaller charges demonstrates a
summation of stimuli. If we apply two or more injections of electrical
charges within a period of less then 20 s, the Venus flytrap upper leaf
closes as soon as a total of 14 pC charge is transmitted.

Brown [8] indicated that electrical shock between lower and upper
leaves can cause the Venus flytrap to close, however, the amplitude and
polarity of applied voltage, charge, and electrical current were not

0.8s

09s

reported. The trap did not close when we applied the same electro-
stimulation between the upper and lower leaves as we applied between
a midrib and a lobe, even when the injected charge was increased from
14 uC to 1 mC. It is probable that the electroshock induced by Brown and
Sharp [9] had a very high voltage or electrical current.

Fig. 6 shows that blocker of ion channel Zn?" inhibit the closing
process of a trap stimulated mechanically by a piece of gelatin (Fig. 6A) or
by electrical charge injection (Fig. 6B). In the case of mechanostimula-
tion, Zn?* can block propagation of electrical signals and closing the trap.
In the case of electrostimulation, Zn?* directly inhibits closing the trap.

Ion channel blocker such as Zn**, as well as uncoupler carbonyl
cyanide 3-chlorophenylhydrazone (CCCP), dramatically decreases the

A\ i N
s 5.0s

Fig. 6. Sequence of Venus flytrap photos after stimulation of trigger hairs by a small piece of a gelatin (A) or by 14 uC electrical stimulation (B). 50 mL of 10 mM ZnCl, was added to soil

4.5 h before experiments.
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Fig. 7. Sequence of Venus flytrap photos after stimulation of trigger hairs by a small piece of a gelatin (A) or 70 uC electrical stimulation (B). 50 mL of 10 uM CCCP was added to soil 4.5 h

before experiments.

speed of the trap closing a few hours after treatment of the soil. This
effect is partially reversible. After soil washing by distilled water every
day, the closing time of Venus flytrap treated by CCCP or ZnCl, decreases
back to 0.3 s, but higher electrical charge is needed for trap closure.
CCCP, which are soluble in both water and lipids, permeate the
lipid phase of a membrane by diffusion and transfer protons across the
membrane, thus eliminating a proton concentration gradient and/or a
membrane potential. Figs. 7 and 8 demonstrate the inhibitory effect of
uncoupler CCCP on trap closure. It is known that uncouplers decrease
and inhibit the action potential induced by mechanical stimulation
(Fig. 7A), but we found also that uncoupler CCCP inhibits closing of
Venus flytrap by electrical stimulation even with electrical charge
injected to the midrib (Fig. 7B). Increasing the electrical charge from
14 uC to 70 uC does not accelerate the process of the trap closing.
Inhibitory effects of ion channel blocker Zn?>* and uncoupler CCCP can
be decreased by washing soil with distilled water (Fig. 8). Hodick and
Sievers [17] reported an excitability inhibition of a Dionaea leaf
mesophyll cells using uncoupler 2,4-dinitrophenol. Resting potential
and excitability are completely restored after 30 min of washing a
standard medium. This explains the results shown in Fig. 7A involving
the inhibition of mechanically induced trap closure. Inhibition of
electrically induced trap closure in the presence of protonophores
(Fig. 7A), when electrical charge is submitted to a midrib, can be

caused by depolarization of a membrane or dissipation of a proton
gradient during ATP hydrolysis in the midrib.

4. Discussion

It is known from literature that the amplitude of action and resting
potentials in the Venus flytrap depends on the concentration of K* and
Ca®* cations [16,19]. EGTA, LaCl; [17], ruthenium red, neomycin and
anion channel inhibitor antrhracene-9-carboxylic acid [24], which
inhibit the excitability of Venus flytrap, indicating that the calcium
permeable anion channels and probably potassium channels are
responsible for the propagation of action potentials.

Upon perception, electrical signals can be propagated via plasmo-
desmata to other cells of the symplast. As a first step, the plasma
membrane is depolarized, a process known as formation of the
receptor potential. The receptor potential is an electrical replica of the
stimulus lasting for the period of time that the stimulus is present. An
action potential is evoked when the stimulus is strong enough to
depolarize the membrane. Subsequently, the action potential char-
acterized by a large transient depolarization allows the rapid
transmission of information via plasmodesmata. An action potential
usually has an all-or-nothing character, and it travels with constant
velocity and magnitude. Electrical coupling via plasmodesmata was

030s 040s

050s

0.60 s 070 s

Fig. 8. Sequence of Venus flytrap photos after 28 pC electrical stimulation. 50 mL of 10 pM CCCP was added to soil 72 h before experiments. Soil around Venus flytrap was washed 24 h

before experiment by distilled water to decrease CCCP concentration.
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Fig. 9. How Venus flytrap snaps.

demonstrated in a variety of species such as Nitella, Elodea and Avena
and Lupinus, indicating that plasmodesmata are relays in the signaling
network between cells.

The upper leaf in the open position is convex and concave during
closing of the trap. Forterre et al. [22] suggested that the leaves
geometry plays a crucial role in a buckling instability and considered
Venus flytrap as a bistable vibrator, which can be in open or closed
states. This model contradicts with experimental facts: (a) the trap is
stable and does not close spontaneously without stimuli; (b) two
mechanical stimuli in interval of up to 35 s are required for the closing
of the trap; (c) the trap does not close during rain or after blasts of air;
(d) opening of the trap is a slow process and lobes change their shapes
from flat to concave and finally to convex; e) Forterre et al. [22]
observed no ringing in the process of closing; f) closing of the trap
requires ATP hydrolysis in the midrib [25]. Opening of the trap is a
slow process and lobes change their shapes from flat to concave and
finally to convex shape. Forterre et al. [22] suggested that the
measured speed at which the leaves closed depended on a
dimensionless geometric parameter

L*K?
=R )

and the characteristic time for the trap movement
t~pl?/kE

where L is the size of leaf, K its mean curvature, p is viscosity in the
porous plant tissue with k hydraulic permeability, E is the elastic
module of the tissue and h the thickness of the leaf. Our ex-
periments on 200 Venus flytrap plants with different sizes of leave
ranging from 1 cm to 5 cm do not show dependence of the closing
time on size of the leaf L. This contradicts with Eq. (1) [22], which
predicts a dramatic increase in the closing time for large Venus
flytrap plants.

In terms of electrophysiology, Venus flytrap responses can be
considered in three stages: (i) stimulus perception, (ii) signal

transmission and (iii) induction of response (Fig. 9). In Venus Fly the
first stage is due to the receptor potential, a transient depolarization
with a critical threshold that triggers action potentials, which are
responsible for stages (ii) and (iii). Receptor potentials are generated
by MS ion channels. Action potentials involve a transient influx of Ca*
to the cytoplasm, effluxes of K* and Cl” and a temporary decrease of
turgor pressure. Like the action potential, a critical threshold
depolarization triggers Ca®" influx, opening of Ca®*-sensitive ClI°
channels and K* channels; effluxes that last over an hour and result
in turgor regulation. However, since higher plants are composed of
complex tissues, detailed analysis of electrical phenomena is rather
difficult, and so the mechanism for generating the receptor potential
has not yet been established.

Energy for trap closure is generated by ATP [23,25]. The amount of
ATP drops from 950 uM per midrib before mechanical stimulation to
650 M per midrib after stimulation and closure [25]. Electrical charge
stimulation triggers closing process in the motor cells.
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ABSTRACT

Formation of bilayer lipid membrane (BLM) by Montal-Mueller technique across a small aperture in a
partition film traditionally requires coating of the aperture with a hydrophobic substance, often just an
organic solvent. However, we demonstrate here that the most effective coating is not strictly hydrophobic but
rather provides water/oil repellent properties. BLM were formed from diphytanoylphosphatidylcholine
(DPhPC) on small 0.1-0.8 mm apertures made in specially prepared alkylated glass coverslips. The coverslips
were either fluorosiliconized by 3,3,3-Trifluoropropyl-trimethoxysilane, which reduces adsorption of DPhPC
in addition to creation of hydrophobic surface, or silanized, which promote adsorption of DPhPC. At
fluorosiliconized surfaces stable BLM were formed. Specific capacitance of these BLM was 0.86 uF/cm?+5%,
while their lateral tension was estimated as 4.3 +0.4 mN/m. BLM were stable for hours under moderate voltage
applied. At silanized surfaces stable BLM were formed only in acidic medium (3 <pH <4), while at higher pH
the membranes could cover the aperture only partially. Thus, apertures in fluorosiliconized glass can be

robustly used for formation of model lipid membranes under physiological conditions.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Two basic techniques of planar bilayer lipid membranes (BLM)
formation are presently known. The first one (Mueller-Rudin
technique) consists in placing a droplet of lipid solution in a non-
polar organic solvent at an aperture in a Teflon film [1]. The second
one (Montal-Mueller technique) consists in folding two lipid
monolayers at an aperture in a Teflon partition placed between
two half-cells [2,3]. It is evident that some amount of the solvent
remains in the central hydrophobic area of the membrane formed by
the first technique. This was confirmed by direct measurements of
specific BLM capacitance depending on the solvent used [4].
Presence of the solvent in microlenses and membrane meniscus
does not allow obtaining adequate data of lipid bilayer tension and
its influence on membrane fusion. The fusion kinetics is strongly
dependent on the solvent type, namely the size of its microlenses
[5,6]. Clearly, fusion of such BLM is not an adequate model of
biomembrane fusion. At first blush, the Montal-Mueller technique of
monolayer folding appears to be free from the above-mentioned
disadvantages. However, White et al. [7] has shown that the stable
membranes are formed by this technique only after pretreatment of
the aperture edges by high weight hydrocarbons (squalene,
squalane, etc.) or before total evaporation of solvent from mono-
layers. Unfortunately, these substances are contained in membrane

* Corresponding author. Tel.: +7 495 955 4585; fax: +7 495 952 5582.
E-mail address: olegbati@elchem.ac.ru (O.V. Batishchev).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.02.002

meniscus and in small amounts in the bilayer [8]. Thus, neither of
the techniques allows forming of absolutely solvent-free BLM
(without solvent in bilayer and meniscus).

Why is the presence of solvent so important for membrane for-
mation? It creates a range of essential conditions. Firstly, the solvent
increases hydrophobicity of the partition (reduced by amphiphilic
lipid molecules) and provide proper orientation of lipids near the
edge of the aperture. Secondly, the meniscus with solvent serves as a
vibration absorber improving the membrane stability. Thirdly, non-
polar solvent performs a function of insulator and sealing material
preventing electric leakage in the membrane edge area. Therefore, it
would take a very specific surface to create a truly solvent-free BLM.

Recently alkylated inorganic materials (glass or silicon) were
proposed for membrane formation instead of polymer films [9].
Although BLM were formed by painting (Mueller-Rudin) technique, it
is principally possible to form membranes by other techniques. These
new materials differ from polymers in surface stability due to their
hardness. Moreover, by binding different chemical agents with long
flexible hydrophobic residues the surface properties can be easily
varied.

It is clear that a solvent-free BLM should be less stable than
ordinary artificial membranes. It is known, that physical properties of
diphytanoylphosphatidylcholine (DPhPC) provide very high stability
of planar bilayers formed from this lipid. DPhPC has pK, of 2.1 and
13.9, so it remains neutral in a wide range of pH [10]. Moreover, it does
not have a phase transition from -120 °C to 80 °C [11]. These
properties of DPhPC make formation of membranes without solvent
more convenient.
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The aim of the work was to develop a technique of truly solvent-
free BLM formation by bringing monolayers at partitions with specific
grafted surface together. Evidently, the interaction between lipids and
alkylated surface plays a key role in this process. Optimization of the
surface treatment by different alkylating agents as well as variation
of lipid adsorption properties should allow maximally compensate
the absence of solvent and choose the best conditions for stable
membrane formation.

2. Materials and methods
2.1. Alkylation of glass partitions

Bilayer lipid membranes were formed at apertures in glass
coverslips (#0, Thomas Scientific, USA). The apertures with the
diameter of 100-400 pum were produced by etching in HF (Chimmed,
Russia). A slot aperture was used in some experiments. The coverslips
were treated by silanization in 2% solutions of trichlorooctadecylsi-
lane, decyl-dimetyl-chlorosilane, dichlorodimetylsilanesolutions (all
from Fluka Chemie, Germany) in toluene (for UV spectroscopy,
Chemapol, Czech Republic) or by fluorosiliconization in 2% toluene
solution of 3,3,3-Trifluoropropyl-trimetoxysilane (Fluka Chemie, Ger-
many) to make the surface hydrophobic or amphiphobic (oil/water
repellent), correspondingly.

2.2. Contact angle measurements

Measurements of contact angle were performed on sessile water
drops (10 pl droplets) by measuring the tangent to the drop at its
contact with the coverslip surface. The droplet image was obtained by
microscope (MBS-2, “LOMO”, Russia) with digital camera («Nikon,
model Coolpix 4500, Japan) and observed at monitor display («TVS»,
model MM-15, Taiwan). To study the effect of lipid monolayer on the
contact angle, 0.5 pl 0.1 mg/ml solution of 1,2-Diphytanoyl-sn-
Glycero-3-Phosphocholine (DPhPC) (Avanti Polar Lipids Inc., USA) in
hexane (for chromatography, Reachem, Russia) was placed on the
surface of the water droplet.

2.3. Membrane formation

Solvent-free membranes were formed by folding two lipid
monolayers at the aperture in a partition placed between two
Teflon half-cells. In contrast to usual Montal-Mueller technique
[2,3,7], we did not perform any partition pretreatment by
hydrocarbon solvent. Each half-cell contained 0.1 M solution of
KCl (99.8% grade, Reachem, Ukraine) in distilled water. Solution pH
was varied by adding HCI (Chimmed, Russia). The pH values were
measured by digital pH-meter (“Ecotest-120”, Econix, Russia). A
droplet (near 2 pl) of 0.5 mg/ml DPhPC solution in hexane was
placed onto the surface of the aqueous solution. This amount of
lipid was two times greater than it was necessary for monolayer
formation. After 15 min, hexane evaporated and monolayers were
folded by sequential lifting water levels in both half-cells. The half-
cells were filled with the solution by two syringes with micro-
supply through Teflon microtubes (inner diameter of 1 mm). The
level was elevated with the average velocity of about 0.1 mm/s and
stopped near the lower edge of the aperture. Membranes were
formed spontaneously within several minutes. To measure mem-
brane conductivity in the presence of nystatin («Sigma-Aldrichp,
USA), 2.5 mol. percents of cholesterol («Avanti Polar Lipids», USA)
was added to DPhPC.

The process of membrane formation was optically controlled by
microscope (MBS-2, “LOMO”, Russia) with digital camera («Nikon,
model Coolpix 4500, Japan) and observed at monitor display («TVSy,
model MM-15, Taiwan). The membrane formation was detected by
abrupt increase of the measured electrical capacitance.

2.4. Electrical measurements

All electrical measurements were performed by potentiodynamic
technique. Triangular wave signal (100 mV peak-to-peak, frequency
10-1000 Hz) was applied to the membrane from a generator (<EG&G
Parc», model 175, USA) by a pair of Ag/AgCl electrodes. Current
response was measured by current amplifier («Keithley», model 427,
USA) at digital oscilloscope («Gould», model 1425, UK). Membrane
conductance and capacitance were calculated assuming that the
membrane conductance is negligible compared to the conductance of
the bulk solution.

3. Results and discussion
3.1. Preparation of alkylated glass

When forming BLM by Montal-Mueller technique, the partition
with aperture dividing two half-cells should have very hydrophobic
surface. Otherwise, the orientation of the lipid molecules will not
allow forming the bilayer by folding two lipid monolayers. Besides,
partition wettability in the presence of amphiphilic lipid molecules
increases.

In order to provide proper orientation of the lipids, a technique of
glass surface preparation to subsequent alkylation was used [12]. Glass
treatment was performed as follows:

1) 30 min incubation in mixture of methanol with hydrochloric acid
(1:1);

2) 30 min incubation in concentrated sulfuric acid;

3) alkylation in solution of chlorosilane (silanization) or siloxane
(fluorosiliconization).

Silanization technique proposed in [12] was modified by sequen-
tial treatment of the samples by three chlorosilanes (trichlorooctade-
cylsilane, decyldimethylchlorosilane, dichlorodimethylsilane) in
toluene in decreasing order of their hydrocarbon tail length [13].
The procedure should promote occupation of vacant surface by
shorter silane molecules after adsorption of the longer ones.

Fluorosiliconization was made by treatment of the freshly washed
and dried glass coverslips in 2% solution of 3,3,3-Trifluoropropyl-
trimetoxysilane in toluene. During the treatment, chemical binding
and subsequent two-dimensional polymerization of the siloxane
occurred. Owing to CF5 groups at the end of the siloxane molecule, the
fluorosiliconized glass surface became inert with low surface free
energy. It is known that monolayer of CF; groups is a surface with the
lowest free energy of about 6 mN/m versus 18 mN/m for Teflon [14].
Thus, the fluorosiliconized surface became amphiphobic (exhibiting a
water/oil repellency).

After triple rinse of each coverslip in toluene (to remove unbound
silane or siloxane), they were dried and stored dry under Ar. The
samples were used within 1-3 days after glass treatment.

High value of contact angle served as a criterion for successful
treatment. Pure water droplet on this surface had a contact angle of
about 110°. Thus, the hydrophobicity of the treated coverslips was
close to that of Teflon surface (contact angle 110°-120°).

3.2. Formation of bilayers at silanized partitions

After studying surface properties of the alkylated glass coverslips
we proceeded to their application for forming BLM at an aperture in a
partition between two half-cells. The water level in the first half-cell
was higher than in the second one before and during elevating the
second monolayer, i.e. the solution of the first half-cell filled the
aperture cavity completely. Indeed, focusing at the nearside of the
partition through the second half-cell before elevating the level there,
we could sharply see the flat mirror-like monolayer surface. We
succeeded in formation of solvent-free membranes by monolayer
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Fig. 1. Membrane conductivity as a function of nystatin concentration. The aperture
diameter was equal to 277 um. The straight line corresponds to linear regression of
experimental data. Coefficient of determination r%=0,995.

folding at low pH (from 3 to 4). Lifetime of the membranes reached
2 h. BLM capacitance did not change with frequency of voltage pulses
in the range of 10-1000 Hz. The membrane occupied aperture in the
partition incompletely when pH was higher than mentioned values. It
was observed optically and by membrane capacitance value. In this
case, after elevating the water level in the second half-cell the
membranes broke inevitably. The same results were obtained at
apertures in Teflon films (thickness 15 pm).

To confirm bilayer structure we have studied dependence of the
membrane conductivity on nystatin concentration in water solution.
This antibiotic can make channels only in cholesterol containing lipid
bilayers when it is added to one side of the membrane [15,16]. We
observed that membrane conductivity grew proportionally to nystatin
concentration (see Fig. 1). The conductivity was negligible without
nystatin and increased by 57 nS per 50 uM of its concentration. This
unambiguously proved bilayer structure of our membranes.

As at pH from 3 to 4 the membranes occupy the entire area of the
aperture, its area was used to calculate specific capacitance of the
membranes, yielding the value of 0.86 uF/cm?+5%. The value coincides
with capacitance of membrane formed my Montal-Mueller technique
from DPhPC solution in squalene [8]. Incomplete occupation of partition
aperture by BLM at rather high pH can be explained by lipid adsorption
at hydrophobic substrate, which increases its wettability.

3.3. Formation of bilayers at fluorosiliconized partitions

Alkyl residues of silane molecules have high affinity to hydro-
carbon tails of lipids. Water/oil repellency of fluorosiliconized coating
on glass and slight adsorption of DPhPC at any pH should allow
obtaining stable solvent-free membranes occupying all aperture area.
The membranes formed on such partitions had high capacitance
independent of pH. They were stable and did not change its area
(controlled by capacitance) both with alignment of the levels and
increase of hydrostatic pressure (up to 15 mm of water column) at that
side of BLM where the first monolayer was folded (similar to
membranes formed at apertures in silanized partitions). These
membranes did not break after elevating the second level above the
aperture resulted in their area increase (controlled by capacitance).
This fact allowed us to measure membrane tension.

According to Laplace's Eq. (1) the pressure difference across
membrane is inversely proportional to its curvature radius with
aspect ratio equal to 20, where o is the membrane tension:

20
ap == (1)

where AP is a pressure difference across the membrane and R is the
radius of curvature of the bilayer membrane. Since it is very difficult to
estimate R by conventional optical techniques, we calculate it by
measurement of membrane capacitance as follows.

The area of bowed membrane is given by simple geometric
relation:

S=27R (R - \/W) (2)

where r is a radius of aperture on which BLM was formed. It is

supposed that membrane bows only up to the half sphere. Since the

membranes formed by our technique are absolutely free of solvent we

assumed that the area of flat BLM is equal to the area of aperture.
Hence,

R:; (3)
2n %—rz

The membrane area can be obtained from measurements of its
capacitance as

_C >
S= C—Onr )
where Cy is an area of flat BLM.
Therefore, membrane capacitance as a function of pressure
difference across the membrane should be following:

czﬂéily(zaf\/m)% ®)

The membrane capacitance was half as much again when pressure
increased by 74+3 Pa (see Fig. 2). This essential membrane area
increase was probably provided by lipid excess in membrane edge
region. Experimental data were extrapolated by second-order poly-
nomial and the capacitance of planar membrane was taken at the
minimum of the curve. It was 69 pF. This value differs from the initial
membrane capacitance (66 pF) by less than 5%, so BLM was flat when
formed. Since the diameter of aperture was 100 um, the specific
membrane capacitance was estimated from minimum capacitance as
0.86 pF/cm?#5% (equal to specific capacitance of BLM formed on
silanized partitions).

Using Egs. (1)-(4) and the value of Cp, we can estimate the
membrane tension. The pressure difference was proportional to
inverse radius of membrane curvature. Experimental data in

100

C, pF

80

60 v T g T T T

AP, Pa

Fig. 2. Membrane capacitance as a function of pressure difference across the membrane.
Membranes were formed at pH=6,53 at aperture with diameter of 100 pm in
fluorosiliconized glass coverslip. The curve corresponds to the second-order polynomial
interpolation of the data.
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Fig. 3. Calculated from membrane capacitance inverse radius of curvature as a function
of the pressure difference across the membrane. All conditions are the same as for Fig. 2.
The straight line corresponds to linear regression of experimental data. Coefficient of
determination r%2=0,989.

corresponding coordinates are shown in Fig. 3. Based on the slope, the
membrane tension can be estimated as 0=4.3+0.4 mN/m. For
solvent-containing membranes, lower values are typical. For example,
0=3.4 mN/m for egg lecithin membranes [17]. High tension of our
membranes is presumably caused by absence of solvent. Indeed, the
solvent facilitates building up of the bilayer under pressure difference,
but can produce defects (microlenses) in membrane.

4. Conclusions

We present the method of creation of solvent-free bilayer lipid
membranes by Montal-Mueller technique [2,3] at the aperture in
alkylated glass partitions. Formation of the bilayer films was
confirmed by high value of their specific capacitance (0.86 uF/cm?)
and linear increase of their conductivity in presence of nystatin. On
silanized surfaces DPhPC adsorption increased wettability of the
partitions that caused difficulties in membrane formation. Contrary,
siliconization of glass coverslips by fluorosiloxane in addition to
hydrophobization reduced lipid adsorption owing to property of oil
repellency. Siliconization allowed forming stable BLM in wide range of
pH. BLM can exchange and retrieve lipids from the lipid layers
(reservoirs) on siliconized partition that, in particular, allows blowing
of BLM to measure its lateral tension. High values of the tension
(0=4.3+0.4 mN/m) indicate absence of solvent in the membrane and
meniscus. Overall, fluorosiliconized glass partitions hold much

promise as a support for truly solvent-free membranes suitable for
membrane studies.
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Electrochemotherapy is a treatment based on combination of chemotherapeutic drug and electroporation. It
is used in clinics for treatment of solid tumours. For electrochemotherapy of larger tumours multiple needle
electrodes were already suggested. We developed and tested electrode commutation circuit, which controls
up to 19 electrodes independently. Each electrode can be in one of three possible states: on positive or

negative potential or in the state of high impedance. In addition, we tested a pulse sequence using seven
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electrodes for which we also calculated electric field distribution in tumour tissue by means of finite-
elements method. Electrochemotherapy, performed by multiple needle electrodes and tested pulse sequence
on large subcutaneous murine tumour model resulted in tumour growth delay and 57% complete responses,
thus demonstrating that the tested electrode commutation sequence is efficient.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electroporation is a phenomenon that occurs in cell membranes
when cells are exposed to sufficiently high electric field [1-4]. Mole-
cules, such as some drugs or nucleic acids, which otherwise are unable
to cross cell membrane may then enter cells. This phenomenon is used
in combination with some chemotherapeutic drugs e.g. bleomycin and
cisplatin for tumour treatment, which is known as electrochemother-
apy [5-7].1tis used in clinics for transfer of chemotherapeutic drugs in
tumour cells by means of short high voltage electric pulses applied to
the tumour [8,9].

Generators of electrical pulses for electroporation are named
electroporators. For small tumours electric pulses are delivered to the
tissue usually via two metal (plate) electrodes [10,11]. Electroche-
motherapy of small tumours is already well investigated and good
results are obtained with a single pair of electrodes. To achieve good
electrochemotherapy the entire volume of the tumour needs to be
effectively permeabilized [12]. On larger tumours pair of electrodes
should be repositioned or higher voltage should be used [13].
However, repositioning of electrodes is not practical since positions
and amplitudes should be pre-calculated to achieve effective per-
meabilization over the whole tumour. Moreover, electroporators
certified for clinical use do not generate electric pulses with ampli-
tudes over a few kV [14]. Therefore, multiple needle electrodes were

* Corresponding author. Tel.: +386 14768 456; fax: +386 1 4264 658.
E-mail address: damijan.miklavcic@fe.uni-lj.si (D. Miklavcic).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.03.001

suggested for effective tissue permeabilization in electrochemother-
apy, i.e. to cover the whole tumour with sufficiently high electric field.
Such electrodes allow for treatment of larger tumours and at the same
time using lower pulse voltages [15,16].

Electronic circuits which commutate electric pulses between the
electrodes are named electrode commutation circuits. Honeycomb
and square arrangements of electrodes were mainly suggested pro-
posed as multiple needle arrangements, which theoretically enable
the use of infinite arrays of needle electrodes with finite electrode
commutation circuit [17]. Therefore the design of electrode commu-
tation circuit does not depend on the number of electrodes but only on
the maximum voltage applied and current to be delivered through the
electrodes.

The aim of our study was to develop electrode commutation circuit
and test its efficiency in vivo by performing electrochemotherapy with
multiple needle electrodes on larger tumours, which with a single pair
of electrodes cannot be achieved. For this we developed an electrode
commutation circuit, which commutates the usual electroporation
single output signal from an electroporator to multiple electrodes. We
used seven-needle electrodes, for which we suggested and tested an
effective electrode commutation sequence for tissue electroporation.
We also calculated the corresponding electric field distribution in
tumour tissue by means of finite elements method (FEM) in 3D model
taking into account the increase of tissue conductivity due to elec-
troporation in order to demonstrate also theoretically that the entire
tumour volume is exposed to sufficiently high electric field leading to
tissue permeabilization and efficient electrochemotherapy.
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2. Materials and methods

2.1. Electroporator (EP-GMS 7.1) with embedded electrode commutation
circuit

Both electroporator (EP-GMS 7.1) and embedded electrode com-
mutation circuit for multiple electrodes were developed at the
University of Ljubljana, Faculty of Electrical Engineering. The EP-
GMS 7.1 electroporator was already used in previously reported
studies [18-20]. The main advantage of this electroporator is the
ability to automatically commutate electrical pulses between electro-
des with embedded electrode commutation circuit.

The user defines electrical parameters of applied electric pulse
through the interface of the electroporator (EP-GMS 7.1) on a personal
computer (PC). These parameters are then transferred to the executive
part of the electroporator. After this transfer the electroporator is
ready to generate defined electric pulses in defined sequence.

Electroporator (EP-GMS 7.1) generates square electric pulses from
80 to 530V, duration from 10 to 1000 s, repetition frequency from 0.1
to 5000 Hz and from 1 to 32 pulses. Particularity of this electroporator
is an embedded electrode commutation circuit which consists of
controlling part and executive part (Fig. 1).

The commutation control (Fig. 1) is compatible with external bus
interface of microprocessor MCF5204 (FreeScale, USA) or with any
other similar 16-bit bus interfaces. Computer board based on
microprocessor MCF5204 is a part of EP-GMS 7.1 and it can be
controlled by personal computer (PC) via serial port (RS-232). The
commutation control works like parallel input-output unit (PIO),
which can control up to 38 relays in the executive part of the electrode
commutation circuit which corresponds to 19 electrodes. The
commutation control registers the time of last command and thus
estimates the position of relays. This is necessary due to relatively long
switching time of relays. Commutation control functions are designed
on Field Programmable Gate Array (FPGA, XCS30-VQ100, Xilinx, USA).

Each executive module (Fig. 1) consists of fourteen relays TRK1703
(Iskra, Slovenia), which with their positions define states of seven
electrodes. The first half of relays defines the polarity of electrodes, while
the second part defines the impedance state of the electrodes. Each of

the electrodes can thus be in one of three possible states: positive,
negative or in high impedance. Positive state means that electrode is
connected to positive potential of electroporator, negative state means
that electrode is connected to negative potential of electroporator and
high impedance state means that electrode is disconnected from
electroporator. This concept and design of commutating the electro-
poration signal allows no possibility to short-circuit electroporator.

Maximal voltage of electroporation signal which can be connected
to the executive module is 1 kV. Maximal continuous current is 3 A per
executive module and 2 A per electrode. Maximal pulse current of
maximum duration 10 ms and more than nine times longer pause is
30 A per executive module and 10 A per electrode. Electric (galvanic)
separation between the commutation control and electroporation
signal is more than 4 kV.

Because of the presence of high voltage and high electric current in
the executive module the distance between the contacts and the weight
of the anchor in relays is very large. Therefore the switching time of such
a relay is relatively long. With proper selection of relays and especially
with adequate driving circuit we achieved switching time of 6 ms
(Fig. 2). The relay is driven by high voltage Darlington transistors and
paralleled by a zener diode. This allowed for optimization of the relay
turning off time. The fastest would be without the diode but sooner or
later this would result in the transistors break down. Due to ageing and
variations in elements, the time reserved for switching was extended to
12 ms. Embedded electrode commutation circuit can therefore auto-
matically commutate electrical pulses between electrodes with fre-
quencies up to 83 Hz.

2.2. Electric field in tumour tissue during the electroporation process

A three-dimensional finite-elements model of tumour tissue
(cylinder; diameter: 15 mm, length: 6 mm; Fig. 3) with inserted
seven-needle electrodes (honeycomb arrangement; diameter of nee-
dles: 0.5 mm, distance between two neighbouring needles: 5.5 mm) was
built according to specifications of in vivo electrochemotherapy
experiment using software package EMAS (ANSOFT Corporation, USA).
Applied voltage (+265 V) was modelled as Dirichlet's boundary con-
dition on the surface which presents the cross-section of electrode and

ELECTROPORATION SIGNAL

Executive
CON 20 module I —— 7-ELECTRODES
RS -232
Computer Commutation Exccutive
DIN 64 CON 20
board control module II —— 6-ELECTRODES
MCF5204 XCS30-VQl100
CON 20 Executive
module [l —— 6-ELECTRODES

Fig. 1. Block scheme of electrode commutation circuit, which commutates electroporation single output signal from an electroporator to up to 19 independent electrodes. Electrode
commutation circuit consists of controlling part (Commutation control XCS30-VQ100) and executive part (three Executive modules) and it can be controlled by personal computer

(PC) over serial port (RS-232) on computer board MCF5204.
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Fig. 2. Switching time of relay Iskra TRK1703. Signal 1 represents negative driving
voltage for relay and signal 2 represents the commutation of relay. Signal 2 shows us
that coil releases or pulls the anchor in 2 ms and that the anchor then bounces on the
contact for 4 ms. Therefore the whole switching time is about 6 ms.

tumour tissue. Dirichlet's boundary condition was also set on the surface
of disconnected (high impedance) electrodes to satisfy the conditions,
that electrodes are a lot more conductive then tumour tissue. Electro-
potential of disconnected electrodes was defined as zero, because our
model is symmetrical and disconnected electrodes were always in the
middle between the connected electrodes. Tumour tissue was mathe-
matically separated from surrounding area by Neuman's boundary
condition:

IN=0, (1)

where Jy is the normal electric current density [A/m?]. The distribution
of the electric field intensity in tumour tissue for given electrode
geometry was calculated numerically by means of finite-elements
method [21]. Tumour tissue was modelled as a quasi-stationary passive
and isotropic volume conductor in the quasi-stationary electric current
field. A condition in such structure is described by Laplace’s equation:

Adp =0, 2)

where ¢ is the electric field potential [V].

Due to a functional dependency of tumour tissue conductivity on
electric field intensity, a sequence analysis application for modelling of
electrical properties changes during electroporation process was used.
In each static model of the sequence analysis tissue conductivity was
determined based on electric field distribution in previous model of
the sequence analysis:

a(k) =f(E(k—1)), 3)

where ois the tissue conductivity [S/m], E is the electric field intensity
[V/m], k is the sequential number of static model in the sequence
analysis and f functional dependency of tumour tissue conductivity on
electric field intensity, which was obtained from previously reported
studies [22,23].

In in vivo electrochemotherapy experiment we used an electrode
commutation sequence as presented on Fig. 4. In the commutation
sequence used first (Fig. 4b) all outer electrodes were activated and
neighbouring needles were of the opposite polarity (+265 V), while
the middle electrode was in high impedance state (0 V in the finite-
elements model). After the commutation the second part (Fig. 4c) was
delivered in which all outer electrodes were positive (+265 V) and the
inner electrode was negative (-265 V).

ELECTRODE

TUMOUR TISSUE

Fig. 3. A geometry of 3D-model of multiple needle electrodes inserted into the tumour
tissue. Tumour tissue is in the shape of a cylinder with a diameter of 15 mm and length
of 6 mm. Inserted seven-needle electrodes are in honeycomb arrangement with a
diameter of 0.5 mm and the distance between two neighbouring needles is 5.5 mm.

The course of electrical conductivity changes inside the model of
the tumour tissue due to electroporation is presented in Fig. 5b, with
corresponding distribution of electric field intensity presented in
Fig. 5a. The electric field intensity and the specific conductivity are
given in XY cross-section (Z=2 mm plane) of the three-dimensional
finite-elements model. First part of electric field intensity and
electrical conductivity is presented on Fig. 5a1-3 and b1-3, while
second part of electrode commutation sequence is presented on
Fig. 5a4 and b4.

2.3. Electrochemotherapy

In vivo electrochemotherapy experiment was performed at the
Department of Experimental Oncology, Institute of Oncology, Ljubl-
jana, Slovenia in accordance with ethical provisions for research on
animals.

In experiment subcutaneous SA-1 fibrosarcoma syngeneic to A/J
mice was initiated by injection of 5% 10° cells into the left flank of the
animal. SA-1 cell suspension was cultivated in Eagle Minimal Essential
Media with 10% of Foetal Calf Serum (MEM, FCS; Sigma, ZDA). Ten days
after subcutaneous injection of cells, the tumours were large enough
(volume~300 mm?, diameter~12 mm) for electroporation with
multiple needle electrodes.

During the electrochemotherapy animals were anaesthetized with
ketamin and rompun (2 pl of ketamin+8 pl of 0.9% physiological
solution and 0.5 pl of rompun+9.5 pl of 0.9% physiological solution per
gram of mouse). Animals were divided into four experimental groups:
control, chemotherapy (CT), electric pulses (EP) and electroche-
motherapy (ECT). In each experimental group 7 mice were treated
independently. In all experimental groups multiple needle electrodes
were inserted into the tumour. Animals in CT and ECT experimental

a) b) c)
[ ) L )
2 1
) ° )
1 3 2
©

|| positive potential . high impedance

. negative potential . conductivity changes expected

Fig. 4. Electrode commutation sequence of two parts for honeycomb arrangement of
electrodes. Position of the electrodes and its numeration (a). States of the electrodes in
the first part of electrode commutation sequence (b). States of the electrodes in the
second part of electrode commutation sequence (c).
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Fig. 5. Electric field intensity [V/m] (a) and electrical conductivity [S/m] (b): the sequence analysis was not applied (1), the first static model in the first part (2), the final static model in
the first part (3) and the final static model in the second part of the electrode commutation sequence (4).

groups were injected intravenously with 100 pg of bleomycin.
Tumours in experimental groups EP and ECT were exposed to electric
pulses (2 intervalsx 8 square pulses, duration 100 ps, amplitude 530 V
and pulse repetition frequency of 100 Hz). Pulses in the ECT group
were delivered 3-4 min after the bleomycin injection.

Each day after the treatment on day O cranial/caudal, dorsal/
ventral and medial/lateral diameters of the tumours were measured.
Volumes of tumours were then modelled and calculated as spheroids.
Results are given in form of scatter graphs (SigmaPlot 9.0, Systat, USA),
where each point represents the mean volume of tumours in each
experimental group and the error bars indicate the standard error of
the mean (Fig. 6).

3. Results

Electric field intensity (Fig. 5a) in tumour tissue and consecutive
tumour tissue conductivity changes (Fig. 5b) were calculated for
suggested electrode commutation sequence (Fig. 4) by means of finite-
elements method. In Fig. 5a1 and b1 sequence analysis was not yet
applied. Fig. 5a2 and b2 represents first static model of sequence

1000
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W electrochemotherapy

V(tumour)/mm’
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Fig. 6. Tumour growth after electrochemotherapy (ECT) on day 0 and three standard
control groups for ECT: control, chemotherapy (CT) and electric pulses (EP). Each symbol
represents an average tumour volume and standard error in specific experimental group.

analysis. And Fig. 5a3,4 and b3,4 represents final static model of
sequence analysis. In the first part of electrode commutation sequence
(all outer electrodes are activated and neighbouring needles are of the
opposite polarity, while the middle electrode is in high impedance
state; Fig. 4b) when sequence analysis was not yet applied electric field
intensity was strong only around outer electrodes (Fig. 5a1). When
sequence analysis was applied electric field intensity (Fig. 5a2) and
tumour tissue conductivity (Fig. 5b2) quickly iterated to its final value,
which was obtained with insignificant numerical error in only four
steps (Fig. 5a3 and b3). Strong electric field intensity around outer
electrodes distributed around all outer part of tumour tissue (Fig. 5a3).
We can see that after the first part of electrode commutation sequence
all outer part of tumour tissue changed its conductivity which can also
be considered as it was electroporated while the tumour tissue around
the middle electrode remained unchanged i.e. not porated (Fig. 5b3). In
the second part of electrode commutation sequence (all outer elec-
trodes are positive and the inner electrode is negative; Fig. 4c) electric
field intensity was particularly strong around inner electrode (Fig. 5a4)
also because outer tumour tissue was already electroporated.

After completed electrode commutation sequence tumour tissue
was thus well electroporated (Fig. 5b4), which was demonstrated also
by electrochemotherapy effectiveness (Fig. 6). The suggested electrode
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Fig. 7. Complete responses of tumour treatment on A/] mice after electrochemotherapy
(ECT) on day 0. Tumours were observed for 3 months after day 0.
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commutation sequence for honeycomb arrangement of seven-needle
electrodes was evaluated in in vivo electrochemotherapy (ECT)
experiment on larger tumours. Three standard experimental groups
for evaluating ECT were used: control, chemotherapy (CT) and electric
pulses (EP). Tumours in these experimental groups were not retarded
in growth and animals were sacrificed after 10 days due to large
tumours. In ECT group where tumours were subjected to the
electrochemotherapy on day 0, tumours were however significantly
reduced in volume and delayed in growth. In addition, 57% (4/7)
complete responses were obtained (Fig. 7).

4. Discussion and conclusion

The aim of our study was to develop and test an effective in vivo
electrochemotherapy on larger tumours by means of multiple needle
electrodes. We thus developed and tested an electrode commutation
circuit, which commutates the usual single output electroporation
signal between the seven-needle electrodes used in our study. We
suggested and tested experimentally by performing electroche-
motherapy an effective electrode commutation sequence for tissue
electroporation. Results of electrochemotherapy show a significant
reduction in tumour volume, delay in growth and 57% complete
responses (Fig. 6 and 7). We also calculated corresponding electric
field distribution in tumour tissue taking into account an increase of
tissue conductivity due to electroporation. Results of calculations
show that large volume of tumour tissue is successfully electroporated
by using suggested electrode commutation sequence (Fig. 5b4).

Electroporation is a dynamic process, meaning that tissue proper-
ties are changing during the constant voltage pulse from 0.3 to 0.7 S/m
[22,23]. Electric field intensity below the reversible threshold value
does not permeabilize the cell membranes and therefore no changes
in conductivity are expected. When the electric field intensity exceeds
reversible threshold cell membrane is permeabilized and tissue
conductivity increases. The membrane permeabilization is reversible
for electric field intensities below irreversible threshold.

The main purpose of the modelling was to foresee electroporated
tissue in treated tumours. We thus had to take into account the
influence of electric field intensity on tumour tissue conductivity and
that changes in tumour tissue conductivity retroact on electric field
distribution. Therefore sequence analysis was used to take into
account such retroactivity. Results obtained with this application
describe a sequence of static models, where each of them describes
the process at one discrete interval. Each discrete interval relates to a
real yet undetermined time interval. If we compare first (Fig. 5b2) and
the last (Fig. 5b3) result of sequence analysis iteration we can see such
retroactivity in results of tumour tissue conductivity. These results
demonstrate that larger volume of electroporated tumour tissue is
expected if sequence analysis is applied. Such expectations are in
agreement with electrochemotherapy results (Figs. 6 and 7).

In in vivo electrochemotherapy experiment multiple needle electro-
des in honeycomb arrangement were used, because such arrangement
of electrodes is preferable in electrochemotherapy as better coverage of
tumour tissue with electric field distribution can be achieved with single
amplitude of electric pulses. For such electrodes an effective and short
pulse electrode commutation sequence for electroporation is required.
In our study we used a combination of two parts, which are presented on
Fig. 4. Such sequence of voltage pulses application is quick, because it is
delivered in only two parts and therefore suitable for clinical use where
patients are subjected to muscle contraction and painful sensations. It is
also effective as the conductivity changes expected due to tissue
permeabilization are favouring electric field distribution through all the
area between the electrodes.

Embedded electrode commutator, which was developed and used
in our study, has been proven to be effective and was therefore built in
the Cliniporator device [24]. Moreover, such electrode commutator is
relatively easy to construct due to simple design and can be used for

any other single output electroporator. On the basis of our experi-
mental and numerical results we can conclude that suggested elec-
trode commutation sequence for honeycomb arrangement of
electrodes can be efficiently used in electrochemotherapy. Given out-
put amplitude allows for treatment of larger tumours using multiple
needle electrodes without repositioning of electrodes.
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An electrochemical biosensor for the detection of bar gene coding phosphinothricin herbicide resistance is
presented. The detection was based on hybridization reaction between the specific to bar gene 19-mer probe
immobilized on the electrode surface and complementary DNA in a sample. Single-stranded DNA probe
specific to bar gene was covalently attached by 5’-phosphate end to the surface of carbon paste electrode.
Outer layer of a conventional CPE was provided with carboxyl groups of stearic acid. ssDNA was coupled to
the electrode through ethylenediamine with the use of water-soluble 1-ethyl-3(3’-dimethylaminopropyl)-

I;Z{Vgg;?‘ carbodiimide and N-hydroxy-sulfosuccinimide as activating reagents. Hybridization reaction at the electrode
GM food surface was detected via Co(bpy)3*, which posses a much higher affinity to the resulting DNA duplex
Electrochemical biosensor compared to ssDNA probe. Detection limit of the sensor was 0.1 pM of target DNA fragments and its response
Modified CPE was linear from 5 to 20 pM. Hybridization event was also detected by measuring guanine peak but this
Hybridization approach presented distinctly higher detection limit (1 uM) and lower reproducibility. Complete time of one
Co(bpy)3* measurement with the use of the biosensor including covalent attachment of ethylenediamine (linker) and

ssDNA probe to the electrode, hybridization with target and interaction with electroactive indicator was

about 70 min.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Nucleic acid hybridization has become one of the most important
techniques in molecular biology for the detection and analysis of
specific DNA sequences. Determination of nucleic acid sequence plays
an increasingly significant role in many areas, ranging from clinical
diagnosis, forensic and environmental analyses to food safety
monitoring. Conventional methods are often laborious and expensive,
therefore new DNA biosensors selectively detecting DNA sequences by
hybridization appear very promising analytical tool [1-6]. DNA
hybridization biosensor consists of a biological recognition element
associated with a transducer translating recognition event into a
physically measurable value [7]. Methods of signal transduction
include mostly electrochemical, piezoelectric or optical systems
[2,8]. Electrochemical transducers are relatively simple devices, rather
cheap, appropriately sensitive and selective, and generally eligible for
routine tests, therefore they seem to be particularly attractive for the
detection of specific DNA sequences [2,3,5,6,9,10]. In an electroche-
mical DNA hybridization sensor usually a short single-stranded DNA (a
probe) is immobilized on working electrode to create recognition
element. Among variety of working electrodes carbon paste electrodes
(CPE) have been widely used to assemble DNA biosensor [2,11]. They

* Corresponding author. Tel.: +48 61 8569536; fax: +48 61 8543993.
E-mail address: marian.filipiak@ae.poznan.pl (M. Filipiak).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.03.003

can be modified by different methods for example by simple mixing
appropriate compounds with the carbon paste [6,12,13]. The probe
immobilized on the electrode surface is able to form specific double-
stranded hybrid with its complementary nucleic acid (target) in the
presence of a mixture of many other nucleic acid fragments [4,6,11,14].
The hybridization event is commonly detected with the use of
electroactive redox indicator that enables discrimination between
single-stranded and newly formed on the electrode surface double-
stranded DNA [1,2,5,6,10,15]. In this analytical approach bipyridyl or
phenanthroline metal chelates (Ru, Os, Co) are frequently used.

The efficiency of DNA hybridization sensor is highly influenced by
the method of probe immobilization and the hybridization procedure
[6,8]. The probe attachment is the key factor in the overall
performance of electrochemical DNA biosensor and wide range of
immobilization methods was described [2,5,6,11]. One of the most
commonly used approaches is controlled-potential adsorption on the
CPE surface [16-21]. This immobilization method does not require any
reagents or nucleic acid chemical modifications. However, multiple
sites of ssDNA binding result often in poor hybridization efficiency and
a probe is not prevented from desorption [2,6,11]. More suitable
approach could be one point attachment of the ssDNA molecule by 5’
or 3’ end providing higher hybridization efficiency. Covalent immo-
bilization of ssDNA enables proper orientation of coupled probes and
furnishes a stable layer under experimental conditions [2,11,14].

A method of covalent immobilization of ssDNA fragments on the
modified carbon paste electrode was described by Millan et al. [ 12]. The
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probe deposition on a modified carbon paste was performed in the
presence of water-soluble carbodiimide 1-(3-dimethylaminopropyl)-
3-ethyl-carbodiimide (EDC) and N-hydroxy-sulfosuccinimide (NHS).
Carbodiimide derivatives are widely used for forming either amide or
phosphoamidate bonds between the DNA and carboxyl or amino
groups of the modified carbon or gold electrodes surface [2,6,14].

In this work rapid and sensitive electrochemical DNA biosensor for
the identification and quantitative determination of bar gene is
presented. The majority of genetically modified plants have been
transformed with constructs conferring herbicide resistance, com-
monly phosphinothricin tolerance genes (bar, pat). Therefore the
detection of these target sequences is a way of GM food analysis
[22,23]. DNA sequence determination was performed electrochemi-
cally using the stearic acid modified carbon paste electrode with
covalently attached probe specific for the bar gene. The complemen-
tary nucleic acids fragments were detected via hybridization with the
use of electroactive indicator or also without indicator on the base of
guanine oxidation peak [1,2,6,10,15]. An optimization of biosensor
performance procedure was established and this is discussed in the
paper. One of the important factors influencing biosensor performance
is a hybridization efficiency related very much to the electrode surface
density of a probe [8,9,24,25]. This is also considered in the paper.

2. Materials and methods
2.1. Reagents and electrochemical measurements

All solutions were prepared using deionized water. Oligonucleo-
tides (19-mer probe, 19-mer complementary target and 15-mer
noncomplementary DNA fragment) were purchased in Tib Molbiol
(Poznan, Poland) and had the following sequences:

probe 5’ GTCAACTTCCGTACCGAGC

target (bar gene) 5’ GCTCGGTACGGAAGTTGAC
noncomplementary DNA fragment 5’ TGTCTCAAACTGTTT
15 mer oligoG and 15 mer oligoC

Ethylenediamine was from Fluka. 1-ethyl-3(3-dimethylaminopro-
pyl)-carbodiimide (EDC), N-hydroxy-sulfosuccinimide (NHS), stearic
acid, 2,2’-bipyridine cobalt(II) chloride, perchloric acid, graphite powder,
mineral oil were from Sigma. All other chemicals were analytical grade
from Polskie Odczynniki Chemiczne, Poland. Tris(2,2’-bipyridyl)cobalt
(1II) perchlorate (Co(bpy)s(ClO4)3) was prepared according to described
procedures and recrystallized twice from water prior to use [26-28].

Electrochemical measurements were performed with a potentiostat
PGSTAT12 with GPES, version 4.9 software (Eco Chemie, Utrecht, The
Netherlands). The experimental conditions for electrochemical analysis
were: the three electrode system consisted 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
supplied with a copper wire. Only the outer layer of electrode was
prepared from modified carbon paste enriched with stearic acid in the
concentration of 5% (w/w). The surface of the working electrode was
always renewed before use by removing outer layer of carbon paste and
polishing to a smoothed finish on a weighing paper.

Experiments were carried out in a 1 ml cylindrical cell. All
potentials were referred to Ag/AgCl electrode. All measurements were
done in room temperature.

Experimental conditions for square wave voltammetry were:

frequency of 100 Hz, amplitude of 0.04 V and step potential of 0.015 V.

For the presentation of all experimental voltammograms Origin,
version 6.0 (Microcal Software) was used.

Calculations were executed on the ground average from five
measurements.

2.2. Immobilization of ssSDNA probe on the modified CPE

Sequence specific DNA sensor was developed by the covalent
attachment of single-stranded nucleic acid fragments to stearic acid
modified carbon paste electrode according to our procedure described
previously [29].

Before immobilization the carbon paste electrode was electroche-
mically pretreated in 0.05 M phosphate buffer, pH 7.0 for 60 s at +1.7 V.
After pretreatment the electrode was rinsed for 15 min in 0.05 M
phosphate buffer, pH 7.0 containing 5 mM EDC, 8 mM NHS and 75 mM
ethylenediamine. Then the electrode was washed for 2 min in a buffer
and immersed for 15 min at +0.5 V in the phosphate buffer containing
5 mM EDC, 8 mM NHS and DNA probe at the concentration of 10 uM.
After immobilization DNA modified electrode was rinsed for 15 min and
used to hybridization with target DNA fragments.

2.3. Electrochemical detection of bar gene by hybridization

For hybridization a probe modified electrode was immersed in
0.05 M phosphate buffer, pH 7.4 containing 0.5 M NaCl and a 19-mer
complementary DNA fragments (target) at concentrations ranging
from 0.05 to 40 uM. Then the electrode was washed for 15 min in a
buffer and rinsed for 5 min at +0.5 V to phosphate buffer containing
38.5 uM Co(bpy)3*. This step was avoided when hybridization was
detected by guanine signal. After that the electrode was washed and
immersed to blank phosphate buffer where finally a square wave
voltammetric scan was recorded. The same reaction was performed
with the use of noncomplementary DNA fragments at the concentra-
tion of 5 pM.

3. Results and discussion

Detection of complementary DNA fragments specific to bar gene
was performed by electrochemical biosensor. A recognition layer was
the surface of a carbon paste electrode with covalently immobilized
19-mer oligonucleotide as a probe. Detection of target DNA was
accomplished after hybridization by measuring electrochemical signal
of two electroactive agents: bipyridyl cobalt(Ill) complex interacting
with DNA and guanine, electroactive component of DNA. Electro-
chemical signal (SWV) of Co(bpy)3* was expected to be higher after
hybridization because it binds more strongly to DNA duplex than to
single-stranded DNA leading to an increase of indicator surface
concentration [3,5,6].

Electrode surface recognition layer of a biosensor was prepared by
immobilization of DNA probe via ethylenediamine to stearic acid
modified carbon paste electrode as previously described [29]. Optimal
stearic acid concentration in the outer layer of CPE was established for
5% (w/w). Carboxyl groups of stearic acid were activated by water-
soluble carbodiimide 1-(3-dimethylaminopropyl)-3-ethyl-carbodii-
mide (EDC) and N-hydroxy-sulfosuccinimide (NHS) and then sub-
stituted in nucleophilic substitution reaction with the amine groups of
ethylenediamine to form finally an amide linkage. According to our
previously reported protocol this step lasted only 5 min and the
concentration of ethylenediamine was 10 mM [29]. However, further
investigation brought us about revision of some earlier findings.
Increasing ethylenediamine concentration and also extending the
time of ethylenediamine reaction with carboxyl groups on carbon
paste electrode positively influenced the efficiency of DNA probe
immobilization. The relationship was examined by the modification of
CPE according to procedure described in Materials and methods,
whereat ethylenediamine concentration ranged from 10 to 80 mM
and reaction time of ethylenediamine with an electrode varied from 5
to 70 min. In these experiments a simple 15-mer oligonucleotide
(oligoG) was immobilized on modified carbon paste electrodes and its
immobilization efficiency was estimated by measuring guanine signal
(Figs. 1 and 2).
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Fig. 1. Effect of ethylenediamine concentration on 5 uM 15-mer oligoG immobilization
efficiency expressed as guanine peak height. Time of ethylenediamine and oligoG
binding was 15 min. As activators 5 mM EDC and 8 mM NHS were used. SWV
conditions: frequency of 100 Hz, amplitude of 0.04 V, step potential of 0.015 V in 0.05 M
phosphate buffer (pH 7.0).

Guanine signal of an electrode was steadily raised when
ethylenediamine concentration increased up to 75 mM and then
remained rather stable (Fig. 1). It was concluded from these
experiments that 75 mM concentration of ethylenediamine for carbon
paste activation provided the highest DNA immobilization efficiency
and this concentration was used in further experiments. Similarly,
effect of ethylenediamine reaction time was examined and it was
found that 15 min time resulted in the highest oligonucleotide
immobilization efficiency (Fig. 2).

In conclusion, the amount of oligonucleotide immobilized on the
carbon paste electrode increased by 30% when ethylenediamine
concentration rose from 10 to 75 mM and reaction time was extended
from 5 to 15 min. Applying these new parameters optimal oligonu-
cleotide concentration for DNA layer construction was established.
Results presented on Fig. 3 show that the highest response of the DNA
modified electrode expressed as guanine signal was found in case of
10-12 pM oligonucleotide concentration used for immobilization.

Carbon paste electrode modified according to presented procedure
and supplied with appropriate DNA probe can be used as a
hybridization biosensor for detection of target DNA. Experimental
conditions for hybridization described in the literature are very
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Fig. 2. Effect of 75 mM ethylenediamine reaction time on 5 uM 15-mer oligoG
immobilization efficiency expressed as guanine peak height. Time of oligoG bonding
was 15 min. As activators 5 mM EDC and 8 mM NHS were used. SWV conditions as on
Fig. 1.
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Fig. 3. Effect of 15-mer oligoG concentration on its relative immobilization efficiency
expressed as guanine peak height. Time of oligoG bonding was 15 min. As activators
5 mM EDC and 8 mM NHS were used. SWV conditions as on Fig. 1.

differentiated and its duration generally varied from 2 min to 1 h
[5,11,25]. Millan et al. [12] suggests that reaction of complementary
fragments association in the high salt concentration runs at maximum
rate in the first 10 min only. Peterson et al. [25] reported that at low
probe density hybridization reaction reached maximum already after
15 min. In the series of experiments using again oligonucleotide oligoC
as a probe and oligoG as a target an optimal hybridization time was
established (Fig. 4). Process of hybridization should last long enough
to provide low detection limit. On the other hand, too long reaction
can bring about non specific hybridization.

Results presented on Fig. 4 show that guanine signal rose
dynamically up to 15 min of hybridization reaction and after that
growth rate was significantly lower. Therefore hybridization time
15 min was assumed as optimal and it was used in further experiments.

Detection of bar gene encoding phophinothricin herbicide was
performed using developed electrochemical biosensor with a carbon
paste electrode modified with stearic acid and ethylenediamine as
described above. The recognition element was ssSDNA probe attached
covalently to ethylenediamine. The probe was 19-mer oligonucleotide
complementary to bar gene. Hybridization was detected by bipirydyl
cobalt (III) complex. Reproducibility of voltammetric signals was very
much influenced by a time of electrode washing after interaction with
Co(bpy)3* (Fig. 5).
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Fig. 4. Effect of hybridization time on the guanine peak height after hybridization

performed between 15-mer oligoC immobilized on the electrode and 15-mer oligoG in
solution. Oligonucleotides concentration was 10 pM. SWV conditions as on Fig. 1.
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Fig. 5. Relationship between SWV signals of 38.5 uM Co(bpy)3* and washing time of the
DNA modified CPE after hybridization between DNA probe specific for bar gene
immobilized on the electrode and complementary DNA fragment in solution at the
concentration of 3 pM. SWV conditions as on Fig. 1.

In this work several different electrode washing times in stirred
buffer solution were used, i.e. from 30 s to 5 min. Finally, 3 min time of
washing was established and this time ensured satisfactory reprodu-
cibility although obtained voltammetric signals were slightly lower.
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Fig. 7. Relationship between SWV guanine peak current (Ep=1.026 V) and the
concentration of target DNA during hybridization (A). A linear relationship was found
in the range from 3 to 10 uM of target concentration (B). SWV conditions as on Fig. 1.

Elaborated analytical procedure was used to find a relationship
between concentration of DNA fragments specific for bar gene and
electrochemical signal of Co(bpy)3* (Fig. 6A). This relationship
presents linearity in the range from 5 to 20 pM concentration of
target DNA (Fig. 6B).

Co(bpy)3* binds not only to dsDNA but also to single-stranded DNA
therefore detection of target at very low concentration was quite
limited. Detection limit for target DNA fragments achieved in these

104 B experiments was 0.05 pM. Hybridization event could be also
examined by the observation of guanine peak present in SW
0.8 voltammogram. Relationship between a concentration of DNA frag-
: ments specific for bar gene and guanine peak current was presented
on Fig. 7A.
§_ 0.6 Detection limit obtained with the use of bipyridyl complex enabled
— to determine 0.05 pM concentrations of target fragments, whereas
o . . . . . .
- voltammetric signals of guanine oxidation achieved for target
0.4
Table 1
0.2 Peak current and relative standard deviation of Co(bpy)3* and guanine signals after
i hybridization of the probe with target DNA (5 and 20 uM)
Co(bpy)3* Guanine
0.0 T v -
4 é 1|0 1|2 1|4 1I6 1I8 2'0 Target DNA Peak current RSD Peak current RSD
[target] / pM (uM) (uA) (%) (uA) (%)
5 0.336 4 1.005 21
. Qe . )
Fig. 6. SWV peak current of 38.5 uM Co(bpy)3" (Ep=0.039 V) as a function of different 20 0.969 6 1636 20

target DNA concentration during hybridization (A). A linear relationship was found in
the range from 5 to 20 pM of target concentration (B). SWV conditions as on Fig. 1.

Average values of 5 repeated measurements.
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Fig. 8. SW voltammograms of Co(bpy)3* (38.5 uM) on bare CPE and after interaction
with ssDNA probe, after hybridization with complementary (0.1 uM) and noncomple-
mentary (5 pM) DNA fragments. SWV conditions as on Fig. 1.

concentrations below 1 pM were hardly discriminated. Linear
relationship between guanine oxidation peak and target DNA
concentrations was found in the range from 3 to 10 uM (Fig. 7B).
Data attained for guanine signals were slightly reproducible, values of
relative standard deviations exceeded 20% when RSD for Co(bpy)3*
signals amounted only 4-8%. Some exemplary data of RSD values
obtained in repeated measurements are presented in Table 1.

Control experiments were performed with the use of noncomple-
mentary DNA fragments in the hybridization mixture (Fig. 8).

Obtained data showed that in the presence of noncomplementary
DNA fragments in a hybridization mixture resulted Co(bpy)3* signals
were slightly higher than those obtained for ssDNA probe immobi-
lized on an electrode. This was also observed by some other authors.
Ozkan et al. [30] applied methylene blue as a hybridization indicator
and they also obtained some small differences between signals of
noncomplementary DNA fragments and ssDNA probes. Also Wang and
co-workers [31] attained similar results. Some increase of a signal
probably results from nonspecific interaction between a probe and
noncomplementary DNA fragment, however, it is difficult to elucidate
this phenomenon. In our experiments in a hybridization solution the
concentration of noncomplementary fragments was 5 pM and
obtained signals were significantly smaller than for complementary
fragments at the concentration of 0.1 uM (Fig. 8). And this concentra-
tion was assumed as a detection limit of target DNA fragments in
analyzed sample with the use of described procedure.

It was also observed (Fig. 8) that a peak potential of Co(bpy)3* was
shifted negatively from about +100 mV to +39 mV for dsDNA (obtained
after hybridization with target) and to +24 mV for ssDNA modified CPE
(interaction with probe and also hybridization performed with
noncomplementary DNA fragments). The peak potential of Co(bpy 3"
was shifted negatively after interaction with DNA and this result
evidenced an electrostatic interaction of bipyridine complex with DNA
via anionic phosphate residues [32]. The difference between a shift of
Co(bpy)3* SWV peak potential after interaction with ssDNA (both a
probe and also noncomplementary DNA fragments) and DNA duplex
obtained after hybridization with complementary target could
probably indicate slightly different mechanism of interaction of this
complex with dsDNA than with ssDNA.

4. Conclusions
The aim of this work was to construct a hybridization biosensor for

the detection of DNA fragments specific for bar gene coding
phosphinothricin resistance. Sensor presented in this work enables

rapid detection of specific DNA fragments. Complete time of one
analysis including covalent attachment of ethylenediamine (linker)
and ssDNA probe to the electrode, hybridization with target and
interaction with electroactive indicator was about 70 min.

Carbon paste electrode modified by stearic acid with covalently
immobilized ssDNA probe specific for bar gene was used for
hybridization with complementary fragments. Short DNA immobili-
zation time resulted in active layers with low density DNA probes
enabling an easy access of complementary fragments to a sensor.
Relationship between SWV signals of Co(bpy)3* used as hybridization
indicator and a concentration of complementary DNA fragments was
found. Hybridization lasting only 15 min led to the detection limit of
0.1 uM targets in the presence of noncomplementary DNA fragments.

Obtained biosensor presented good reproducibility and an easy
way of regeneration. Established procedure provides the electroche-
mical biosensor for simple, rapid, sensitive and reliable detection of
specific DNA fragments. It will be used for the determination of real
samples isolated from genetically modified plants.
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Electroporation is usually described as a formation of transient pores in the cell membrane in the presence of
a strong electric field, which enables transport of molecules and ions across the cell membrane. Several
experimental studies of electroporation showed a complex dependence of the transport on pulse parameters.
In only few studies, however, the actual transport across the membrane was quantified. Current theoretical
studies can describe pore formation in artificial lipid membranes but still cannot explain mechanisms of
formation and properties of long-lived pores which are formed during cell electroporation. The focus of our
study is to connect theoretical description of pore formation during the electric pulses with experimental
observation of increased transport after the pulses. By analyzing transient increase in conductivity during the
pulses in parallel with ion efflux after the pulses the relation between short-lived and long-lived pores was
investigated. We present a simple model that incorporates an increase in the fraction of long-lived pores with
higher electric field due to larger area of the cell membrane exposed to above-critical voltage and due to
higher energy which is available for pore formation. We also show that each consecutive pulse increases the
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probability for the formation of long-lived pores.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The cell membrane has low permeability for most molecules and ions
due to the hydrophobic nature of the lipid bilayer. Transport through the
membrane occurs only for certain molecules and ions through
membrane channels by means of diffusion or by active transport.

However, for different biomedical applications it is useful to
increase permeability of the membrane to introduce certain drugs or
molecules into the cell. A few decades ago it was shown that strong
electric fields can cause structural changes in the cell membrane, which
result in increased permeability for ions and larger molecules [1]. This
process was named electroporation since it is believed that pores are
formed in the cell membrane during the presence of the electric field
which dramatically increases transport of water soluble ions and
molecules across the membrane [2,3]. Sometimes the term electro-
permeabilization is used instead to stress that increased permeability is
observed. Electroporation is currently an established method for
delivery of molecules into cells in vitro and in vivo, as well as an
integral part of electrochemotherapy of tumors [4-6] and gene elec-
trotransfer [7-9]. Several recent studies [9-11] in vivo suggested that
gene electrotransfer could become important method for DNA transfer

* Corresponding author. Tel.: +386 1 4768 768; fax: +386 14264 658.
E-mail addresses: mojca.pavlin@fe.uni-lj.si (M. Pavlin),
damijan.miklavcic@fe.uni-lj.si (D. Miklavcic).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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in gene therapy of various illnesses as an alternative method to the viral
transfection, while electrochemotherapy is starting to become used in
clinics as a possible therapy for cutaneous and subcutaneous tumors
[9,12]. However, even though electroporation is already widely used in
vitro experiments and successfully used for clinical applications, up to
now there is no complete description on the molecular level.

In general, the key parameter for successful cell permeabilization is
the induced transmembrane voltage [2,3,13,14] which is generated by
an external electric field due to the difference in the electric properties
of the cell membrane, external medium and cytoplasm known as the
Maxwell-Wagner polarization [3]. The induced transmembrane
voltage on a cell membrane can be derived from the solution of a
Laplace equation. For physiological values of parameters when the cell
membrane is almost non-conductive [2,3] we obtain for the trans-
membrane voltage of a spherical cell:

Un :%EoRcos 0, 1)

where Ej is the applied electric field, R radius of the cell and 6 the
angle between the field direction and radius vector to the given point
on the membrane. The cell membrane becomes permeable for trans-
membrane voltages above a certain threshold, which was estimated to
be between 200 mV and 1 V [2,3,13-15]. After pulse application
the process of resealing takes several minutes allowing for trans-
port of molecules and ions across the cell membrane. However,
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electroporation is reversible only for a given range of parameters of
electric pulses. When an electric field is further increased or for longer
pulses or for larger number of pulses the changes in the cell structure
become irreversible finally leading to its death.

Electroporation was experimentally studied on all levels of
biological complexity from planar lipid bilayer membranes (usually
referred as dielectric breakdown), single cells, cells in suspensions, to
in vivo experiments [2,3,13,14]. Although there is a lot of indirect
experimental evidence of the increased membrane permeability and
studies of the effects of different parameters on the efficacy of
electroporation, these observations alone do not explain the under-
lying physical-chemical mechanisms, which cause structural changes
of the membrane and finally lead to its increased permeability long
after the electric pulses are switched off [14,16]. Also none of the
existing experimental methods enable direct visualization of pores —
i.e. permeable structures in the cell membrane. Recently, molecular-
dynamics studies showed formation of aqueous pores in the lipid
bilayer in a very strong nanoseconds long electric field pulses [17],
which is in agreement with experimental observation of electropora-
tion and bioelectric effects observed with nanoseconds pulses [18].
However, current molecular molecular-dynamics simulations are
limited to short nanosecond time-scale, while “classical” electropora-
tion occurs in microsecond time-scale.

In parallel with experimental data several theoretical models were
developed from which the model of aqueous pore formation offers the
most accurate agreement with observations [14,19-22]. Still, this
theoretical model was developed and validated on experiments on
bilayer membranes or by measuring transient conductivity changes —
therefore in both cases by studying only transient short-lived permeable
structures with life-time of milliseconds [19,21]. In contrast to this, all
experimental data on cell electroporation agree, that life-time of pores,
which enable molecular diffusion, range from minutes to hours
depending on pulse parameters and temperature, which is crucial for
biomedical and biotechnological applications. It is therefore clear that
complete description of cell electroporation is still lacking connection
between experimental data and the theoretical framework [14,16].

Only in few studies, which studied conductivity changes and ion
diffusion during cell electroporation authors directly observed and
analyzed the actual transport across the membrane [23-29]. For this
reason we made and extensive study of the effect of cell electroporation
on ion permeability during the electric pulses and ion diffusion after
electric pulses on dense cell suspension of BIGF1 (mouse melanoma) cells.
The main objective of the present study is to understand the relation
between short-lived pores and long-lived pores in cell electroporation as
well as to interpret the experimental data in the framework of known
theoretical models of increased membrane conductivity, effective
conductivity and ion diffusion across the permeabilized membrane.

We measured conductivity of a cell suspension during application
of electrical pulses as well as after pulse application using low-voltage
test pulses. In parallel, experiments of molecular uptake were
performed. From measured conductivity, ion diffusion and molecular
transport using theoretical models we quantify the fraction of short-
lived and long-lived pores. We also determine time constant of the
short-lived pores. We further analyze which parameters affect
stabilization of the long-lived pores and discuss the relation between
the short-lived transient pores and the long-lived pores. The other
objective of this study is to asses if conductivity measurement could
be used as a method for an on-line detection of cell electroporation in
vitro and/or in vivo as previously suggested [26,29,30].

2. Materials and methods
2.1. Electroporation and current-voltage measurements

The experimental setup consisted of a generator that delivered
square pulses, an oscilloscope and a current probe. Two high-voltage

generators were used; for protocol where 8 x 100 ps pulses were used a
prototype developed at the University of Ljubljana, Faculty of Elec-
trical Engineering, was used and for the second protocol Clinipora-
tor™ device (IGEA s.r.l., Carpi, Modena, Italy) was used, which allowed
us to deliver combination of one high-voltage and one low-voltage
pulse with a given delay in between.

During the pulses the electric current was measured with a current
probe (LeCroy AP015, New York, USA) and the applied voltage with the
high-voltage probe (Tektronix P5100, Beaverton, USA). Current and
voltage were measured and stored on the oscilloscope (LeCroy 9310 C
Dual 400 MHz, New York, USA). In the first type of experiments we
used a protocol using train of eight square pulses of 100 ps duration
with 1 Hz repetition frequency — the 8x100 ps protocol (in one
experiment the repetition frequency was changed). Parallel aluminum
plate electrodes (Eppendorf cuvettes) with d=2 mm distances
between the electrodes were used. Pulse amplitudes were varied to
produce applied electric field Eo=U/d between 0.4 kV/cm and 1.8 kV/
cm. In the second type of experiments first one 1 ms high-voltage (HV)
pulse was delivered, and after a given delay of (0.1 ms-4200 ms) one
1 ms low-voltage (LV) test pulse was delivered (HV+LV protocol). The
applied voltages were Uyy=200 V and Uy =40 V, which gave applied
electric field Eg yy=1 kV/cm and Eq 1v=0.2 kV/cm. For every set of
parameters a reference measurement on medium with no cells was
also performed.

2.2. Cells

In all experiments cell suspension of mouse melanoma cells
(B16F1) were used. Cells were grown in Eagle's minimum essential
medium supplemented with 10% fetal bovine serum (Sigma-Aldrich
Chemie GmbH, Deisenhofen, Germany) at 37 °C in a humidified 5% CO,
atmosphere in the incubator (WTB Binder, Labortechnik GmbH,
Germany). The cell suspension was prepared from confluent cultures

a) 8x100us train of 8 pulses

—] — F

1s
- e .
b) HV+LV
high-voltage pulse low-voltage pulse
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b

Fig. 1. Schematic representation of the two pulsing protocols which were used: a) a
protocol with a train of eight pulses with applied electric field between 0.4 kV/cm
and 1.8 kV/cm (8x100 ps) and b) combination of one high-voltage and one low-
voltage pulse (HV+LV protocol), where tp, is the time delay between HV and LV pulse,
Eo yv=1 kV/cm and Eg 1y=0.2 kV/cm.
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with 0.05% trypsin solution containing 0.02% EDTA (Sigma-Aldrich
Chemie GmbH, Deisenhofen, Germany). From the obtained cell
suspension trypsin and growth medium were removed by centrifuga-
tion at 1000 rpm at 4 °C (Sigma, Germany) and the resulting pellet was
resuspended in medium and again centrifuged. A low-conductive
medium was used for electroporation that contained phosphate buffer
(NagHPO4/NaH,P0,4) with 250 mM sucrose (PB) 0p (25 °C)=0.127 S/m.
In all the experiments dense cell suspensions having cell volume
fractions F=0.3 (1x10® cells/ml) were used.

3. Results

A typical electroporation experiment consisted of application of
electric pulses during which both current and voltage were measured.
A low-conductive medium without potassium ions was used to obtain
leakage of potassium ions from the cell interior across the permea-
bilized cell membrane. Two different sets of measurements (see Fig.1)
were made, first with a train of eight pulses 100 ps (usually used in
electrochemotherapy), and second using combination of one high-
voltage and one low-voltage pulse. From measured voltage and
current signals we obtained dynamic conductivity of each sample of
cell suspension: oft)=I(t)/U(t) d/S, where d is the distance between
the electrodes, and S the surface of the sample volume at the elec-
trodes. In the first set of experiments (Fig. 1a) we obtained dynamic
conductivity of a cell suspension o during a train of eight 100 ps pulses
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Fig. 2. a) Recorded signals of the measured current I and voltage U during a train
of eight 100 ps pulses, 1 Hz repetition frequency for different applied electric fields
Eo=UJd for cells in PB, Ep=0.4 kV/cm-1.8 kV/cm. b) Time dependent conductivity is
shown: o(t)=I(t)/U(t) d/S. The memory segmentation function of the oscilloscope was
used in order to obtain high time resolution during the pulses, and only 100 ps after the
pulse were recorded.
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Fig. 3. Transient conductivity changes during N-th pulse of the train of 8 x 100 ps pulses
are shown. A0y, is normalized to the initial conductivity. Solid line — cells in low-
conductive medium, dotted line — reference measurement on medium without cells
during the first pulse. The results are shown against the local electric field E, where E/
Ep=0.91.

and applied electric field between 0.4 kV/cm and 1.8 kV/cm, as shown
in Fig. 2b.

In Fig. 2b we define the parameters which we analyzed: AOya, —
transient conductivity during the electric pulses and changes of the
initial level of conductivity Ao. The transient conductivity changes are
defined as the difference between the final and initial conductivity of
the N-th pulse: AOyan=0"-0) and changes of the initial level
(compared to first pulse) as: Ao=0} - 0p. The initial level of measured
conductivity at the start of each pulse (o)) was determined after a
delay of approximately three microseconds after the start of a given
pulse, so that fast transient effects due to displacement current and
electrode effects were not taken into account (small variations of this
delay did not affect significantly the data analysis). The results are
normalized to 0y, which is defined as the initial conductivity at the
start of the first pulse 0o=03.

In the following sections we will analyze both measured quan-
tities: the transient conductivity changes from which we will quantify
the transient pores, and the changes of the initial values due to ion
efflux from which we will analyze and quantify the long-lived pores.

3.1. Conductivity changes during the pulses — analysis of short-lived
pores

3.1.1. Transient conductivity changes

In Fig. 3 transient conductivity changes A0ian/0p during the N-th
100 ps pulse for Eg=U[/d=[0.4-1.8] kV/cm are shown. Results are
presented for different local electric fields E since for a high density of
cells is the actual local field smaller than the applied field due to the
interaction between the cells [31,32]. The ratio E/E, was taken from
our previous study [32], where the decrease due to the neighboring
cells was calculated to be 9% for volume fraction of cells F=0.3.

It can be seen that transient conductivity changes during the
pulses A0yan/0p increase considerably above 0.5 kV/cm and reach
maximum at 1.2 kV/cm, compared to the reference measurement on
pure medium where A0y, are approximately constant (dotted line).
The threshold value of 0.5 kV/cm is in agreement with the threshold of
molecular uptake which also increases above 0.5 kV/cm, therefore
part of the transient conductivity increase can be attributed to
formation of short-lived pores in the cell membrane. Surprisingly, the
number of pulses does not influence the transient conductivity, which
can also be seen directly from the shape of conductivity signals
presented in Fig. 2b, where consecutive pulses have very similar shape
and increase in transient conductivity.
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3.1.2. Life-time of short-lived pores

To determine the life-time of transient changes (short-lived pores)
we performed a set of experiments where we changed repetition
frequency of pulses. So we used a train of 8 x100 ps pulses with 1 Hz,
10 Hz, 100 Hz, 1 kHz and 2.5 kHz repetition frequency.

In Fig. 4a the changes of the conductivity between the pulses — Ao/
0y (the changes of the initial level) are shown for different repetition
frequencies (field dependence on Ao/op and theoretical analysis will
be given in section on ion diffusion). These changes can be explained
with ion efflux between the pulses (mostly potassium ions). It can be
seen that with an increase in frequency the time interval between
consecutive pulses becomes shorter and thus the ion efflux is reduced.
For this reason we can neglect the contribution of ion efflux to
transient conductivity changes.

In Fig. 4b it is demonstrated that the transient conductivity
changes relax almost to the initial level in 10 ms (100 Hz) and after
100 ms the following pulses have almost identical shape as the first
pulse. Only for frequencies above 1 kHz (pause between the pulses
>1 ms) a significant change in pulse shape occurs and the following
pulse starts at higher initial level. These frequencies are presented
since the diffusion of ions can be neglected for times shorter than 1 s.
For 1 Hz repetition frequency the pulses are almost identical (see Fig.
2b). This indicates that during electric pulses short-lived structural
changes are formed which transiently increase ion permeation, but
have very short life-time after the pulses, which is around few
milliseconds.
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Fig. 4. a) Effect of the repetition frequency on the conductivity changes between the
pulses (the changes of the initial level) — Aojo,. Pulses 8x100 ps with repetition
frequencies 1 Hz, 10 Hz, 100 Hz, 1 kHz and 2.5 kHz were used, E=0.84 kV/cm. b) The
time-dependent conductivity signals Ao(t) of the first, second and the third pulse with
respect to the first pulse are compared for different frequencies.
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Fig. 5. a) Conductivity change between high-voltage (HV) and low-voltage (LV) pulse
Ao=0V ~ol, for two experiments (circles and squares), time tp, is the delay between
HV and LV pulse. b) Example of the measured signals for one experiment (circles).

In order to further analyze relaxation of transient conductivity
changes we performed experiments using combination of a high-
voltage (HV) and a low-voltage pulse (LV). In Fig. 5 conductivity
changes between the end of the HV pulse and beginning of the test LV
pulse: Ao=0 Y, Yo i are shown for different delays tp, between the
two pulses (see Fig. 5b). Larger conductivity changes between HV and
LV pulse represent larger relaxations of the conductivity changes after
the pulse. We can see that 10 ps after the pulse the conductivity already
drops to 0.03 S/m and after 100 ms it reaches 0.053 S/m. This re-
presents the effect of relaxation after pulse application (resealing of
short-lived pores), namely with increasing the delay up to 100 ms the
relaxation almost complete (the conductivity drops). Then the effect is
reversed due to ion efflux so that few seconds after HV pulse the
conductivity of LV pulse is actually increased compared to LV pulse
which is delivered immediately after the HV pulse. This is in agreement
with our observations of ion efflux in low-conductive media. For delays
larger than few seconds osmotic swelling also affect the conductivity,
however in our case (delay tp<4.2 s) it can be neglected [26]. There-
fore, we obtained independently that time constant for relaxation of
transient conductivity changes and with this the life-time of transient
pores is few milliseconds in agreement with results presented in Fig. 4
as well as in agreement with previous studies [33].

3.1.3. Calculation of the fraction of short-lived pores
From the measured transient conductivity changes fraction of the
surface area of pores can be determined. The transient change of the





42 M. Pavlin, D. MiklavciC / Bioelectrochemistry 74 (2008) 38-46

Table 1

Calculation of fraction pores-values of used parameters

n e/kT i D R

015 40 V! 0.5 S/m 2.5x107° cm?[s 85x10°° m
E E. Wo Om d

0.84 kV/cm 0.5 kV/cm 25 14x107° S/m 5x107° m

conductivity Aoi., depends on the average membrane conductivity of
the permeabilized area oy, and critical angle of permeabilized area 6,
and volume fraction of cells. Using Maxwell EMT (effective medium
theory) equation [26] we derived a theoretical model [34] which enables
calculation of average increased membrane conductivity oy, of the
permeabilized region (|Uy,|>U,) from measured transient conductivity
changes. A transient increase in conductivity can be explained by the
formation of pores in the cell membrane. Therefore we can derive an
equation which connects the fraction transient of pores in the cell
membrane with membrane conductivity: 4otan < om(E) < f,(E).

Detailed derivation is given in our previous studies [26,34]. In
general we can assume that the conductance of the permeabilized
area of a cell is approximately the sum of the conductance of all pores
having radius total surface Sp:

Gp = Spor%v 2)
where we neglect the very small conductance of non-permeabilized
cell membrane. This conductance equals the average membrane con-
ductance of the permeabilized area as obtained from our measure-
ment Geas, thus:

Gp = Gmeas :Spor% = Sc%» (3)
where S, represents the total permeabilized surface of one cell (the
area exposed to above-threshold transmembrane voltage — S.=Sq (1-
E./E) and 0y, the average membrane conductivity of permeabilized
area calculated from our measurements according to the theoretical
model [26]. From this it follows that the fraction of transient short-
lived pores is:

(1-Ec/E)om

f= Spor ~
p
PI0opor

where Ogpor is average conductivity between inside the cell and ex-

tracellular medium and parameter p is:

1

- nfUR npUn
(1 + WOfn/fU[ﬂ) exp (WO - TlﬁUm) - Wofn/f[]m

(5)

where B=e/kT and wo=W,y/kT, W, is the energy of an ion inside center
of a pore and n is the relative size of the entrance region of the pore,
and was estimated to be approximately 0.15 [21-35]. The values of
parameters are presented in Table 1. The parameter p takes into
account the non-ohmic behavior of the conductivity inside the pore
(derivation is given in [21]).

For the average membrane conductivity of the permeabilized area
at E=0.86 kV/cm we obtain 0,,=14%x107° (detailed calculation is
presented in [26]) and inserting values of the parameters (see Table 1)
into Egs. (4) and (5) we obtain the fraction of transient pores for 100 pis
long pulse being f,~3x107>. This is smaller compared to values
obtained by other authors [33,36,37], however in the same order of
magnitude.

Altogether the conductivity measurements during the pulses en-
able detection of short-lived permeable structures which are formed
during the pulses, but due to fast relaxation (the conductivity drops to
initial level in milliseconds after the pulses), these pores do not

represent long-lived permeable structures which enable transport of
molecules after the pulses.

3.2. Conductivity changes due to ion diffusion — analysis of long-lived
pores

3.2.1. Measured conductivity changes due to ion diffusion

In parallel with transient conductivity changes we analyzed the
changes of conductivity between the pulses (Aojop) as defined in
Fig. 2b. As already mentioned, these, relatively slow changes in
conductivity can be attributed to the ion efflux which occurs between
and after the pulse(s). Namely, the ion efflux during the pulses can be
neglected due to short duration of the pulses. In Fig. 6 relative changes
of the initial level of conductivity at the start of the N-th pulse Aojop=
(0§ -00) ] 0y for consecutive pulses are shown for increasing electric
field. The results are corrected for the effect of colloid osmotic swelling
according to our previous study [26], where we have shown that in
few seconds after pulse application swelling of cells significantly
reduces the measured conductivity of a cell suspension.

From Fig. 6 it can be seen that similarly as in Fig. 3 the initial level
starts to increase above approximately 0.5 kV/cm. This increase can be
explained with the efflux of ions (mostly K* ions) from the cell interior
into the external medium through membrane pores. Namely, inside the
cell the initial concentration of potassium is high (140 mM) compared to
very low external concentration (few mM) leading to a concentration
gradient which drives diffusion of ions across the membrane. Consis-
tently with the transient changes the ion efflux also indicates that the
cell membrane is permeabilized above E=0.5 kV/cm. For higher electric
fields the efflux of ions increases for higher electric field as well as it
increases for larger number of pulses. The relative changes in con-
ductivity due to ion efflux (Aojop) reached up to 60% increase (N=8,
E=1.6 kV/cm). Since the observed ion diffusion is observed for several
seconds after the pulses, it can be attributed to existence of long-lived
pores which enable diffusion of ions and molecules.

3.2.2. Quantification of ion diffusion, flow coefficient and the fraction of
long-lived pores

In our analysis we will assume that ion transport during
electroporation is governed mostly by diffusion since electromigration
during the pulses has effectively no effect on the transmembrane
transport (potassium ions on one side are driven into the cell and on
the other side out of the cell). An increase in conductivity between the
pulses due to ion efflux can be therefore used to determine the
permeability of the cell membrane — the flow coefficient and fraction

0 0.5 1.5 2

-
E [kV/cm]

Fig. 6. The field dependent relative change of conductivity between the pulses (the
changes of the initial level) for eight consecutive pulses: Ao/ =(08' - 0) | 0o, where 0§’
is the initial level at the start of the N-th pulse. 8x100 ps pulses were used with
repetition frequency 1 Hz, (the pause between the pulses was 1 s).
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of long-lived pores which enable molecular transport which is, as
already mentioned, crucial for successful use of electroporation in
biomedical applications such as electrochemotherapy.

The diffusion of ions is a slow process compared to the duration of
the electric pulses thus we can assume that the major contribution to
efflux of ions occurs in the absence of the electric field:

dCe(t) _ DS ran(E, ]\[7 t) .
e~ d\t/F(l ~F (Ce(t) — Fei(t)), ©

where F is volume fraction of the cells, S;;., is total area of long-lived
pores through which transport occurs and V is the volume of N cells.
We can therefore define the fraction of long-lived pores:

_ Stran _ Spor o 2
oer = NS §,so = 4nR?. (7)

A more detailed derivation is presented in Appendix A. If we
assume that the total surface of pores S;.., iS approximately constant
with time, the solution of the c.(t) gives an exponential rise to
maximum, from which it follows that the conductivity between the
pulses also increases as an exponential due to ion efflux. From this it
follows that the flow coefficient ky after the N-th pulse can be
determined from the measured conductivity at N-th pulse (Aoy) and
at N+1-th pulse (Aoy+1) [38]:

kN:% In|1 - Aan

AN 1
1-——— 8
Aty A0max ( )

A0 max

The flow coefficient is directly proportional to the fraction of long-
lived pores — fper:

dR(1 —F)

55— D'=D exp (-043wo). 9)

fper =ky

The relation between measured conductivity changes due to ion
efflux and analyzed parameters can be schematically presented as:
Aa/og=kn(E,N) = foer(E,N). Using Eqgs. (8) and (9) we obtained the
fraction of long-lived pores after a single 100 ps pulse fper=[0-
0.25]x107° for electric field from 0.5-1.6 kV/cm.

3.2.3. The effect of the electric field on long-lived pore formation and
stabilization

It was shown in several studies that the electric field governs the
area of the cell membrane, which is exposed to the above-critical
transmembrane voltage U. and has therefore increased permeability
according to equation:

Se(E) = So(1 — Ec/E). (10)

As we have shown in our previous study [38] we can assume (as a
first approximation) that pore formation in the area where U>U, is
governed by the free energy of an aqueous pore. Since the permittivity
of water differs from membrane permittivity the change of free energy
depends in addition to surface and edge energy also on the elec-
trostatic term [14]:

AW(r,Up) = 2my(r)r — I'nr _Wuﬁ, (11)
where I'is the surface tension (~1x 1073 ]. m™2) and 'y the edge tension
(~1x10""J.m™1). If we study the effect of the electric field on the pore
formation we can therefore expect that the fraction of long-lived pores
and flow coefficient depend on the square of the electric field. Based
on this we can assume that the most simplified equation, which
describes the field dependent permeability, can be written as [38]:

ky(E) = Cy(1 — Ec/E)E2= foer(E) = Coy(1 — Ec /E)E2. (12)

The constants Cy are in general dependent on the number as well
as on the length of pulses, or from a more fundamental perspective, on
several parameters which govern evolution of pores size and number.
Eq. (12) is a phenomenological equation that takes into account the
increase of the area of the cell exposed to the above-critical voltage
and the quadratic field dependence in the permeabilized region. For
complete theoretical description however, a model should provide
formal description on a molecular level as well as incorporate also
other parameters such as pulse length and temperature.

As shown in our previous study our phenomenological model is in
good agreement with measured flow coefficients and its field de-
pendency. Since the fraction of long-lived pores is approximately
proportional to the flow coefficient, we can therefore compare mea-
sured and theoretically predicted fyer. In Fig. 7 we compare the field
dependence of the experimentally determined fraction of pores with
the predictions of the model (Eq. (12)). In general are both the flow
coefficient ky and consequently f,e, functions of several parameters —
foer=fper (E, N, T, tg,...). It can be seen that f,e, increases with higher
electric field in good agreement with the prediction of the model. The
fraction of long-lived pores also increases approximately linearly with
number of pulses in agreement with measurements of molecular
uptake [26,39-43]. As expected, this is observed only above the
threshold electric field. This demonstrates that long-lived pore for-
mation is governed also by the change in the free energy as well as by
the number of pulses.

4. Discussion and conclusions

In order to determine the relation between short-lived and long-
lived pores during cell electroporation we have to analyze in parallel
the quantities which are related to transient changes and the quan-
tities related to long-lived increased permeability of the cell
membrane as schematically represented in Fig. 8.

In Table 2 comparison between the measured transient conductiv-
ity changes A0¢:an/0g during N-th pulse, changes of the initial level due
to ion diffusion Ao™/oy after N pulses, permeability coefficients ky, the
fraction of transient short-lived pores (f,) and fraction of long-lived
pores (fper), and percentage of permeabilized cells at E=0.86 kV/cm are
presented.

It can be seen that transient conductivity changes AOiran/Og
and consequently fraction of short-lived pores (f,) are almost identical
for all pulses, whereas fraction of long-lived pores (fper) and

per

]
E [kV/cm]

Fig. 7. The fraction of long-lived pores fy., after the N-th pulse obtained from measured
conductivity changes (see Fig. 3) using Eq. (8) (symbols) compared to the predictions of
the model according to Eq. (12) (lines).
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Fig. 8. Schematic representation of the relation between experimentally measured quantities (observables) and the theoretical interpretation.

percentage of permeabilized cells gradually increase with the number
of pulses.

The similar transient changes can be explained with fast relaxation
of transient conductivity changes obtained with combination of HV
and LV pulses as well as with changing the repetition frequency, which
was obtained to be around few milliseconds. Since relaxation of short-
lived transient pores is fast, membrane conductivity decreases to an
initial level after each pulse and when the next pulse is applied the cell
membrane again behaves as an insulator. Therefore the value of the
induced transmembrane voltage is the same for the second, third...
eight pulse and since the induced transmembrane voltage governs the
formation of short-lived pores is the fraction of these pores for each
consecutive pulse the same. However, the nature of long-lived pores
must be different then than that of the transient pores. Our results
suggest that during each pulse a given fraction of transient pores is
“stabilized” forming long-lived pores, however, since the pore fraction
of these pores is much smaller compared to transient pores we can not
detect them with conductivity measurements. Only few long-lived
pores could suffice for a substantial uptake of molecules, eventhough-
even though their contribution to the increase in conductivity is
negligible. In contrast to transient pores, we can assume that when
new pulse is applied again a certain number of long-lived pores are
formed leading to increased permeability for several pulses as well as
to linear increase in flow coefficient. This could explain the observed
difference between increased permeability for several pulses com-
pared to the constant fraction of transient pores for consecutive
pulses.

The measured quantity which approximately correlates with the
molecular uptake is conductivity change due to ion efflux A0/Omax,
and consequently also the flow coefficients ky and the fraction of long-
lived pores (fper) since all approximately linearly increase with
number of pulses. This is in agreement with molecular uptake (see

Table 2

Comparison of the measured transient conductivity changes AOian/0p during N-th
pulse, changes of the initial level of conductivity due to ion efflux Aojog (after N pulses)
and percentage of permeabilized cells is shown

Number of pulses N=1 N=2 N=4 N=8
AOtan/0o 0.15 0.14 0.14 0.145
Aojog 0.083 0.2 0.4 0.59°
kn [s71] 8100 ps 0.029 0.040 0.072 0112
o [x107%] -3 ~3 ~3 -3
fper [X1076] = 14! ~19 =34l =514
% permeabilization® 10% - - 90%

% permeabilization® 14% - 33% 75%

We further calculated permeability coefficient ky the fraction of transient short-lived
pores (f,) and fraction of long-lived pores (fyer). All parameters are evaluated at
E~0.86 kV/cm ( Eo~1 kV/cm).

¢ After seventh pulse — N=7 (diffusion between seventh and eight pulse).

b According to reference [42].

¢ According to reference [41].

Table 2), which also increases with number of pulses [39-43]. The
increase in fuer with N suggests that each individual pulse (indepen-
dently on previous pulse) adds to formation/stabilization of new long-
lived pores. The fraction of long-lived pores (fper) depends also on the
square of the electric field in the region which is exposed to above-
critical voltage as shown in Fig. 8. This cannot be directly observed
with molecular transport since in general the total transport is a
complex time-dependent function, where among other parameters
also resealing constant determines the amount of diffusion.

From the presented results it follows that ion diffusion can be used
to determine the fraction of the long-lived pores (fyer) and long-lasting
permeability (flow coefficient ky) of the cell membrane. The transient
conductivity changes, however, are similar for several pulses and thus
represent only short-lived pores in the cell membrane that do not
contribute to transport of molecules. This in agreement with other
reports [23,24,26-28], which have shown that the transient con-
ductivity changes (short-lived pores) are related to permeabilization
(long-lived pores) only indirectly. Furthermore, f, obtained from the
transient changes is much larger than the fraction of long-lived pores
fper Obtained from ion diffusion, clearly indicating that both quantities
have to be analyzed separately.

Our results suggest that the fraction (number and/or size) of short-
lived pores is at least an order of magnitude larger compared to long-
lived pores, which is in agreement with other studies [23,24,26-
28,33,36]. However, short life-time after the pulses indicates that
these pores are not stable without the presence of the electric field
and that only few of these pores remain present after the pulse.
Possible explanations of pore stabilization are coalescence of smaller
pores into larger [20], stabilization due to membrane structures
(proteins, cytoskeleton) [14,44-46] or formation of long-lived pores
due to structural discontinuities at domain interfaces [47]. In Fig. 8 we
present possible visualization of what might be the short- and long-
lived structural changes in the membrane. Here we have to stress that
several independent studies showed that orientation of lipid head
groups is involved in formation of transient pores during electric
pulses [28,48,49], while only a single study [50] directly observed lipid
head groups reorganization of long-lived permeable structures after
the pulses by NMR spectroscopy. Therefore, the representation of
short-lived and long-lived pores presented in Fig. 8 should be
considered only hypothetically.

To summarize our main observations: i) The state of transiently
increased membrane conductivity indicates the existence of short-
lived membrane structures which enable ion permeation. The model
of aqueous pores formation of electroporation corresponds to con-
ductive hydrophilic pores [14]. An alternative explanation of these
permeable structures is that they there are structural mismatches in
the lipid organization [47]. The membrane conductivity drops to the
initial level in a range of a millisecond after the pulses. This could be
explained only with the existence of many small pores transient
during the electric pulses, which close very rapidly (milliseconds)
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after the pulse. The number of these short-lived pores does not
depend on the number of applied pulses but solely on the electric field
strength and pulse duration. Therefore by measuring transient
conductivity changes during the electric pulses we can detect
permeabilization threshold but not the level of permeabilization. ii)
The state of increased permeability can last for several minutes after
pulse application. Therefore it is clear, that in contrast to transient
pores with fast resealing in milliseconds some pores are stabilized
enabling transport across the membrane in minutes after the pulses.
The quantification of ion efflux shows that in contrast to transient
short-lived pores these more stable pores are governed both by
electric field strength as well as the number of pulses. The fraction of
long-lived pores increases with higher electric field due to larger area
of the cell membrane exposed to above-critical voltage and due to
higher energy which is available for pores formation. Moreover, each
consecutive pulse increases the probability for the formation of the
long-lived pores. iii) The resealing of the cell membrane is a
biologically active process that strongly depends on the temperature
and lasts from minutes to hours after pulse application and
corresponds to resealing of long-lived pores, whereas fast relaxation
of conductivity in milliseconds correspond to “fast resealing” of short-
lived pores. This clearly shows that long-lived pores are thermo-
dynamically stable also after pulse application whereas short-lived
pores are not. All these observations lead to a conclusion that the
nature of long-lived pores is different from that of short-lived pores,
which are present only during or shortly after the pulses, and that
molecular mechanisms which contribute to pore stabilization as well
as the adequate theoretical description are yet to be determined.
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Appendix A. Diffusion through the permeabilized membrane

In the following we will derive the diffusion equation through the
permeabilized membrane and determine the fraction of long-lived
pores. In general the increase in membrane permeability can be
described as the fraction of the permeable surface of the cell mem-
brane which can be also defined as the fraction of all “transport” pores:

fper = Spor/SO-

where Sy, represents the area of pores of one cell, Sy total area of one
cell and fpe, represents the fraction of the pores which are large
enough to contribute to increased diffusion for ions and molecules
through the cell membrane. It was shown that diffusion of ions and
molecules occurs only through the permeabilized area S.=Sq (1-E/E),
i.e. through the area which is exposed to the above-critical voltage
[27]. We can therefore derive a diffusion equation which describes the
flux of a given molecule due to the concentration gradient through the
permeable membrane:

(A.1)

dn;t(t) _ Ce(t) ; Ci(t) Dfpc(E7 tE,N)(1 _ EC/E)SO,

(A2)

where fper=fpd(1-Ec[E), and fpc=Spor/Sc Tepresents the fraction of
pores in the permeabilized region. The above equation is good ap-
proximation of ion and molecular diffusion, since diffusion is a rela-
tively slow process which occurs mainly after the pulse application.
Fig. Al

Fig. A.1. Schematic representation of a spherical cell exposed to the external electric
field. The bright shaded part represents the area exposed to above-threshold
transmembrane voltage |Uy, |>U,, i.e. the permeabilized region. Here we have to stress
that this is only a schematic representation where we neglected the resting potential.
The resting potential of the cell is superimposed to the induced potential, therefore the
permeabilized caps are not of the same size. However, since the resting potential on one
side increases while on the other decreases the permeabilized surface, the effect of the
resting potential on the total surface area is negligible [51].

If we assume that volume fraction F and surface area of the pores
Spor are approximately constant, we obtain that the solution of
Eq. (A.2) is an exponential increase to maximum c™*=Fc? (¢ is the
initial internal concentration):

Ce(t) = ™™ {1 — exp <— g)}

with a time constant 7 and flow coefficient k being dependent on the
fraction of long-lived pores fyer:

(A3)

1 3D

:jgidR(l ~F k=1/z.

T (A4)

To determine the flow coefficients from conductivity measure-
ments we have express the above quantities in terms of conductivity
changes (detailed derivation is given in [38]). The flow coefficient after

the N-th pulse can be determined from the measured conductivity
between N-th pulse (Aoy) and at N+1-th pulse (Aoy+1) [3]:

kN:L ln[l— Aoy /1—%},

A5
Aty Ao max A0max (4-5)

where Aty is the time difference between the N-th and N+1-th pulse
(one second in case of 1 Hz repetition frequency), and AOn.x is the
maximum value of the conductivity, i.e. the saturation point when the
concentrations inside and outside the cell are equal. From the
permeability coefficient ky the fraction of pores can be estimated
using Eq. (A.4):

dR(1 - F)

3D D’=Dexp (—0.43wy),

foer =kn (A.6)

where we take into account the effective diffusion constant D’ of
potassium ions inside the pores [21].
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The immobilization of nitrate reductase (NR) was performed by entrapment in a laponite clay gel and cross-
linking by glutaraldehyde. In presence of nitrate and methyl viologen, a catalytic current appeared at -0.60 V
illustrating the enzymatic reduction of nitrate into nitrite via the reduced form of the freely diffusing methyl
viologen. The electropolymerization of a water-soluble pyrrole viologen derivative within the interlamellar
spaces and channels of the host clay matrix successfully carried out the electrical wiring of the entrapped NR.
Rotating disk measurements led to the determination of kinetic constants, namely k,=10.7 s™! and Ky;=7 uM.
These parameters reflect the efficiency of the electro-enzymatic reduction of nitrate and the substrate affinity
for the immobilized enzyme.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Beside its use as fertilizers in agriculture, nitrate is the end oxi-
dative product of nitric oxide and other nitrogen species and hence
constitutes a well-known environmental contaminant largely encoun-
tered in ground and stream water. Owing to the significant impact of
high nitrate concentrations on human environment (eutrophication of
water surfaces, deterioration of water quality) and public health
(formation of carcinogenic nitrosamines), the determination of nitrate
is significant concerns. The commonly employed methods for nitrate
determination include spectrophotometric, ion-selective chromato-
graphic technics, and electrochemical methods such as polarographic,
voltammetric and potentiometric determinations [1-5]. However, the
centralized analytical systems, like spectrophotometric and chroma-
tographic methods require extensive pre-treatments and are time
consuming while the electrochemical methods based on ion-specific
electrodes are faced to interferences and poor stability and even are
not sufficiently specific.

On the other hand, some bioassays based on nitrate reductase that
are multiredox center enzymes responsible to the biological conver-
sion of nitrate to nitrite, have been developed. An attractive alter-
native thus consisted in the design of biosensors due to their simple
use in complex sample and the possibility of fabricating fast portable
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Engineering, Yangzhou University, Yangzhou 225002, China. Tel.: +33 4 76 51 49 98;
fax: +33 476 51 42 67.
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biosensors. The majority of biosensors reported for the determination
of aqueous nitrate concentrations are based on the immobilization of
nitrate reductase (NR) [6-15]. Although a biosensor based on conduc-
tometric measurements has been recently developed [15], most of the
biosensors involve a voltammetric or amperometric transduction
based on the electrical wiring of the immobilized NR enzymes. Since
the redox centers of NR are deeply embedded in the protein structure,
preventing thus a direct electron transfer with the electrode, redox
mediators such as methyl viologen were used as electron shuttle
between the immobilized enzyme and the electrode surface. In
particular, the NR entrapment was carried out by electropolymeriza-
tion of polymers functionalized by viologen groups where the electron
transport to enzymes is ensured by electron hopping between immo-
bilized redox centers [7,8]. However, these enzyme electrodes were
faced to the fragility of NR. The partial hydrophobic character of the
host films, indeed, may alter the three-dimensional structure of the
entrapped NR and hence diminish their biological activity. In order to
improve the biocompatibility of organic polymers, the use of inorganic
clay nanoparticles as hydrophilic additives was widely studied, in
particular in combination with polypyrrole films. For the last two
decades, there has been a growing interest in the design of these
organic-inorganic composites [16]. The aqueous electrogeneration of
electroactive polypyrrole or polyaniline in clay-modified electrodes
was extensively investigated due to the electronic conductivity con-
ferred to layered solids such as hectorite and montmorillonite [17,18].
These polymers also reinforced the mechanical stability of the clay
and improved the stability of redox species incorporated into the
inorganic coating thanks to the ion exchange property of clays.

In this context, a two-step procedure consisting first in the physical
entrapment of NR in highly hydrophilic inorganic clay followed by the
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Scheme 1. Schematic representation of the viologen derivatives.

electropolymerization of a poly(pyrrole-viologen) film assuming the
electrical wiring of the immobilized enzyme, is reported (Scheme 1).
The kinetic parameters and turnover of the resulting wired NR were
investigated by rotating disk electrode experiments.

2. Experimental section
2.1. Electrochemistry

Electrochemical experiments were performed with a conventional
three-electrode system. The working electrodes were glassy carbon
disk electrodes purchased from Radiometer analytical. An Ag/AgCl
electrode was used as reference electrode while Pt wire placed in a
separate compartment containing the supporting electrolyte, was
used as counter electrode. All the potentials are referred vs this
electrode. All measurements were conducted in a Metrohm electro-
chemical cell thermostated at 30 °C containing aqueous solutions
purged and maintained under argon atmosphere to avoid any oxygen
interference. An autolab 100 potentiostat was used to carry out the
electrochemical experiments. Koutecky-Levich plots were carried out
using rotating disk electrodes (diameter: 5 mm) with a CTV 101 Speed
Control Unit from Radiometer analytical. The surface of the glassy
carbon electrode were polished with a 2 pnm diamond paste purchased
from Presi (France), sonicated and rinsed successively with acetone,
ethanol and water.

2.2. Chemicals

Laponite is a synthetic hectorite (monovalent cation exchange
capacity=0.74 mmol g~ !) obtained from Rockwood Specialities Inc
(Princeton, NJ). Nitrate reductase (NR) was a gift from Prof. ]. Pommier
and G. Giordano of the Laboratoire de Chimie Bactérienne (Marseille,
France). Glutaraldehyde was purchased from Aldrich. Monomers 1 (N-
methyl-N'-[N(13-pyrrol-1-y(-4',7/,10’-trioxtridecanyl)-propiona-
mido)]-4,4’-bipyridinium ditetrafluoroborate) and 2 (N-methyl-N’-
(12-pyrrol-1-yldodecyl)-4,4’-bipyridinium ditetrafluoroborate) were
synthesized as described in [8,19], respectively (Scheme 1). All other
chemical reagents were of analytical grade. Water was doubly distilled
in quartz.

2.3. Modification of the electrodes

An aqueous colloidal suspension was prepared by dispersing
laponite (2 mg mL™!) in deionized water overnight. An enzyme

solution (NR, 1 mg mL™!) was prepared with the laponite dispersion.
The NR-clay electrode was prepared by spreading an aqueous
suspension (22 ul) containing 1 mg mL™! of laponite, NR and 6 nug
mL™! L of glutaraldehyde on the glassy carbon surface. In order to
remove water, the resulting mixture was dried under vacuum, leading
to adhering clay film with entrapped enzymes. The modified electrode
was immersed into stirred 0.1 M Tris buffer (pH 7.5) for 20 min before
use to remove the NR molecules not firmly entrapped in the clay
matrix.

A
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Fig. 1. (A) Cylic voltammograms of NR-clay glassy carbon electrode in deoxygenated
0.1 M Tris-HCl (pH 7.5) buffer containing methyl viologen (2.5 mM) in the absence
(a) and presence of nitrate (2 mM) (dotted line). (B) the enzyme electrode was
profusely rinsed with 0.1 M Tris-HCl and same experiments were performed without
methyl viologen in the absence (a) and presence of nitrate (2 mM) (dotted line). Scan

rate: 5 mV s L
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The NR-composite electrodes were prepared first by spreading
20 pL of an aqueous dispersion of monomer 2 (4 mg mL™!) and
evaporating water under vacuum on glassy carbon disks. The resulting
“dry” modified electrodes were transferred into a cell containing an
aqueous 0.1 M LiClOy4 solution. Electrochemical polymerization of the
adsorbed monomer 2 was carried out by controlled potential elec-
trolysis for 15 min at 0.8 V vs. Ag/AgCl. Further, the poly 2 electrodes
were coated with 37 pL of NR (1 mg mL™') and laponite (mg mL™ 1)
solution and dried under vacuum atmosphere for 20 min. Water
removal leads to the formation of an adherent NR-laponite coating on
the underlying poly 2 film. Finally, the modified enzyme electrode was
soaked in an aqueous 0.1 M LiClO4 solution containing monomer
1 (5 mM). The latter was electropolymerized within the enzyme-
clay coating by controlled-potential electrolysis for 15 min at 0.8 V
vs Ag/AgCL

3. Results and discussion

Thanks to their unusual intercalation property, porosity and high
hydrophilic character inorganic clays, especially laponite, preserve the
biological activity of enzymes and hence have been widely exploited
for the design of biosensors. As previously reported, the high cation-
exchange property of laponite was exploited for the immobilization of
cationic methylene blue into a diaphorase-laponite gel coating [19].
The resulting “redox clay” constituted the first example of biosensor
based on clay containing an electrically wired enzyme. This concept
was investigated with methyl viologen (MV?*) to establish an
electrical connection between the electrode surface and NR entrapped
in a laponite film. After a cross-linking step of the entrapped NR by
glutaraldehyde, the NR-clay electrode was transferred into of 0.1 M
Tris—HCI solution (pH 7.5) containing methyl viologen (2.5 mM). The
electrochemical behavior of MV?* at the NR-clay electrode was
investigated by cyclic voltammetry in the absence of oxygen. The
cyclic voltammogram recorded at 5 mV s/, displays a reversible peak
system at E;;,=-0.57 V vs Ag/AgCl, the E;j; value being estimated
from the midpoint of the anodic and cathodic peaks (Fig. 1A).

The latter corresponds to the one-electron reduction process,
characteristic of the redox couple of MV?" that diffuses within the
microchannels and interlamellar spaces of the laponite coating. After
three cycles, this electrochemical signal was stable and reproducible
reflecting the rapid incorporation of MV?* within the bioinorganic
matrix by electrostatic interactions. The addition of the enzyme
substrate (potassium nitrate) induced a strong increase in cathodic
and a quasi-disappearance in anodic currents of the MV2*/MV" system
(Fig. 1A). This electrocatalytic phenomenom indicates that NR can
catalyze the reduction of nitrate into nitrite using the cation radical
form of the freely diffusing viologen. MV?* was reduced into MV" at
the electrode surface (Eq. (1)) and re-oxidized by NR that catalyzed the
reduction of nitrates (Eq. (2)).

_ electrode
—

MVZ* +e MV * (1)

2 MV 4+ NOj; + H,0 S 2MV™ + NO; + 20H" )

In the presence of NO3 (2 mM) and MV?* (2.5 mM), the stability of
the electrochemical catalytic signal indicated that the glutaraldehyde/
laponite matrix did not act as a barrier towards the diffusion of methyl
viologen and did not affect their electrochemical behavior. The
catalytic signal appearance after nitrate addition in the electrolytic
solution showed that the enzyme was not denaturated during the
immobilization procedure. Such a strong catalytic current for
immobilized NR was not often reported due to the low NR activity
and the use of non biocompatible immobilization procedures. This
corroborates thus the non-denaturating character of the NR entrap-
ment by laponite gel. The enzyme electrode was then thoroughly
rinsed with Tris-HCl buffered solution and transferred into 0.1 M Tris—

HCI buffer (pH 7.5). In the absence of MV?*, repeatedly scanning the
potential over the range —0.20 to —0.83 V resulted in the continuous
decrease in the current intensity of the reversible viologen peak
system. The latter became negligible after 15 scans (Fig. 1B). In the
same vein, the electrocatalytic signal observed in the presence of NO3
drastically decreased and disappeared highlighting the key role of
MV?2* (Fig. 1B). These electrochemical evolutions unambiguously indi-
cated the fast release of the redox mediator into the bulk solution.

In order to circumvent this problem of viologen release, the
immobilization of the redox mediator was carried out by electro-
chemical polymerization in water of a hydrophilic viologen derivative
functionalized by a pyrrole group 1 within the inorganic template
(Scheme 1). With the aim to improve the electrical communication
between the electrode surface and the subsequent redox polymer, the
NR-composite electrodes were elaborated on an electropolymerized
film of hydrophobic pyrrole viologen 2. Thanks to the cationic-
exchange property of laponite nanoparticles, laponite-NR mixture was
strongly adsorbed by electrostatic interactions onto this positively
charged polypyrrolic film. Then, as previously observed for MVZ*,
the water-soluble pyrrole viologen 1 was incorporated within the
interlamellar space of the clay-NR coating and electropolymerized.
Fig. 2 shows the electrochemical behavior of the resulting NR-
composite electrode in 0.1 M Tris-HCl buffer. In the absence of nitrate
and oxygen, the cyclic voltammogram exhibits a stable reversible peak
system relative to the one-electron reduction of the polymerized vio-
logen groups. The addition of nitrate (2 mM) induces the appearance of
a strong irreversible cathodic peak at -0.60 V combined with the
disappearance of the anodic wave related to the re-oxidation of the
reduced polymerized viologen groups (Fig. 2). This catalytic signal
reflects an efficient electrochemical wiring of the entrapped NR by the
surrounding poly1 film electrogenerated in the laponite matrix.

In order to investigate more accurately the kinetic and mechanistic
behavior of the mediated enzymatic reduction of nitrate, rotating disk
experiments were carried out. The electrocatalytic reduction of nitrate
was performed at different nitrate concentrations and variable
rotation rates at —0.60 V. This potential value was more negative
than the first reduction potential of the polymerized viologen groups
to ensure that the electrocatalytic reaction between the immobilized
NR and nitrate will be the rate limiting step instead of the electrical
wiring of NR by the reduced form of viologen. The reduction current of
NO3 at the enzyme electrode can be limited by mass transport of NO3
or by the kinetic of the enzymatic reaction.

NRieq + NO; % NRoy + NO; 3)

Actually, in rotating disk electrode conditions, the catalytic
cathodic current generated by the electro-enzymatic reduction of
nitrate (I.;;) may be composed of the current limited by the diffusion

_—
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Fig. 2. Cyclic voltammograms of a NR-composite electrode in deoxygenated 0.1 M
Tris-HCl (pH 7.5) buffer a) without nitrate, b) in the presence of 2 mM nitrate. Scan
rate: 5mV s L
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of nitrate (Ij;,) described by the Levich equation and the current (Iyi,)
limited by the kinetic of the enzyme reaction:

Iiim = 0.620nFAv~1/°D?/3[NO3 | !/ w

Iin = NFATkops [NO3] (5)

The mass transfer limited current (I;,,) depends on the rotating
velocity (sw) and the concentration of NO3 while the kinetically
limited current depends on the NO3 concentration. F is the Faraday
constant; n is the number of electron (2) involved in the reduction of
NO3, D (1.8x107° cm?s™!) is the diffusion coefficient of NO3, I is the
enzyme surface density (mol cm™2) while v (0.01 cm?s™!) represents
the kinetic viscosity of water [20]. The general equation that describes
the dependence of the electro-catalytic current on the experimental
parameters is commonly reported following the Koutecky-Levich
equation [21]:

1/lcat = 1/Iim + 1/l = 1 /(0.620nFAv’1/6D2/3 [NOg]w”z) (6)
+1/(nFATkops [NO5 )

Only the first term of the Eq. (6) is dependent upon the rotation
rate of the disk electrode. Therefore, a plot of 1/I.. Versus 1/o'/?
presents a linear behavior with a positive intercept whose value
depends on kops.

As previously described by Willner and co-workers, the mechan-
ism of the electro-enzymatic reduction of nitrate by an electrically
wired NR involved the formation of an enzyme-substrate complex
following a Michaelis Menten kinetic model [20] and a general equa-
tion describing the dependence of k,p,s on these kinetic constants was
thus reported:

k
NR + Nogl":‘ NRNO; “>NR + NO; (7)
K1
1 Kw+[NO3]
U773 8
kobs kZ ( )

where Ky =(k-1+kz)[ky.

With the aim to estimate the heterogeneous second order reaction
rate, kops and other kinetic constants, cyclic voltammograms of the
NR-composite electrode were recorded at 5 mV s~ ! scan rate for
different electrode rotation speeds and nitrate concentrations.

The observed catalytic currents (I.,) were determined in the
steady state domain of the cyclic voltammogram (-0.60 V vs Ag/AgCl)
and their inverse values (1/I..c) were plotted versus 1/w'/2.

059 1
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Fig. 3. Koutecky-Levich plot obtained from catalytic current recorded at NR-composite
rotating disk electrode at —=0.60 V (vs Ag/AgCl) in presence of 10 ptM NO3 as a function
of the rotational velocity. Correlation coefficient: 0.999. Experimental conditions as in
Fig. 1.
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Fig. 4. Variation of 1/I'k,ps for the nitrate reduction at the NR-composite electrode as a
function of nitrate concentration (correlation coefficient: 0.99). Experimental condi-
tions as in Fig. 1.

For instance, Fig. 3 shows the linear Koutecky-Levich plot obtained
at 10 pM NO3 leading to kops=6.34%10° M~ 's™ !, Koutecky-Levich plots
were performed for different nitrate concentrations, namely 5, 10, 15,
20 and 50 pM providing a linear evolution with correlation coefficient
comprised between 0.987 and 0.999.

From the intercept of the Koutecky-Levich plots, 1/Tkops values
were extracted from Eq. (5) and plotted as a function of nitrate
concentrations. Fig. 4 shows the resulting linear relationship between
1/Tkops and [NO3] (correlation coefficient=0.99). According to Eq. (8),
1/Tky and Kyy/Tk, were then calculated from the slope and the inter-
cept at zero nitrate concentration respectively.

Taking into account that the deposited amount of NR was 37 g,
the enzyme surface density was estimated at 7.4x107'° mol cm™2.
According to Eq. (8), the kinetic parameters were evaluated, namely
k,=10.7 "' and Ky=7 pM. It should be noted that the k, value is
markedly lower than that (k,=4.7x10* s™') reported by Willner's
group for an electrically wired NR monolayer [20]. Although the
electrical connection was not assured by a viologen group, this dif-
ference in k, values may reflect the steric constraints due to the NR
entrapment in the laponite gel. In addition, the NR molecules were
dispersed within the whole structure of the composite coating com-
pared to the close proximity at the molecular level offered by the
direct formation of a NR monolayer on a redox microperoxidase-11
monolayer. Nevertheless, this k, value that reflects the efficiency of
the electro-enzymatic reduction of nitrate, is of the same order of
magnitude than those previously reported for biosensors based on
electrically wired enzymes [22,23]. Moreover, the estimation of the
kinetic parameter Ky, from the electrochemical Lineweaver-Burk
plot (1/I versus 1/[NO3]) leads to an apparent Ky value (16 pM)
which is in good agreement with that calculated according to the
Koutecky-Levich treatment. This low Ky value illustrates the high
substrate-enzyme affinity and hence the biocompatible microenvir-
onment due to the clay template.

4. Conclusion

The successful immobilization of a nitrate reductase in laponite
clay matrix containing a polypyrrole film functionalized by viologen
groups has been described. In the presence of nitrate, analytical
expressions describing the voltammetric response of the enzyme
electrode operated under rotating disk conditions have demon-
strated the efficient electrical wiring of the entrapped NR. The
beneficial influence of the clay template on the immobilized enzyme
and the efficiency of the electro-enzymatic reduction of nitrate were
illustrated by Ky, and k, values respectively. It is expected that the
attractive properties offered by inorganic lamellar materials such as
laponite, combined with electrogenerated redox polymers will be
exploited for the development of biosensors based on wired
enzymes.
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Cell membrane permeabilization is caused by the application of high intensity electric pulses of short
duration. The extent of cell membrane permeabilization depends on electric pulse parameters, characteristics
of the electropermeabilization media and properties of cells exposed to electric pulses. In the present study,
the temperature effect during pulse application on cell membrane fluidity and permeabilization was
determined in two different cell lines: V-79 and B16F-1.

While cell membrane fluidity was determined by electron paramagnetic resonance (EPR) method, the cell
membrane electropermeabilization was determined by uptake of bleomycin and clonogenic assay. A train of
eight rectangular pulses with the amplitude of 500 V/cm, 700 V/cm and 900 V/cm in the duration of 100 ps
and with repetition frequency 1 Hz was applied. Immediately after the pulse application, 50 pl droplet of cell
suspension was maintained at room temperature in order to allow cell membrane resealing. The cells were
then plated for clonogenic assay. The main finding of this study is that the chilling of cell suspension from
physiological temperature (of 37 °C) to 4 °C has significant effect on cell membrane electropermeabilization,
leading to lower percent of cell membrane permeabilization. The differences are most pronounced when
cells are exposed to electric pulse amplitude of 900 V/cm. At the same time with the decreasing of
temperature, the cell membranes become less fluid, with higher order parameters in all three types of
domains and higher proportion of domain with highest order parameter. Our results indicate that cell
membrane fluidity and domain structure influence the electropermeabilization of cells, however it seems
that some other factors may have contributing role.

Keywords:
Electropermeabilization
Membrane order parameter
Temperature

In vitro

© 2008 Elsevier B.V. All rights reserved.

1. Introduction duration of 1 ms, the temperature rise above physiological tempera-

ture for 19 °C has no significant role in stratum corneum permeability
increase [7]. In in vitro experiments it was found that the spatial
temperature gradient that changes with time could be an important
factor for post-pulse recovery processes but not for the electroper-
meabilization. For pulse durations used for electropermeabilization
and pulses of rather large amplitude (4.5 kV/cm), no considerable
heating was observed when applied to cell suspension at 25 °C [4].
On the other hand, in some studies researchers focused on the

Cell membrane permeabilization of an intact cell (exposed to
external electric field) is caused by the application of high intensity
electric pulses of short duration. The parameters of electric pulses
need be chosen properly in order to obtain desired permeabilization of
the cell membrane and at the same time not to significantly affect the
cell survival [1,2]. The process of electropermeabilization consists of at
least two separate phases: pore formation that takes place during, and

resealing which happens after the pulse application [3].

The interest on the temperature effect on electropermeabilization
was mainly focused on the Joule heating that takes place during the
electric pulse application [4,5,6,7,8]. A significant localized Joule
heating was observed, which increased with the voltage and the
duration of electropermeabilization pulses in human stratum cor-
neum [5]. For exponential pulses with pulse amplitude 70 V and
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chilling effect on electropermeabilization of erythrocytes, alga and
porcine skin [9,10,11,12]. Experiments with erythrocyte showed that
the temperature had no significant effect on electropermeabilization,
as the breakdown voltage was 0.8 V at 25 and 37 °Cand 0.87 V at4 °C
[9]. However, in alga Valonia, electropermeabilization at 5 °C required
higher voltage, because its breakdown potential was 1V, while at 35 °C
it was 0.65 V [10]. Similar results were obtained with porcine stratum
corneum. The chilling of the stratum corneum also had a significant
effect on electropermeabilization. Decreasing the temperature from
25 °C to 4 °C required higher voltages for electropermeabilization,
suggesting that elevated temperature facilitated the formation of
electro pores. Authors further proposed that lipid fluidity, which is
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controlled by the temperature, is the major factor affecting electro-
permeabilization of the stratum corneum [12].

As the temperature has an effect on cell membrane electroper-
meabilization and on cell membrane fluidity, the aim of our study was
to correlate both effects. We determined the effect of temperature
decrease from physiological temperature 37 °C to 4 °C on average cell
membrane fluidity and on the membrane domain structure of two
different cell lines.

2. Materials and methods
2.1. Cell culture and media

Cell lines V-79 Chinese hamster lung fibroblasts and B16-F1 Murine
melanoma were grown in Eagle's minimum essential medium, sup-
plemented with 10% foetal bovine serum (Sigma-Aldrich Chemie GmbH,
Deisenhofen, Germany) in the incubator (Kambic, Slovenia) at 37 °Cin a
humidified 5% CO, atmosphere. From confluent cultures a cell sus-
pension was prepared by 0.25% trypsin/EDTA solution (Sigma-Aldrich
Chemie GmbH, Deisenhofen, Germany). To obtain cell pellet, cell sus-
pension was centrifuged at 1000 rpm (180 xg) at 4 °C for 5 min (Sigma,
Germany). The cell pellet was resuspended in electropermeabilization
medium. As electropermeabilization medium Spinner's modification of
Eagle's minimum essential medium (Life Technologies Ltd, Paisley, UK)
that does not contain calcium, with pH 7.4, osmolarity 300 mosm/kg and
conductivity 1.6 S/m was used.

2.2. Cell membrane fluidity

Electron paramagnetic resonance (EPR) method on X-band EPR
spectrometer (Bruker ESP 300) was used to measure cell membrane
fluidity. The spin probe methyl ester of 5-doxylpalmitate (MeFASL
(10.3)), which is lipophilic and therefore dissolves in the membrane
phospholipid bilayer was used. Cells were labelled only for EPR ex-
periments, while electropermeabilization was performed with unla-
beled cells.

One ml of cell suspension in electropermeabilization medium
(described in detail in cell culture and media section) that contained
20x10° cells was incubated for 15 min at the room temperature at
constant shaking with the spin probe that was prepared as a thin film
on the walls of a glass tube. Cell pellet obtained by the centrifugation
at 1000 rpm at room temperature was put in a glass capillary and EPR
spectra were measured at 4 °C and 37 °C. Each measurement of cell
pellet was repeated three times and three independent experiments
were performed.

Data on cell membrane fluidity and proportion of different domain
types were obtained by computer simulation of experimental EPR
spectra. The model used [13,14] takes into account that the membrane
is a heterogeneous structure, composed of domains, with different
fluidity characteristics. The experimental EPR spectrum is a super-
position of spectral components that correspond to the spin probes in
the membrane domains with different fluidity characteristics. It should
be stressed that the lateral motion of the spin probe is slow on the time
scale of EPR spectroscopy. Therefore an EPR spectral component
describes only the properties of a spin probe's immediate environ-
ment, which corresponds to the domains on nm scale. All the domains
with the same mode of spin probe motion define a certain domain type
and are reflected in one spectral component.

Distinct domain types are characterized with sets of spectral para-
meters, which describe different modes of spin probe motion. The order
parameter (S) describes the ordering of lipid hydrocarbon chains and
could vary from 1 to 0. It is inversely proportional to the fluidity of
certain membrane domain types. Besides, the relative proportion of
each spectral component (d) is determined. It describes the relative
amount of the spin probe with particular motional characteristics and
depends on the distribution of the spin probe between the domain

types. Since it was found that MeFASL(10.3) is equally distributed
between different types of domain throughout the whole temperature
region from 4 to 37 °C [17] we can assume that the proportion d cor-
respond to the proportion of domain types with particular fluidity
characteristics. The tuning of EPR spectral parameters to obtain the best
fit of the calculated to the experimental spectrum was performed by the
program EPRsim 2.6 [15] implemented in the software package EPRsim
(http://www.ijs.si/ijs/dept/epr/).

2.3. Temperature measurements and cell size

The cell suspension in Eppendorff electropermeabilization cuvett
was placed in water bath at 37 °C or on ice. The volume of cell sus-
pension was 400 pl. That was sufficient to maintain the temperature
constant for the duration of one minute, which was the time necessary
for the electropermeabilization treatment. The time required to obtain
the desired temperature of the sample volume was less than five
minutes; therefore, the sample was preincubated at desired tempera-
ture five minutes before the pulse application. The temperature was
measured before and after electric pulse application. Since the
electrodes were not cooled or heated during the pulse application,
the temperature change was measured before and after the pulse
application. The temperature change during the time needed for pulse
application and/or due to Joule heating caused by the pulse was
between 4 °C and 8 °C. In this range it did not cause any changes in cell
membrane fluidity.

For each temperature treatment (4 °C and 37 °C), the cell size was
measured under the inverted microscope at the objective magnifica-
tion 40x. To control the temperature during the experiment, cells were
placed in a multiwell plate filled with water of desired temperature.
Three wells in the interior of the plate were filled with the cell
suspension of desired temperature so that the temperature remained
constant during the cell size measurements. The average of 80 cells
was measured per each condition and the data is presented as the
mean tstandard deviation.

2.4. Electropermeabilization experiments

Cell membrane electropermeabilization was determined by bleo-
mycin method, described in detail in Kotnik et al. [ 16]. Cell suspension in
concentration 20x 10° cells per ml with 50 nM bleomycin was prepared
in Spiner modification of Eagles minimum essential medium. To obtain
the desired temperature of the sample, 400 pl of cell suspension in
Eppendorff electropermeabilization cuvett was kept on ice (4 °C) or
water bath (37 °C) for five minutes before the application of electric
pulses. Samples were exposed to electric pulses in Eppendorff electro-
permeabilization aluminium cuvetts, electrode distance 4 mm. The
amplitude of the applied field was 500 V/cm, 700 V/cm or 900 V/cm. A
train of eight rectangular pulses with duration of 100 ps and repetition
frequency 1 Hz was applied. All the treatments were normalized to a
control treatment, which consisted of cells exposed to different tem-
peratures, but were not treated with electric field. We used electric pulse
generator Cliniporator (Igea, Italy) for pulse application. The tempera-
ture of the sample did not change significantly during the pulse ap-
plication. Nevertheless, immediately after the pulse application, 50 pl of
cell suspension was diluted in 950 pl of electropermeabilization medium
and maintained at room temperature (20-25 °C) for 30 min to allow for
membrane resealing. Eagle’s minimum essential medium, supplemen-
ted with 10% foetal bovine serum, was added when cell membrane was
resealed. The cells were plated in concentration of 250 cells per Petri
dish for clonogenic assay. Colonies were grown at 37 °C in a humidified
5% CO, atmosphere in the incubator and after six days, when visible
colonies formed they were fixed with methanol (Merck KGaA,
Darmstadt, Germany) and stained with crystal violet (Sigma-Aldrich
Chemie GmbH, Deisenhofen, Germany). Colonies were counted and
results normalized to control. The percentage of survived colonies was
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subtracted from 100% to obtain the percentage of bleomycin uptake. At
least four experiments were pooled together for each data point.
Statistical analysis was performed using Student's t-test for comparing
of two treatments or one-way ANOVA and all pair wise comparison
procedures (Tukey Test) when many treatments were compared.

3. Results

Two cell lines, V79 and B16F1 were used to determine the effect of
the temperature on cell membrane fluidity and electropermeabiliza-
tion at different temperatures. By comparing the experimental EPR
spectra measured at 4 °C and 37 °C of both cell lines it is evident that
the average cell membrane fluidity significantly decreases (by chilling
the cells) (Fig. 1). The spectra at 4 °C are typical for highly restricted
motion of spin probe, while the spectra at 37 °C are typical for less
restricted motion.

More detailed information about the membrane domain altera-
tions was obtained by computer simulation of EPR spectra. Good fit to
the experimental spectra was obtained, if we take into account that
the spectra are superposition of three spectral components indicating
that the membrane is composed of three types of coexisting mem-
brane domains (Fig. 1, domains 1, 2 and 3).

According to the computer simulation of EPR spectra, the reduced
membrane fluidity, due to the chilling of cells to 4 °C, is reflected in
higher order parameters in all the domain types that compose cell
membrane and higher proportion of domain types with highest order
parameter (domain 3) when compared to cell suspension maintained
at 37 °C. The same pattern is observed in both cell lines, however it is

Experimetal and calculated spectrum

V79
37°C

Domains

Experimetal and calculated spectrum

Domains

more pronounced in V79 cell line (Fig. 2). At 37 °C the cell membrane
fluidity of studied cell lines differs, being less fluid in B16F1 than in
V79 due to higher proportion of less fluid domain type 3 and higher
order parameters of domain types 2 and 3 (Fig. 2).

The morphology and size of the cells did not depend on tem-
perature (Fig. 3). Fig. 3 also shows that the average diameter of B16F1
cells is higher than of V79 cells which correlate with the percentage of
permeabilized cells at 500 and 700 V/cm (Fig. 4) as the induced
transmembrane voltage is size dependent [19]. At 900 V/cm the cell
size of V79 is no longer the limiting factor for successful permeabiliza-
tion. The percentage of permeabilized cells is identical for both cell
lines at physiological temperatures and the cell survival is not affected.

The chilling from physiological temperature to 4 °C has significant
effect on cell membrane electropermeabilization in both cell lines. The
temperature effect on cell membrane permeabilization is presented in
Fig. 4. The pulse amplitude, which is one of the crucial factors for
electropermeabilization of the cell membrane, affects only the permea-
bilization of cells exposed to 37 °C during the pulse. At 4 °C, the per-
meabilization increases only slightly (statistically insignificantly, P>0.05)
with the pulse amplitude; in cell line V79 from 13% at 500 V/cm to 25% at
900 V/cm. It is slightly higher in B16F1; it increases from 18% at 500 V/cm
to 42% at 900 V/cm. At 900 V/cm, where both cell lines are permeabilized
to similar extent (around 80%) at physiological temperature, the effect of
the temperature is statistically significant for both cell lines (P<0.001). If
we compare the responses of cell line B16F1 and V79 to the electric
pulses, we observe that the difference in permeabilization caused by the
temperature is more pronounced in cell line V79 (P<0.05). Furthermore,
if we compare the extent of electropermeabilization at 4 °C and 900 V/cm

Experimetal and calculated spectrum

B16F1
37°C

Domains

Experimetal and calculated spectrum
B16F1

Domains

Fig. 1. Experimental spectra of MeFASL (10.3) in the membrane of cell line V79 and B16F1 at 4 °C and 37 °C with their best fits obtained by computer simulation.
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Fig. 2. Weight and order parameters of three coexisting domains (domain1, 2, 3) in the membrane of cell line V79 and B16F1 at 4 °C and 37 °C. Data obtained by computer simulation

of the experimental EPR spectra.

we observe that it is higher (P<0.05) in cell line B16F1. Observed
differences in membrane permeabilization between the two cell lines at
highest voltage could be related to differences in cell membrane fluidity
and domain composition. In cell line V79, the changes in average mem-
brane fluidity and in membrane domain structure with temperature are
more pronounced than for B16F1 (Figs. 1 and 2). In addition, the
membrane of V79 is composed predominantly of the less fluid domains;
85% of cell membrane is occupied with the most ordered domain
(domain 3, in Fig. 2) at 4 °C which is not easily electropermeabilized,
while in B16F1 cells this proportion is lower (76%).

4. Discussion

The main goal of our study was to determine the effect of cell
membrane fluidity and membrane domain structure on electroper-
meabilization by changing the temperature of the cell suspension
during the application of electric pulses. Our results show that cell
membrane permeabilization depends on the temperature, which has
a significant effect on cell membrane fluidity and domain structure.

In discussing the membrane domain structure as measured by EPR,
we would like to stress that EPR labelling is not specific for certain type
of domains. The reason is that spin probes are distributed uniformly
between different domains in the membrane [17] and reflect ordering
and dynamics of the membrane phospholipid alkyl chains in their
nearest surrounding on the nanometer scale, which depends on the
type of phospholipids (saturated, nonsaturated alkyl chains), amount
of cholesterol, protein distribution etc. All the regions in the membrane
with the same ordering and dynamics (the same fluidity character-
istics) are described as one type of membrane domain [18,14].

By lowering the temperature from physiological 37 °C to 4 °C cell
membrane fluidity significantly decreases. That is reflected in an
increase of the most ordered membrane domain type and increased
ordering of all the domains (Figs. 1 and 2). At the same time, cells
exposed to 4 °C need higher voltage for electropermeabilization of
their membranes, and even at highest pulse amplitudes (900 V/cm),
only about 40% of cells in suspension is permeabilized (Fig. 4). On the
other hand, the permeabilization of the more fluid membranes of cells
exposed to 37 °C is significantly higher, reaching around 80%. Similar
results were obtained in other studies that examined the influence of
low temperatures on the electropermeabilization. Similarly the results

on porcine stratum corneum show that lowering the temperature from
25 °Cto 4 °Cincreases the voltage needed for permeabilization [12]. In
addition, in the case of alga Valonia at 5 °C higher voltage is required for
electropermeabilization of its membrane than at 35 °C [10].

When cell membrane fluidity differences are caused by other
means than temperature, different results are obtained. In the study of
Rols et al., where the fluidity was changed by addition of ethanol and
lysolecitin the more fluid membrane was permeabilized at lower
voltages [20], while in our previous study where cell membrane
fluidity of different cell lines was compared, the same tendency was
observed, although it was not statistically significant [19]. Even in the
present study, if we compare the fluidity of two cell lines at phy-
siological temperature (37 °C) and their relation to electropermeabi-
lization, the results are similar as previously published [19,20].

These findings and the results, where cell membrane fluidity was
modified by chilling of the cell suspension from 37 °C to 4 °C (Fig. 3)
indicate that there are other factors that average cell membrane fluidity
that affect electropermeabilization. Present results (Figs. 1 and 2) as well
as previous EPR studies show that in the membranes of live cells, liquid
ordered and disordered domains coexist even at low non-physiological
temperatures [21,22]. At 4 °C and 900 V/cm cell membrane permeabi-
lization is drastically reduced in both cell lines (P<0.001). Nevertheless,
the effect is more pronounced in cell line V 79 than in B16F1 (Fig. 4) and

20

-
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cell size um
>

B16F14°C B16F137°C V794°C
temperature and cell line

V79 37°C

Fig. 3. Cell diameter of cell line V79 and B16F1 at 4 °C and 37 °C. Data are presented as a
meantstandard deviation, the average of 80 cells was measured per each condition.
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Fig. 4. Cell membrane permeabilization in cell line V79 and B16F1 at 4 °C and 37 °C measured by bleomycin uptake. The train of eight pulses and repetition frequency 1 Hz was
applied. Values are means of four independent experiments+standard deviation. The differences in the percentage of cell membrane permeabilization at 4 °C and 37 °C were
statistically significant (P<0,001) at 900 V/cm for both cell lines determined by Student ¢t-test. At the same amplitude, statistically significant (P<0.05) differences in the percentage of
cell membrane permeabilization are found between two cell lines (V79 and B16F1) at 4 °C (Student's t-test).

the difference is statistically significant (P<0.05). In this study, we have
found that decreasing the temperature from 37 °C to 4 °C affects
proportion and order parameter of the most ordered domain 3. The
change is more pronounced in cell line V79 than in B16F1 (Figs. 1 and 2).
Besides, if we compare the extent of cell membrane permeabilization of
two cell lines at 4 °C; it is significantly higher in B16F1 than in V79
(P<0.05). This again correlates with the membrane domain alterations.
When the membrane is chilled to 4 °C(Fig. 2), the proportion of the most
ordered domain type (domain 3, probably liquid ordered domains)
increases much more for V79 than for B16F1 cells, indicating important
role of this domain type on electropermeabilization. In the case of V79 at
4 °C, almost entire membrane is in liquid ordered state, which is not
easily electropermeabilized (only 25% cells at 900 V/cm). Our results as
well as previous results on lecithin cholesterol model membranes indi-
cate that not only an average membrane fluidity but rather membrane
domain structure is important for membrane permeabilization [23, 24].
It was shown on model lipid membranes from egg yolk phosphati-
dylcholine, that incorporation of cholesterol at concentration of 50 mol%
to 60 mol%, which decreases membrane fluidity of liquid crystal phase
bilayers [25], increases the break down voltage for cholesterol contain-
ing membranes [24]. Lower concentration of cholesterol (up to 29 mol%)
did not affect electropermeabilization of fluid membranes (egg yolk
phosphatidylcholine) but reduced the voltage required for electroper-
meabilization of the membranes which are in the gel phase at the room
temperature (dipalmitoyl-sn-glycero-phoshocholine), when cholesterol
introduces more fluid domains into the membrane [23]. This is also
supported with the results on pure lecithin membranes where it was
shown that the critical voltage for electropermeabilization is in the same
range for egg yolk phosphatidylcholine membranes, that are in fluid
phase, and dipalmitoyl-sn-glycero-phoshocholine membranes, that are
in the gel phase at room temperature [23].

Alternatively, the temperature effect on electropermeabilization
could be explained by thermal effects during electro pore formation
[26,27,28]. A cell membrane domain structure and fluidity could play a
role in that process. According to the electroporation theory, hydro-
phobic poresin the cell membrane are formed spontaneously by lateral
thermal fluctuations of the lipid molecules. The structural rearrange-
ments of hydrophobic to hydrophilic pores during electroporation
occur when the radius of hydrophobic pore exceeds critical value and
when the reorientation of the lipid molecules becomes energetically
favourable [26]. The energy needed for reorientation of lipid molecules
to form hydrophilic pore is expected to be lower in more fluid cell
membrane or membrane domain with lower order parameter.

It needs to be mentioned however that temperature by itself affects
physiology and metabolism of the cell. Therefore, the time during which
the cells were exposed to 37 °C or 4 °C was reduced to five minutes, as
needed to obtain the desired temperature for electropermeabilization.

Control treatments were performed so that cells were incubated at 37 °C
or 4 °C and then permeabilized at room temperature. The results were
compared to the results obtained in our previous study [19], when the
cells were permeabilized at room temperatures and no differences were
found. Therefore, we concluded that even if there are metabolic and/or
physiological changes related to preincubation of cell suspension at
37 °Cor 4 °Cthey do not affect electropermeabilization of these two cell
lines. The possible effect of the temperature treatment on the cell size
was also determined. As the cell size is an important factor affecting
electropermeabilization, cell diameter was measured at different tem-
peratures. We established that the temperature treatment used in our
experiment does not affect either morphology or the cell size (Fig. 3).
In conclusion, the temperature of cell suspension during the pulse
application that affects cell membrane domain structure consequently
changes the electropermeabilization behaviour in both cell lines, V79 and
B16F1. From the results obtained in our in vitro study, we can conclude
that the optimal temperature for electropermeabilization is physiological
temperature and that chilling significantly reduces electropermeabiliza-
tion effectiveness. We have demonstrated that cell membrane fluidity
and the membrane domain structure play an important role in electro-
permeabilization, however other factors may be involved.
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Keywords:

The aggregation status of chlorophyll a (Chl a) and the ability of four cyclodextrins, hydroxypropyl-p-
cyclodextrin (HP-3-CD), hydroxypropyl-y-cyclodextrin (HP-y-CD), heptakis(2,6-di-O-methyl)-3-cyclodextrin
(DIMEB), and heptakis(2,3,6-tri-O-methyl)-3-cyclodextrin (TRIMEB), to solubilize the pigment in the
complete cellular medium RPMI 1640 was estimated by means of UV-Vis absorption and static resonance
light scattering (RLS) measurements. The results indicate that the pigment interacts with cyclodextrins in the
cellular medium differently to that observed in water. The cytotoxic and phototoxic activity of these

PDT complexes towards human leukemia T-lymphocytes (Jurkat cells) was tested by means of experiments aimed

Chlorophyll a
Cyclodextrins
Jurkat cells

to discriminate between the intrinsic toxicity and the toxicity induced by light.
The overall data indicate that the HP-3-CD is the cyclodextrins having the best characteristics to form with
Chl a a potential supramolecular system for the photodynamic therapy.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) is a clinically approved treatment for
several types of cancer and hyperproliferative diseases. PDT requires
the simultaneous presence of three components, a sensitizer, light and
molecular oxygen. The photochemical interaction of the sensitizer and
light in presence of molecular oxygen produces reactive oxygen
species (ROS) which damage some cellular components leading to the
destruction of tumor cells by apoptosis or necrosis cell death [1].

In the last few years PDT has been subject of growing interest
because this therapy has the advantage to have a good selectivity
which makes its side effects much more tolerable than those
associated to other treatments as for example chemotherapy [2].

The selectivity of PDT relies on two combined effects: the preferential
retention of the sensitizer in the target tissue after systemic adminis-
tration and the use of light focused on the target tissue [3].

Since sensitizers having a complete specific retention do not exist,
the preservation of selectivity of this treatment requires the use as
photosensitizers of compounds having a low cytotoxicity and a high
phototoxicity [4]. Sensitizers having these characteristics, in fact, are
able to act only on the cells of the target tissue which are the only ones
to be illuminated. The normal body cells can incorporate the sensitizer
but they can survive the treatment thanks to the low cytotoxicity of
these “ideal sensitizers”.

* Corresponding author. Tel.: +39 080 5442226; fax: +39 080 5442128.
E-mail address: p.fini@ba.ipcf.cnr.it (P. Fini).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.04.020

Among all classes of compounds proposed as sensitizers in PDT we
have carried out a systematic study of the combined use of a natural
chlorin, chlorophyll a (Chl a), with cyclodextrins (CD). Natural chlorins are
pigments characterized by intense absorption bands in the 600-850 nm
wavelength region, where there is the maximum depth of light
penetration into tissues [5-7]. Cyclodextrins (CDs) are cyclic oligomers
of glucose characterized by the ability to form inclusion complexes with a
large number of organic molecules and are widely used in pharmacol-
ogical applications as delivery systems of drugs having a poor solubility
in water.

The main limitation of the use of Chl a was due to its very poor
solubility in water and its high tendency to aggregate. CDs having
different cavity size and moities have been considered as delivery
systems of Chl a in solution and the obtained supramolecular systems
have been characterized by different techniques [8-10]. The results of
these studies have shown that some CDs are suitable carriers of Chl a
in water and the Chl a/CD systems have properties which make them
very promising as potential sensitizers in PDT.

Preliminary experiments aimed to test in vitro the efficiency of these
systems in PDT have been recently performed and have evidenced that
Chl a/CDs seems to act as sensitizer toward Jurkat cells [11].

In order to have a more detailed comprehension of this system,
further investigations have been performed. The aggregation status
of Chl a and the ability of four cyclodextrins, hydroxypropyl-p-
cyclodextrin (HP-B-CD), hydroxypropyl-y-cyclodextrin (HP-y-CD),
heptakis(2,6-di-O-methyl)-B-cyclodextrin (DIMEB), and heptakis
(2,3,6-tri-O-methyl)-p-cyclodextrin (TRIMEB), to solubilize the
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pigment in the cellular medium RPMI 1640 was estimated by means of
UV-Vis absorption and static resonance light scattering (RLS)
measurements. Finally, cell culture experiments with Jurkat cells
have been performed in order to discriminate between cytotoxic and
phototoxic effect of Chl a/CD.

2. Materials and methods
2.1. Chemicals

Hydroxypropyl-B-cyclodextrin (HP-3-CD) DS = 5.6, Hydroxypro-
pyl-y-cyclodextrin (HP-y-CD) DS = 4.8, Heptakis(2,6-di-O-methyl)-3-
cyclodextrin (DIMEB), Heptakis(2,3,6-tri-O-methyl)-3-cyclodextrin
(TRIMEB) and all 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. [12]. MTT kit
test was purchased from Sigma.

2.2. Preparation of Chl a/CD solutions

All solutions were prepared mixing two stock solutions in ethanol
(EtOH), one containing the CD and the other containing the Chl a.
Then the mixture was dried under a stream of nitrogen and finally
redissolved in a known amount of RPMI 1640 medium supplemented
with 15% FBS. It was observed that for each CD, the amount of Chl a
redissolved in the cellular medium at the end of this procedure was
dependent on how long Chl a and CD remain in the mixed alcoholic
solutions. Data reported in this paper refer to solutions prepared
drying the EtOH soon after the mixing of the solutions.

The residual undissolved Chl a was recovered with ethanol,
quantified by UV-Vis absorption measurements and used to correct
the solution concentrations.

2.3. Physicochemical characterization of the Chl a/solution

UV-Vis absorption spectra were recorded using a Varian CARY/3
spectrophotometer. Static resonance light scattering (RLS) measure-
ments were carried out using a Varian Cary Eclipse fluorescence
spectrophotometer. RLS spectra were recorded with an excitation
neutral density filter with 12.5% of transmittance.

2.4. Cell culture and incubation conditions

An immortalized cell line of human T-lynphocytes (Jurkat cells,
ICLC, Italy) were cultivated in a RPMI 1640 medium supplemented
with 15% fetal bovine serum (FBS), 100 pg/ml streptomycin and 100 L.
U./ml penicillin (complete RPMI medium) [14-15]. Cells were
cultivated at 37°C in a humidified atmosphere of 5% CO, and 95%
air. Cell viability was determined by the trypan blue test. At this
purpose aliquots of cells were incubated with 0.2% trypan blue and
subsequently counted in a Thoma chamber.

In each well of a 96-wells culture plate 150 pl of cellular medium
containing 100 000 cells were mixed with 150 pl of a CD or Chl a/CD
solutions in the same medium having a concentration twice the final
one: approximately 1 mM in CD and 110 ° M in Chl a. In the case of
the Chl a without CD the pigment was solubilized in the medium
using a 1% of ethanol. In order to test the cytotoxicity of CD, Chl a in
ethanol 1% and Chl a/CD an MTT assay was performed at 24 and 48 h
of cell culture [13]. Optical Density (0.D.) data from MTT tests were
normalized to the O.D. value from MTT test obtained for the Jurkat
cells in the complete RPMI medium having the same growth time.

In the phototoxicity experiments the wells containing the cells were
illuminated after 24 h of incubation with the Chl a, CD or Chl a/CD and
the cell viability was determined after further 24 h of growth always by
MTTassay O.D. The illumination was performed positioning the 96-well
cell culture on a plane having circular holes with a surface of 0.32 cm?

each, corresponding to the surface of each single well. A LED with a
660 nm wavelength emission and a dissipation power of 50 mW was
fixed below the plate in correspondance to the well. Solubilization,
cytotoxic and phototoxic experiments were performed in triplicate.

3. Results and discussion
3.1. Solubilization of Chl a/CD in RPMI medium

The aggregation status of Chl a and the ability of CDs to solubilize
the pigment in the complete RPMI medium was estimated by means
of UV-Vis absorption spectra.

Chl a was solubilized in complete RPMI medium in presence of HP-3>-
CD, HP-y-CD, DIMEB and TRIMEB 1 mM following the procedure
described in the section Materials and Methods. In these experimental
conditions the amount of Chl a solubilized in cellular medium is different
for the four examined CDs. In particular it is evident from the absorbance
value that, contrary to that observed in aqueous solution [8-10], the
TRIMEB shows poor ability in solubilizing Chl a in the cellular medium.
DIMEB and HP-y-CD are able to carry in solution almost the same amount
of Chl a. In particular the percentage of solubilized Chl a in the cellular
medium results to be about 84.1% in HP-y-CD and about 74.3% in DIMEB.
The most effective is the HP-3-CD which solubilizes about 87.4% of Chl a.

Fig. 1 shows spectra of Chl a in solution of HP-3-CD, HP-y-CD, DIMEB
and TRIMEB 1mM dissolved in the medium used to grow the cells. The
spectra are characterized by an intense Soret band at about 422 nm in the
blue region of the visible spectrum and a Qy (0,0) band in the red region
atabout 663 nm. Similar to that observed in water [ 11] the peak in the red
region shows an enlargement which indicates the presence of pigment
aggregates [16,17]. In these spectra the aggregated species absorbing at
713 nm observed in aqueous solutions of HP-3-CD and HP-y-CD and
already evidenced in the water-rich region of binary water/organic
solvent mixtures [18] is not evident. The presence of aggregated forms is
also confirmed by measurements of resonance light scattering (RLS)
shown in Fig. 2 which are a sensitive and selective probe to chromophore
aggregation [19]. In particular the presence of a strong resonance
scattering signal between 400 and 500 nm is indicative of large
aggregates with a strong excitonic coupling among the chromophores.

3.2. Cytotoxicity

Jurkat cells were grown for 24 and 48 h with the Chl a, CDs and Chl
a/CDs dissolved in the complete RPMI medium to test the intrinsic
toxicity of these systems.

The graphs of Fig. 3A and B show the MTT test results. Such results
reflect the tolerance of cells towards Chl a, CDs and Chl a/CDs.
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Fig. 1. Chl a absorbance, A(4), in the complete RPMI medium in presence of 1 mM CD vs /.
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Fig. 2. Resonance light scattering, RLS(4), profile of Chl a in the complete RPMI medium
in presence of 1 mM CD vs /.

After 24 h of incubation only in the case of TRIMEB an important
citotoxicity towards Jurkat cells is observed. In fact the cell viability is
reduced by about 30%. This effect disappears when the TRIMEB is in
solution with the Chl a. DIMEB has an opposite behaviour to TRIMEB: the
cyclodextrin alone does not reduce the cell survival, whereas the
presence of Chl a induces a reduction in cell survival All other examined
systems do not show any important reduction of the Jurkat cell viability.

After 48 h of incubation MTT results (Fig. 3B) show again how the
behaviour of cells with TRIMEB and DIMEB is different from the other
systems. DIMEB and Chl a/DIMEB exhibit the highest cytotoxicity. A
comparable drop in the cell viability is also produced by TRIMEB
whereas Chl a/TRIMEB is not cytotoxic at all.

The observed reduction of the cytotoxicity of TRIMEB induced by the
presence of Chl a is probably due to the binding of these cyclodextrins
with the pigment which makes them engaged and therefore less
available to interact with the cellular membrane [20]. To understand the
reasons for the behaviour of each cyclodextrin is not easy because they
arise from the combination of more effects associated to the intrinsic
ability of each CD to be cytotoxic and to interact with Chl a in the cellular
medium.
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Fig. 3. Jurkat cell viability of 24 h (A) and 48 h (B) of growth in the complete RPMI
medium, in presence of Chl a in a 1% of EtOH, CD and Chl a/CD evaluated by MTT assay.
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All these data indicate that cyclodextrin cytotoxicity does not only
depend on their chemical nature but also depends on the con-
temporaneous presence in solution of a guest molecule. It is very
important to be aware of this finding to evaluate correctly the change
in the cell viability aimed to check the effectiveness of a sensitizer for
PDT in presence of cyclodextrins.

3.3. Phototoxicity

In order to evidence the phototoxic effect and to discriminate it
from the cytotoxic effect, the cell viabilities, expressed as O.D. (MTT
assay), of Jurkat cells in presence of Chl a, CDs and Chl a/CDs were
reported in the graphs (Fig. 4A-E). After illumination no decrease in
the cell viability of Jurkat cells was observed as expected. A similar
result was also obtained in presence of Chl a in EtOH 1%. It turns out
that the illumination does not reduce or increases the cell viability.
Furthermore the presence of Chl a, even though slightly cytotoxic, is
not phototoxic (Fig. 4A right). The reduction in the cell survival
reported in the previous study [11] might therefore be due to the
intrinsic toxicity of the system.

The Jurkat incubated with HP-3-CD, HP-y-CD, DIMEB and TRIMEB
shows an increase in the cell viability after the illumination which
raisesrises at increasing of the illumination time (Fig. 4B-E left).

An analogous result, but of lower entity to those observed in
absence of the pigment, is also observed for HP-y-CD in presence of
Chl a (Fig. 4B right). In fact as already stated in the previous section the
incubation of cells with HP-y-CD, DIMEB and TRIMEB reduces their
viability compared to the Jurkat cells grown in complete medium.
After the illumination the reduction of the cell viability compared to
the Jurkat cells is lower than that obtained without the illumination. It
is possible to suppose that the illumination, probably producing a
small increase in temperature, favours the binding of compounds
present in the cell culture with CDs which become therefore less toxic
for the cells.

Only cells incubated with Chl a/DIMEB show a significant decrease
of viability at increasing of the illumination time which point out that
this system is phototoxic. Taking into account that the study on the
cytotoxicity has evidenced that the system Chl a/DIMEB is the most
toxic, it is likely that the effectiveness of Chl a/DIMEB as sensitizer in
PDT is also influenced by its intrinsic toxicity which weakens the cells.

4. Conclusion

The aggregation status of Chl a and the ability of CDs to solubilize
the pigment in the cellular medium is different from that observed in
water [8-11]. In particular TRIMEB, the permethylated cyclodextrin
having the best ability to solubilize Chl a in water as monomer, is the
one which works worst in the RPMI 1640 medium. In spite of the
absence of phototoxicity obtained in the experimental conditions of
illumination used in this study, the CD which has the best
characteristics to form with Chl a a potential supramolecular system

for PDT applications is HP-3-CD. This CD is in fact the most effective in
the solubilization of Chl a in the cellular medium and also is that
which has the lowest cytotoxicity. The results of biological experi-
ments, in addition, indicate that cyclodextrin cytotoxicity does not
only depend on their chemical nature but also on the contempora-
neous presence in solution of compounds able to interact with them.
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A Gold-Platinum nanoparticle-decorated titania nanotubular electrode is fabricated by electrochemically
depositing Au and Pt nanoparticles onto a highly-oriented titania nanotube array. The prepared electrode,
characterized by SEM and EDX, shows remarkably improved catalytic activities in the oxidation of hydrogen
peroxide. By modifying the electrode with glucose oxidase (GOx) the resultant glucose biosensor exhibits a
high sensitivity to glucose in the range of 0 to 1.8 mM with a response time of 3 s and detection limit of

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical biosensors are an active research field attracting
considerable attention as potential successors to a wide range of
analytical techniques with high sensitivity, rapid response and relatively
high selectivity [1,2]. The sensitivity can be significantly improved by
introducing metal nanoparticles into the sensing interface [1,2] to
facilitate the electron transfer. Noble metals are the most researched
catalysts because of their high catalytic activities in many chemical
reactions [1-10]. The modification of electrode surfaces with redox-
active metal nanoparticles has led to the development of various
electrochemical sensors [1-10]. Gold and platinum nanoparticles are
one of the most intensive researched metals in design of electrodes
[1,2,6-10]. Gold and platinum nanoparticles are electrodeposited onto
microelectrodes to increase active centers with enhanced mass and
electron transport characteristics [ 1,2,6-10], showing sensitive response
to H,0, over a wide range of concentrations [7-10]. The detection of
H,0, is of interest in biosensing as a usual product of oxidation reactions
catalyzed by oxidoreductases in the presence of oxygen [7-10].

The catalytic efficiency (the reaction current) is always highly
related to the electrode surface area. Various methods have been used
to increase the electrode surface area, such as the modification of
electrodes with carbon nanofibers [12,13], carbon nanotubes [14-16]
and using nanoporous electrodes [17-18]. In recent years anodized
titania nanotube arrays (TiO, NT) are attracting increasing interest due
to their easy preparation, high orientation, large surface area, high
uniformity, and excellent biocompatibility [19-23]. A Co-Ag-Pt

* Corresponding author.
E-mail address: qycai0001@hnu.cn (Q. Cai).
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nanoparticle-decorated TiO, nanotube array shows a high catalytic
activity [20]. The 10 pm long TiO, nanotubes prepared by anodization
of titanium in dimethyl sulfoxide and HF electrolyte demonstrated
significantly stronger clot formation at reduced clotting times as
compared with nanocrystalline TiO, nanoparticles [21]. The size-
adjustable property of titania nanotubes make them useful in drug
delivery [22]. Titania nanotubes filled with gentamicin were explored
in the application of local antibiotic therapy at the site of implantation.
A biosensor for the detection of H,0, was fabricated by modifying
TiO, nanotube arrays with Horseradish Peroxidase and thionine [23].
These successful applications indicate that the highly-ordered,
vertically oriented titania nanotube arrays are a promising functional
material, and ideal as sensor substrates. To the authors' knowledge,
however, no work has been reported on the research of the catalytic
activities of Pt-Au nanoparticle-decorated titania nanotube array
toward the oxidation of H,0,, and no work has been reported on using
such a material to fabricate a biosensor.

In this work, an amperometric catalytic electrode was developed
by decorating titania NT arrays with Au and Pt nanoparticles. The
Electrochemical catalytic activity of the as-prepared electrode in
response to H,O, was investigated. An amperometric glucose oxidase
(GOx) biosensor was fabricated by modifying GOX on the as-prepared
electrode, and a sensitive response to glucose was achieved.

2. Experimental section
2.1. Materials

Titanium foil (99.8%, 0.127 mm thick) was purchased from Aldrich
(Milwaukee, WI). Sodium fluoride, sodium chloride, sodium hydrogen
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Fig. 1. Schematic deposition process of Au and Pt nanoparticles.

sulfate, chloroauric (III) acid, hexachloroplatinic (IV) acid, glucose,
ascorbic acid and uric acid of analytical reagent grade were purchased
from commercial sources and used as supplied. GOx (lyophilized
powder, 215 U mg™ !, from Aspergillus niger) was purchased from Yakult
(Japan). Double distilled water was used throughout the experiments.

2.2. Instrumentation

The catalyst topography was characterized using a field-emission
scanning electron microscope (FE-SEM) operating at 5 kV (JSM 6700F;
JEOL, Tokyo, Japan). An energy dispersive X-ray (EDX) spectrometer
fitted to the scanning electron microscope on a nanoprobe mode was
used for elemental analysis. The cyclic voltammetry (CV) and
amperometric measurements were carried out by an electrochemical
working station (CHI 660B; CH Instruments. Inc., Austin, TX), using a
Pt wire counter electrode(Aldrich, 99.9% purity, 1 mm diameter) and a
Ag/AgCl (saturated by KCl) reference electrode.

2.3. Electrode preparation

Prior to anodization, titanium foils of size 0.3x2.5 cm were ultra-
sonically cleaned in acetone and ethanol for each 5 min, respectively.
The cleaned titanium foils were anodized in an electrolyte containing
0.1 M NaF and 0.5 M NaHSO,4 at room temperature for 5 h in a two-
electrode configuration with a platinum cathode. The resulting
nanotube arrays formed on the titanium substrate were amorphous,
showing good conductivity in an external-applied electric field [24,25].
The titanium foil was only partially immersed in the electrolyte, with
the upper un-anodized portion used as an electrical contact. The
geometrical area of the anodized part (both sides) was 0.6 cm?. Au, Pt
nanoparticles were electrodeposited on the titania nanotubes in a
plating bath containing 10 mM H,PtClg and 10 mM HAuCl, using
chronopotentiometry at a current density of 50 pA s~ ' in a standard
three-electrode configuration with a titania/Ti working electrode, a
platinum wire auxiliary electrode, and an Ag/AgCl (saturated by KCl)
reference electrode. The catalytic activity of the Au, Pt nanoparticle-
decorated nanotubes in the oxidation of H,0, was determined by cyclic
voltammetry at a scan rate of 100 mV s~ ! in a 10 mM pH 7.3 phosphate
buffer solution (PBS) and 0.1 M NaCl containing 0.1 M H,0,, The pH was
measured with Mettler-Toledo Delta 320 pH meter.

The enzyme solution was prepared by dissolving 20 mg of GOx in
1 mL of 10 mM PBS (pH 7.3) containing 0.1 M NaCl. The Pt/Au modified
titania nanotublar electrode was loaded with 3-piL as-prepared enzyme
solution, and dried in air. The enzyme modified biosensor was stored in
10 mM PBS (pH 7.3) containing 0.1 M NaCl at 4 °C. Amperometry was
carried out in 10 mM PBS (pH 7.3) containing 0.1 M NacCl.

3. Results and discussion

3.1. Characterization of titania NT electrode decorated with the Pt-Au
nanoparticles

The as-fabricated titania NT array films are amorphous and semi-
conductive [20,21], showing an enhanced conductivity in an exter-

nally-applied electric field in which the polarization of titania results
in electron hopping between neighboring chains as described by
Mataré [26]:

T -O-Ti** > Ti* -0-Ti**

The conductivity of the titania NT film facilitates the electro-
deposition of metal nanoparticles, resulting in uniform deposition
of the metal nanoparticles and excellent electron transfer between
electrode and adsorbents, both properties of which are essential to
obtaining a high catalytic activity. Fig. 1 illustrates the fabrication
procedure of the Au and Pt nanoparticle-decorated titania NT
electrode. The Au nanoparticles was first electrodeposited on the
titania NT film and was followed by the Pt nanoparticles deposition. In
relation to Au nanoparticles, Pt nanoparticles are more sensitive to
detect H,0,. The first deposited Au would enhance the conductivity of
titania and facilitate the sequent Pt electrodeposition.

The metal cations are introduced into the nanotubes by capillarity
and electric field force, and electrochemically reduced to form
nanoparticles. EDS spectrum (Fig. 2b) taken from the inner nanotube
indicates the presence of Au and Pt, with a few nanoparticles at an
average size of 20 nm existing on the NT surface as shown in Fig. 2(a).
The metal loading was controlled by the duration of the deposition.

100nm WD 7.8mm

5.0kV  X100,000

Ti

An Pt

Intensity (a.u.)
=

0 1 2 3 4 5 6
Energy (keV)

Fig. 2. SEM images of the Pt-Au nanoparticle-decorated titania NT (a) and EDS spectrum
of the deposited metals (b).
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Fig. 3. Cyclic voltammograms of electrodes: (a) bare TiO, NT, (b) Au/TiO, NT, (c) Pt/TiO, NT,
(d) Pt-Au/TiOy NT in 0.1 M H,0, containing 10 mM PBS (pH 7.3) and 0.1 M NaCl at a scan
rate of 100 mV s~ L

3.2. The catalytic activity toward the oxidation of H,0»

Fig. 3 shows the cyclic voltammograms of H,0, on four different
electrodes: (a) bare TiO, NT electrode, (b) Au/TiO, NT electrode, (c) Pt/
TiO, NT electrode, and (d) Pt-Au/TiO, NT electrode with a Au loading
0f 1.30x 1078 mol cm™2 and a Pt loading of 2.60x10"8 mol cm™2 and a
Au:Pt molar ratio of 1/2. The Pt-Au modified electrode (d) exhibits the
highest electrochemical catalytic activity toward H,0,. The peak
current on the Pt-Au/TiO, NT electrode is three times that on the Pt/
TiO, NT electrode, eight times that on the Au/TiO, NT electrode, and
fifteen times that on the unmodified TiO, NT electrode. The
significantly increased catalytic activity of Pt-Au loaded electrode
can be attributed to the enhanced conductivity due to the loaded Au
and Pt nanoparticles and the electrochemically catalytic activity of Pt.
The high surface area of the TiO, NT offered more reactive sites as
compared with a solid support [20] and a high catalytic activity was
therefore achieved.

The electro-catalytic activity of the Pt-Au/TiOx NT electode toward
H,0, was assessed by quantitative analysis of the amperometric
response to continuous injections of 10 uM H,0, (Fig. 4). From Fig. 3 it
can been seen that there is a good response from the reduction of H,0,
at the potential of ~0.2 V. Therefore the potential of —0.2 V was used as
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Fig. 4. Amperometric responses of the Pt-Au/TiOy NT electrode upon adding
continuously 10 pM H,0, in 10 mM PBS (pH 7.3) containing 0.1 M NaCl at -0.2 V vs
Ag/AgCl (saturated by KCl). 10 pM H,0, is the final concentration. The inset shows the
calibration curve.
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Fig. 5. Amperometric responses of the GOy/Pt-Au/TiOy NT sensor upon adding
continuously (a) 0 mM, (b) 0.2 mM, and (c) 0.4 mM glucose in 10 mM PBS (pH 7.3)
containing 0.1 M NaCl at -0.2 V versus Ag/AgCl (saturated by KCl) reference electrode.
The glucose concentration is the final one. The inset shows calibration curve for glucose
concentrations between 0.1 mM and 0.8 mM.

the operational potential of the Pt-Au/TiO, NT electrode. As shown in
Fig. 4, a linear response is achieved between 10 and 80 uM H,0, with a
detection limit of 10 pM and a response slope of 2.92 pA mM™!
(R*=0.9935).

3.3. The sensor response to glucose

A glucose biosensor was fabricated by modifying the Pt-Au/TiO,
NT electrode with glucose oxidase (GOx). Generally, biosensors
enzymes are immobilized to the sensor surface by either cross-
linking with, e.g. glutaraldehyde [7,10] or being protected with a thin
layer of, e.g. Nafion [8,9] to avoid the loss of enzymes. In this work
the excellent biocompatibility and the nanotubular structure of the
Pt-Au/TiO, NTs provide a hole-rich electrode structure for the direct
immobilization of GOx. The reproducibility experiments showed that
GOx was firmly adsorbed on the sensor without significant loss. Fig. 5
displays the amperometric response of the biosensor to different
concentrations of glucose: (a) 0 mM, (b) 0.2 mM, (c) 0.4 mM at-0.2 V
versus Ag/AgCl (saturated by KCl) reference electrode in 10 mM PBS
(pH 7.3) containing 0.1 M NaCl. The biosensor exhibits a linear
response to glucose in the concentration ranging from 0 mM to
1.8 mM, with a sensitivity of 0.08366 tA mM !, a figure of merit of
109.5 mM™! and a response time of 3 s. Defining the detection limit as
the concentration that can be detected at 3 times the noise level, the
detection limit is 0.1 mM glucose, which is much lower than the serum
glucose concentration of diabetic patients. Under normal physiologi-
cal conditions, serum glucose concentration is 3.8-6.1 mM. Diabetic
urine appears when blood glucose is generally higher than 9 mM, the
renal glucose threshold. The achieved detection limit is lower than
these achieved on an amperometric glucose biosensor based on
electrodeposition of platinum nanoparticles onto covalently immobi-
lized carbon nanotube electrode (0.4 mM) [8] and a wireless, remote
query glucose biosensor based on a pH-Sensitive Polymer (0.6 mM)
[11].

The effect of electroactive interferents such as ascorbic acid and
uric acid, which are commonly present in physiological samples of
glucose, were investigated. The responses of the enzyme electrode to
0.1 mM ascorbic acid and 0.5 mM uric acid are 2.15 nA and 14.82 nA,
respectively, which are negligible to the electrode response to the
physiological normal level of glucose (5.6 mM).

The proposed biosensor showed a good repeatability with a rela-
tive standard deviation of 3.6% (n=6) in response to 1 mM glucose, and
relative stability. The sensor response to 1 mM glucose was still
retained at 72.58% value of the initial response after 25 days.
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4. Conclusions

A Pt-Au nanoparticle-modified electrode was fabricated with
highly-ordered titania nanotube array as substrate. The as-prepared
electrode exhibited a high catalytic efficiency to the oxidation of H,0,
due to the high surface area of the nanotubular structure, the excellent
biocompatibility of TiO,, and the high catalytic activity of the loaded Pt
nanoparticles. By modifying the electrode with glucose oxidase (GOx)
the resultant glucose biosensor exhibits a linear response to glucose in
the range of 0 to 1.8 mM with a response time of 3 s and detection
limit of 0.1 mM.
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ABSTRACT

A carbon paper electrode was modified with the conducting copolymer of 3-methylthiopene and thiophene-
3-acetic acid prepared electrochemically on the electrode, and an enzyme electrode was fabricated by
covalent immobilization of glucose oxidase on the modified electrode. The modification with the conducting
copolymer increased the surface area of the electrode and the amount of the immobilized enzyme. As a
result, the enzyme electrode showed a high catalytic activity. Moreover, it was found that the increased
surface area led to a high rate of electron transfer reaction between the electrode and p-benzoquinone
employed as an electron mediator. The enzyme electrode fabricated with the modified carbon paper gave a
larger glucose oxidation current than that fabricated with the bare one. In addition, the glucose oxidation
current was found to increase with increasing content of the conducting copolymer in the modified carbon
paper. Corresponding to the large glucose oxidation current, high performance was confirmed for the glucose

Glucose fuel cell

fuel cell constructed with the enzyme electrode based on the modified carbon paper.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Conjugated polymers, which are synthesized from such monomers
as aniline, pyrrole and thiophene, have electron conductivity in spite
of being organic substances [1-5]. They have been applied to sensors
[6-10], batteries [11,12] and display devices [13,14] because of their
unique electronic and electrochemical characteristics. Among various
kinds of applications, it is one of the very attractive subjects to use
conducting polymers as a component of an enzyme electrode, for they
can be used as both an electron-transferring medium and a supporting
material for immobilization of enzyme. To give an example of such
application, a polypyrrole film including glucose oxidase (GOx) has
been prepared by the electrochemical polymerization of pyrrole in the
presence of the enzyme, and used as an amperometric biosensor
[15,16]. As for such conducting polymers as polypyrrole and polyani-
line, it has been also reported that the conducting polymer film
prepared electrochemically on an electrode plays an important role in
electron transfer between the immobilized enzyme (GOx) and the
electrode [17-22]. Recently, the authors investigated the properties of
the enzyme electrode fabricated with GOx and the conducting film of a
polythiophene derivative, and confirmed that the enzyme electrode
well functioned as an anode of a biofuel cell [23]. On the other hand,
it has been demonstrated that a high performance of the enzyme
electrode can be achieved by covalent immobilization of enzyme on
the surface of the conducting polymer film with high conductivity [24].

* Corresponding author. Tel./fax: +81 258 47 9404.
E-mail address: smasato@vos.nagaokaut.ac.jp (M. Shimomura).
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Carbon paper (CP) has drawn much attention in a variety of
electrochemical applications because of its high conductivity, chemi-
cal stability, large surface area due to gathered structure of fine carbon
fibers. For example, it has been used as an electrode in chemical fuel
cells, which are driven with such fuels as methanol and hydrogen, for
supporting catalysts, oxidizing fuels and collecting electrons [25-27].
Thus CP is an excellent conducting material and has been also applied
to biofuel cells [28-30]. If an enzyme electrode is used in a biofuel cell,
CP seems preferable as a component of the electrode because its large
surface area can support a large amount of enzyme. However, CP does
not have any functional groups on its carbon fiber surfaces and,
therefore, enzyme molecules cannot be immobilized on the surfaces
by stable covalent linkages. In order to overcome this problem,
appropriate modification should be carried out to introduce the
functional groups available for enzyme immobilization.

In the present study, for the purpose of fabricating an enzyme
electrode, the modification of CP was attempted with the conducting
polymer having carboxyl groups used as covalent binding sites
for enzyme immobilization. It has been demonstrated in a previous
study [24,31] that the copolymer of 3-methylthiophene (3MT) and
thiophene-3-acetic acid (T3A) shows higher performance than Au
as a conducting component of an enzyme electrode. Therefore, the
copolymer (3MT/T3A copolymer), whose structural formula is shown
in Scheme 1, was employed for the modification of CP. After the
electrochemical copolymerization of 3MT and T3A on a CP electrode,
GOx was immobilized covalently through amide linkages on the layer
of 3MT/T3A copolymer covering the CP electrode by the condensation
reaction with the carboxyl groups of the copolymer. The modified CP
electrode bearing GOx (CP/Copolymer/GOx electrode) was used as an
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Scheme 1. Routes of preparing the CP/Copolymer/GOx electrode and the CP/GOx electrode.

anode of a glucose fuel cell, and the role of the modification with 3MT/
T3A copolymer was investigated based on the performance of the fuel
cell.

2. Experimental
2.1. Materials and apparatus

The CP used was TGPH-60 obtained from Toray Ind., which was cut
in a size of 0.5 cmx= 2.0 cm prior to the modification by electrochemical
polymerization of 3MT and T3A. 3MT, tetraethylammonium perchlo-
rate and p-benzoquinone (BQ) were purchased from Nacalai Tesque,
Inc. T3A and p-glucose were purchased from Tokyo Kasei Kogyo Co.
and Wako Pure Chemical Ind., respectively. All these chemicals were
of guaranteed-reagent grade and used without further purification.
GOx (EC 1.1.3.4, from Aspergillus species) was supplied by Toyobo Co.,
which had an activity of 154 units/mg. 1-Cyclohexyl-3-(2-morpholi-
noethyl)-carbodiimide metho-p-toluenesulfonate (CMC) from Aldrich
Chemical Co. was used as a condensing agent. Nafion 112 (perfluori-
nated membrane with a thickness of 0.002 in.) was supplied by
Aldrich Chemical Co.. Other chemicals and solvents were of guaran-
teed-reagent or analytical grade and used without further purification.

Electrochemical experiments were carried out in the three-
electrode cell equipped with a potentiostat/galvanostat (Hokuto
Denko Corp. HA-150G), a bipolar coulomb/ampere hour meter (Hokuto
Denko Corp. HF-203D) and an arbitrary function generator (Hokuto
Denko Corp. HB-105A). An outline of the apparatus is shown in Fig. 1. A
platinum plate and a saturated calomel electrode (SCE) were used as a
counter electrode and a reference electrode, respectively.

2.2. Fabrication of the CP/Copolymer/GOx electrode
The modification of CP was carried out by the electrochemical

copolymerization of 3MT and T3A using the CP as a working electrode
in the three-electrode cell shown in Fig. 1. 20 mL of acetonitrile

solution containing 3MT (0.45 M), T3A (0.05 M) and tetraethylammo-
nium perchlorate (0.10 M) was placed in the electrochemical cell, and
nitrogen was passed through the solution for more than 20 min. A
potential E (E=+2.2 V vs. SCE) was applied on the CP at room tem-
perature until the passed charge Q reached a given amount. Then the
CP modified with 3MT/T3A copolymer (CP/Copolymer) was rinsed

Function
generator

Potentiostat /
galvanostat

Coulomb ampere
hour meter

Salt bridge

—

H Reference electrode (SCE)

o
i

. <— Saturated KCI solution

Working electrode

Counter electrode (Pt plate)

Fig. 1. Apparatus for electrochemical experiments.
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with distilled water to remove residual monomers and weakly ab-
sorbed copolymer.

Subsequently, the CP/Copolymer was immersed in aqueous solu-
tion of GOx (33 pM) and CMC (57 mM) for 1.0 h at 4 °C to immobilize
GOx covalently on the 3MT/T3A copolymer covering the CP. The CP/
Copolymer/GOx electrode fabricated thus was rinsed several times
with distilled water and stored in a phosphate buffer (0.10 M, pH 7.0)
until its use in electrochemical measurements. For a comparison, a CP
electrode adsorbing GOx (CP/GOx electrode) was prepared by immer-
sion of CP in aqueous solution of GOx (33 uM) for 1.0 h at 4 °C.

2.3. Measurements of amount and activity of immobilized GOx

The amount of immobilized GOx was determined according to the
method of Lowry et al. [32] by the analysis with Folin-Ciocalteu phenol
reagent after alkaline copper treatment, in which colorimetry was
carried out at 750 nm with a Shimadzu UV-3100 PC spectrometer.

The activity of immobilized GOx was measured at 30 °C by a
colorimetric method based on the procedure of Trinder [33]. This
method included the reaction of hydrogen peroxide, produced in
oxidation of glucose by GOx, with phenol and 4-aminoantipyrine in
the presence of peroxidase to yield a colored product. The activity was
determined from a standard curve based on absorbance of the colored
product at 505 nm.

2.4. Electrochemical measurements

The properties of CP, CP/Copolymer, CP/GOx and CP/Copolymer/
GOx electrodes were examined electrochemically by cyclic voltam-
metry using the three-electrode cell shown in Fig. 1. Except for some
specified cases, the measurements were carried out at a scan rate
of 5 mV/s in a phosphate buffer (0.10 M, pH 7.0) in the presence of
BQ (1.0 mM) and/or glucose (0.10 M) at 30 °C under air.

A two-compartment cell was constructed to investigate the
performance of the CP/Copolymer/GOx electrode as an anode of a
glucose fuel cell. The two compartments were separated by Nafion 112.
Pt mesh was used as a cathode, which had been soaked in 50% H,SO, for
10 min and then rinsed thoroughly with distilled water in advance. After
a phosphate buffer (0.10 M, pH 7.0) was placed in each compartment,
BQ and glucose were added to the buffer in the anodic compartment.
The power output of the cell was determined by the measurement of
current values at arbitrary potentials. Both the compartments were kept
under atmospheric pressure during the measurement.

3. Results and discussion
3.1. Preparation of the CP/Copolymer/GOx electrode

The CP/Copolymer/GOx electrode and the CP/GOx electrode were
prepared along the routes illustrated in Scheme 1. A 0.25 cm? portion
of CP was subjected to the fabrication of these electrodes. The color of
CP was found to change from gray to black in the course of the
electrochemical copolymerization of 3MT and T3A on the CP. It was
reported elsewhere [24] that the content of T3A unit in 3MT/T3A
copolymer, which was obtained under the same condition as in the
present study, was determined to be 10%. The CP/Copolymer/GOx
electrode was fabricated by the covalent immobilization of GOx
through amide linkages, which were formed by the condensation
reaction between the amino groups of GOx and the carboxyl groups of
the 3MT/T3A copolymer deposited. On the other hand, the CP/GOx
electrode was prepared by adsorption of GOx on the carbon fibers of
CP.

Fig. 2 shows the SEM images of bare CP (A) and the CP/Copolymer
samples prepared with Q=0.5 C (B) and Q=8.0 C (C). It can be clearly
seen that 3MT/T3A copolymer was deposited on the carbon fibers of
CP by the electrochemical polymerization. It should be noted that the

(A)
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Fig. 2. SEM images of bare CP (A) and the CP/Copolymer samples prepared with
Q=0.5 C(B) and Q=8.0 C (C).

3MT/T3A copolymer grew up in a granulated form on the carbon
fibers. In addition, the deposition of the copolymer seems to occur on
the fibers even inside CP. As seen from a comparison between the SEM
images (B) and (C) in Fig. 2, the granular structure of the copolymer
was developed by increasing Q. Thus, the surface area of the CP/
Copolymer increased corresponding to the growth of the copolymer.

Table 1 shows the amounts and activities of GOx immobilized on
bare CP by adsorption and that immobilized on CP/Copolymer cova-
lently, which are important factors determining the catalytic properties
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Table 1
Amounts and activities of GOx immobilized on bare CP and CP/Copolymer
Support electrode Immobilized Apparent Specific

GOx/mol activity/unit activity/unit mol™!
CP 14x107 1 29x1072 2.0x10°
CP/Copolymer (0.5 C)? 23x1071 5.9x1072 2.6x10°
CP/Copolymer (8.0 C)? 2.4x107 1 6.8x1072 2.8x10°

2 The values of Q passed through the electrochemical copolymerization of 3MT and
T3A are given in the parentheses.

of the enzyme electrodes. It is a matter for argument whether there is a
significant difference between the amounts of GOx immobilized on CP
and CP/Copolymer. However, a larger amount of GOx seemed to be
immobilized on CP/Copolymer than on bare CP and, accordingly,
apparent activity (activity per each electrode) of GOx on CP/Copolymer
became higher. Thus, the modification with 3MT/T3A copolymer
resulted in efficient immobilization of GOX. Taking the SEM images in
Fig. 2 into account, the large amount of GOx immobilized on CP/
Copolymer can be attributed to the increased surface area due to the
granular structure of deposited 3MT/T3A copolymer. Although a larger
amount of the copolymer was deposited on CP with Q=8.0 C than with
Q=0.5 C, almost the same amount of GOx was immobilized on both the
CP/Copolymer electrodes. The reason for this result is uncertain and still
under investigation. On the other hand, almost the same specific activity
was observed for GOx immobilized on CP/Copolymer and that
immobilized on bare CP. This result suggests that the activity of GOx
was influenced neither by the covalent immobilization on the deposited
3MT/T3A copolymer layer nor by the accompanying microenviron-
mental change around GOx molecules.

3.2. Electrochemical properties of the CP/Copolymer/GOx electrode

Scheme 2 illustrates the anodic reaction on a GOx-immobilized
electrode in the presence of an electron mediator, where the GOx
oxidizes glucose to turn into a reduced state and then reduces the
electron mediator to return to an oxidized state. The electron mediator
of reduced form is oxidized on the electrode, and electrons transfer to
the electrode to generate the glucose oxidation current.

In the present study, the glucose oxidation current was measured
with each of the CP/Copolymer/GOx electrode and the CP/GOx
electrode by use of BQ as an electron mediator. Fig. 3 shows the
relation between the glucose oxidation current density j and the
applied potential E for each electrode. Although it was found for both
electrodes that j increased when the potential E was over 0.1 V vs. SCE,
the CP/Copolymer/GOx electrode gave a much larger value of j
than the CP/GOx electrode. The large current density observed with
the CP/Copolymer/GOx electrode seemed to reflect the effect that the
modification with 3MT/T3A copolymer increased the amount of

_ Glucose
e
/— Mediator (Red) D-Glucono-é-lactone
\—> Mediator (Ox)
Electrode

Scheme 2. Anodic reaction on a GOx-immobilized electrode in the presence of an
electron mediator.
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Fig. 3. Glucose oxidation current density j as a function of applied potential E measured
for the CP/Copolymer/GOx electrode and the CP/GOx electrode. The CP/Copolymer/GOx
electrode was fabricated by use of the CP/Copolymer prepared with Q=0.5 C.

immobilized GOx. However, it was considered to be a matter of
argument whether the larger current density was attributed only to
the larger amount of GOx, for the current density given by the CP/
Copolymer/GOx electrode was eight times as large as that given by the
CP/GOx electrode though the apparent enzyme activity of the former
was only twice as high as that of the latter.

For the purpose of clarifying the reason why such a large current
density was observed with the CP/Copolymer/GOx electrode, the
redox behavior of BQ on each of the CP/Copolymer electrode and the
CP electrode was analyzed by cyclic voltammetry. As shown in Fig. 4,
higher redox peaks were observed with the CP/Copolymer electrode
than with the CP electrode. Therefore, the large current density
accompanying the glucose oxidation with the CP/Copolymer/GOx
electrode shown in Fig. 3 can be attributed to facilitated electron
transfer from BQ to the electrode rather than the large amount of
immobilized GOx. It goes without saying that the 3MT/T3A copolymer
of the CP/Copolymer/GOx electrode is relevant to the electron transfer
reaction between BQ and the electrode. As for the performance of
enzyme electrodes, various factors should be taken into account. For
example, if an enzyme electrode is fabricated with an oxidoreductase,
such as GOx, which catalyzes the oxidation of its substrate, the anodic
performance of the enzyme electrode will be affected directly by the
amount and activity of the immobilized enzyme. On the other hand,
the performance is also dependent on the rate of electron transfer
from the enzyme reaction system to the electrode, in which an
electron mediator, such as BQ, plays an important role. With respect to
the CP/Copolymer/GOx electrode, its large surface area due to the
granular structure of deposited 3MT/T3A copolymer can be consid-
ered to afford a high rate of electron transfer from BQ to the electrode.
This is a possible major reason for the large current density resulting
from the glucose oxidation with the CP/Copolymer/GOx electrode.
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Fig. 4. Cyclic voltammogram of BQ measured with each of the CP/Copolymer electrode
and the CP electrode. The CP/Copolymer was prepared with Q=0.5 C.
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Since the yield of 3MT/T3A copolymer can be controlled by
changing Q in the electrochemical polymerization, the CP/Copolymer
samples having various contents of 3MT/T3A copolymer are prepared
without difficulty by the polymerization with different amounts of Q.
The CP/Copolymer/GOx electrodes, then, were fabricated with several
kinds of CP/Copolymer prepared with various amounts of Q. With
these electrodes, the glucose oxidation current density j was deter-
mined by cyclic voltammetry (scan rate 50 mV/s) at an applied
potential of 0.40 V vs. SCE in the presence of 0.50 M of glucose. Fig. 5 (A)
shows the relation between j and the passed charge Q in the electro-
chemical polymerization, where Q=0 C corresponds to the CP/GOx
electrode. When Q=8.0 C, the current density j reached 12 mA/cm?
which was six times as large as the case of Q=0.5 C. Thus, the current
density j increased markedly with increasing Q, suggesting that a large
content of 3MT/T3A copolymer contributed to the enhanced perfor-
mance of the CP/Copolymer/GOx electrode. However, the value of
Q should be limited to 8.0 C because further increase in Q results in the
formation of a brittle layer of 3MT/T3A copolymer. It is obvious from
the SEM images in Fig. 2 (B) and (C) that a larger amount of Q gave a
higher yield of 3MT/T3A copolymer with a large surface area on the
fibers of CP. Nevertheless, as shown in Table 1, almost the same amount
and activity were determined for the immobilized GOx on the two
kinds of CP/Copolymer prepared with Q=0.5 C and 8.0 C. Therefore, the
increased glucose oxidation current density with increasing Q, which
was observed for the CP/Copolymer/GOx electrodes, cannot be related
to the amount and activity of immobilized GOx.

Fig. 5 (B) shows the current density j determined by cyclic
voltammetry (scan rate 50 mV/s) for the maximum oxidation of BQ
on the CP/Copolymer electrodes prepared with various amounts of Q.
It was seen that j increased with increasing Q. This result is consistent
with the consideration that the increase in the glucose oxidation
current density with increasing Q, observed for the CP/Copolymer/
GOx electrode, is attributed to facilitated electron transfer from BQ to
the electrode due to the increased surface area of the deposited 3MT/
T3A copolymer layer. Thus, the surface morphology of the enzyme
electrode had a significant effect on the rate of electron transfer from
the electron mediator to the electrode. In addition, according to a
previous study of the enzyme electrodes based on 3MT/T3A
copolymer films [34], the conductivity of the copolymer also affects
the performance of the enzyme electrode. Needless to say, the activity
of immobilized enzyme is an essentially important factor to determine
the function of the enzyme electrode.

3.3. Application the CP/Copolymer/GOx electrode to a glucose fuel cell

A glucose fuel cell was constructed by use of the CP/Copolymer/GOx
electrode and a Pt mesh electrode as an anode and a cathode,
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Fig. 5. Current density j measured for the glucose oxidation with the CP/Copolymer/
GOx electrodes based on the CP/Copolymer supports prepared with various amounts
of passed charge Q (A) and measured for the BQ oxidation measured with the CP/
Copolymer electrodes prepared with various amounts of passed charge Q (B).

0.6 30
O ® CP/Copolymer/GOx
0.5 1 A 4 CP/GOx Log
¢ [ ]
o 0.4 r20 o
§ §
< 4 L
g 03 ) 15 %
< 024 r10 &
0.1 4 rs
0 T =)
0 0.1 0.2 0.3 04
u_/v

cell

Fig. 6. Cell current density j. and power output density P as functions of the cell
voltage Uy measured for the glucose fuel cells using the CP/Copolymer/GOx electrode
and the CP/GOx electrode as anodes. The CP/Copolymer/GOx electrode was fabricated
by use of the CP/Copolymer prepared with Q=0.5 C.

respectively. The cell current density jcey (the cell current per area of
the anode) was measured as a function of the cell voltage U, and the
power output density P given by jeey X Ucenp Was determined. These data
for the glucose fuel cell using the CP/Copolymer/GOx electrode as an
anode are shown in Fig. 6, together with the data for the fuel cell using
the CP/GOx electrode instead. The fuel cell using the CP/Copolymer/
GOx electrode gave a more sloped current-voltage line than that using
the CP/GOx electrode. The short-circuit current density js, i. €. jeey at
Ucen=0V, of the former fuel cell was larger than that of the latter by
0.15 mA/cm?-anode. The open-circuit voltage Usc, i. €. Ueen at jeen=0 A,
of the former was larger than that of the latter by 0.15 V. The values of
maximum power output density P, of the former and the latter fuel
cells were 22 and 13 pW/cm?-anode, respectively. It is apparent that
the difference of performance between these fuel cells is relevant to
the characteristics of the enzyme electrodes used. The values of jce
and jsc seem to be related to the glucose oxidation current shown in
Fig. 3. The deposited 3MT/T3A copolymer layer of the CP/Copolymer/
GOx electrode, on the other hand, may lower the over potential of total
electrochemical reactions to increase U,.. Thus, a higher performance
of the fuel cell would be achieved by use of the CP/Copolymer/GOx
electrode than the CP/GOx electrode.

Fig. 7 shows the values of P,,x measured for the glucose fuel cells
using the CP/Copolymer/GOx electrodes based on several kinds of CP/
Copolymer prepared with various amounts of Q. Pn,.x increased with
increasing Q, and reached 46 pW/cm?-anode when Q=8.0 C. This
relation between P..x and Q is consistent with the fact that the
glucose oxidation current observed with the CP/Copolymer/GOx
electrode became larger when the CP/Copolymer was prepared with
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Fig. 7. Maximum power output density Pn,x measured for the glucose fuel cells using
the CP/Copolymer/GOx electrodes based on the CP/Copolymer supports prepared with
various amounts of passed charge Q.
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a larger amount of Q. The performance of the fuel cell thus reflects the
properties of the enzyme electrode used. Although the value of Q was
limited to 8.0 C in the present study by the reason mentioned earlier,
there is still a possibility to raise the performance of the fuel cell by
preparing the CP/Copolymer with a larger amount of Q unless it
makes the deposited 3MT/T3A copolymer layer brittle. By choosing a
more appropriate support electrode than the CP used in the present
study, a more stable layer of the granulated copolymer may be
obtained on the electrode even with a large amount of Q. If this comes
true, the power output of the fuel cell will be increased. On the other
hand, the modification with the conducting polymer is available for
the fabrication of an enzyme electrode used as a cathode of the fuel
cell. The application of such a cathode, as well as the improvement
in physical properties of the 3MT/T3A copolymer layer, is under
investigation.

4. Conclusions

The CP was modified by the electrochemical copolymerization of
3MT and T3A, and applied to the preparation of the GOx-immobilized
electrode used as an anode of a glucose fuel cell. The modified CP, i. e.
the CP/Copolymer, had a large surface area due to the granular
structure of deposited 3MT/T3A copolymer. By the condensation
reaction with the carboxyl groups of the copolymer, GOx was
immobilized covalently on the CP/Copolymer through amide lin-
kages. The CP/Copolymer/GOx electrode thus prepared bore a larger
amount of GOx and showed a higher activity than the CP/GOx
electrode fabricated by the adsorption of GOx on bare CP. It was a
point of interest, in addition, that the large surface area of the CP/
Copolymer/GOx electrode led to a high rate of electron transfer
reaction between the electrode and p-benzoquinone employed as an
electron mediator. Thus, a large glucose oxidation current was
observed with the CP/Copolymer/GOx electrode, which was reflected
in the performance of the glucose fuel cell using the enzyme electrode
as an anode.

The yield of 3MT/T3A copolymer was dependent on the charge Q
passed through the electrochemical polymerization. Increased current
density resulted from the glucose oxidation with the CP/Copolymer/
GOx electrode based on the CP/Copolymer prepared with increasing
Q, which suggested that a large content of 3MT/T3A copolymer
contributed to the enhanced performance of the electrode. Similarly,
the charge Q passed through the preparation of CP/Copolymer affected
the glucose fuel cell using the CP/Copolymer/GOx electrode as an
anode, and Py« of the cell was increased by use of the CP/Copolymer
prepared with an increasing amount of Q. However, the value of Q was
limited to 8.0 C because further increase in Q resulted in the formation
of a brittle layer of 3MT/T3A copolymer. A more stable layer of the
granulated copolymer should be obtained even with a large amount of
Q by choosing a more appropriate support electrode than the CP used
in the present study. The fabrication of the GOx-immobilized elec-
trode with such a copolymer layer, though it is still under investiga-
tion, will be a promising approach to improve the performance of the
glucose fuel cell.
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This research details the isolation and purification of a new type of lactate dehydrogenase that is dependent
upon the coenzyme pyrroloquinoline quinone (PQQ). PQQ-dependent enzymes have been of interest in the
literature over the last decade due to the fact that many of them can undergo direct electron transfer (DET) at
electrode surfaces which is of interest for biosensor and biofuel cell applications. In the paper, we detail the
isolation of PQQ-dependent lactate dehydrogenase (PQQ-LDH) from two sources of Gluconobacter
(Gluconobacter sp. 33 and Gluconobacter suboxydans). This paper also shows the first evidence that PQQ-
LDH can undergo direct electron transfer at gold and carbon electrode surfaces for future use in biosensors

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Over the last two decades, the ability for an enzyme to undergo
DET has been of increasing interest for both enzymatic biosensors and
enzymatic biofuel cells. It was first shown in 1997 by Ikeda et al. that a
PQQ-dependent dehydrogenase could undergo direct electron trans-
fer [1]. However, it hasn't been until recently that DET of PQQ-
dependent dehydrogenases has been of interest for biofuel cells and
biosensors.

All PQQ-containing enzymes belonging to the group of quinohe-
moenzymes contain the bound cofactor PQQ along with one or more
heme-c moieties. The cofactor PQQ is coordinated with the apoen-
zyme via Ca* ions and electrons are transferred from the substrate via
PQQ to the heme groups and then to the current collector [2]. PQQ-
dependent enzymes containing heme-c can undergo rapid electron
transfer reactions under appropriate conditions [3,4]. Heme-c serves
as a universal mediator of internal electron transfer from the specific
catalytic site to the electrode and creates ideal opportunities to
incorporate quinohemoenzymes for use as DET enzymatic schemes.

The acetic acid bacteria Gluconobacter, contains multiple PQQ-
dependent dehydrogenases capable of undergoing DET [5]. These
enzymes include PQQ-dependent alcohol dehydrogenase (PQQ-ADH),
PQQ-dependent aldehyde dehydrogenase (PQQ-AldDH), PQQ-depen-
dent glucose dehydrogenase (PQQ-GDH), and PQQ-dependent gly-
cerol dehydrogenase (PQQ-GlyDH). However, there are a number of
unclassified PQQ-dependent enzymes in Gluconobacter [5]. This paper
details the isolation and purification of one of those unclassified PQQ-
dependent enzymes with substrate specificity to lactate.

* Corresponding author. Tel.: +1 314 977 3624; fax: +1 314 977 2521.
E-mail address: minteers@slu.edu (S.D. Minteer).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.07.005

The majority of PQQ-dependent enzymes in Gluconobacter are
membrane bound enzymes [5]. Membrane bound enzymes require
cell lysis and subsequent sample preparation techniques before the
enzyme of interest can be further purified [6]. The aim of the
purification procedure was to isolate the enzyme with the maximum
possible yield based on the percentage recovered activity compared
with the total activity in the original extract. In addition, the
preparation should possess the maximum catalytic activity, i.e. there
should be no degraded or inactivated enzyme present and it should be
of the maximum possible purity (it should contain no other enzymes
or large molecules). This paper details the isolation of a membrane
bound PQQ-dependent dehydrogenase with lactate specificity fol-
lowed by ion exchange chromatography purification of the protein.
Once sufficient purity was obtained, direct electron transfer of the
PQQ-dependent lactate dehydrogenase at gold and carbon electrodes
was investigated followed by the use of PQQ-LDH in a lactate/air
biofuel cell.

2. Experimental
2.1. Reagents

All reagents purchased were stored, and used as received from
Sigma-Aldrich unless otherwise noted. All solutions were prepared
with 18 MQ water. Gluconobacter sp. 33 (DSM 3504), Gluconobacter
sp. 33 (ATCC 15163), and Gluconobacter suboxydans (ATCC 621) were
purchased from DSMZ or ATCC as noted. Cell culture reagents: p-glucose,
Ca(C0s),, b-mannitol, yeast extract, (NH4)sHPO,4, MgSO4-7H,0, H3POy,
and (NH4)OH cell culture grade reagents were used for all media
solutions. Cell culture grade reagents were also used for all buffer
preparations: NaCl, Tris-HCl, trizma base, sucrose, CaCl,, Triton X-100,
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KH,POQy4, and K;HPO,4. Chromatography column packings: DEAE-Toyo-
Pearl 650 M® (anion exchange resin), CM-Toyo-Pearl® (cation
exchange resin), and hydroxyapatite (dual mode ion exchange resin
—GE Healthcare). Activity assay reagents: 2,6-dichlorophenol indo-
phenol (DCIP), phenazine methosulfate (PMS), and cell culture grade
lactate. SDS-PAGE reagents: HEPES running buffer, GelCode Blue®
staining solution, loading buffer, LoneRanger® molecular weight
ladder, and pre-cast gels (5% stacking gel/12% resolving gel) were
purchased from Pierce.

2.2. Enzyme activity assay procedure

For each enzyme of interest the reaction mixture consists of 1.5 mL of
50 mM potassium phosphate buffer pH 7.3, 0.2 mL of 60 uM PMS, 0.1 mL
of 70 pyM DCIP, 0.01 mL of enzyme, and 0.2 mL of a 0.2 M substrate
solution [7]. For PQQ-LDH, lactate is the substrate. The change in
absorbance for each sample is measured at 37 °C at time=0 min and
time=2 min at 600 nm on a Thermo Brand® spectrophotometer.

2.3. SDS-PAGE procedure

SDS-PAGE was performed using a pre-cast gel (5% stacking gel/12%
resolving gel) purchased from Pierce and run in an Emperor
Penguin™ water cooled, dual gel vertical system from Owl Separa-
tions® electrophoresis apparatus for 33 min starting at 100 mA/gel
ending at 40 mA/gel at 150 V using HEPES running buffer and
LoneRanger® molecular weight ladder also purchased from Pierce.
The samples were prepared in a 4:1 ratio of sample to loading buffer
(proprietary reagent purchased from Pierce) followed by boiling for
3 min and allowing to cool before loading onto the gel. GelCode Blue®
(proprietary staining solution purchased from Pierce) was used to
stain the gels following electrophoresis followed by a 18 MQ water
rinse.

2.4. Gluconobacter sp. 33 growth optimization

In order to obtain PQQ-LDH, commercially purchased Glucono-
bacter sp. 33 (DSM 3504) and Gluconobacter sp. 33 (ATCC 15163), had
to be cultivated aerobically. The cultivation media consist of the
following (g/L): yeast extract—5, p-mannitol—10, (NH4),HPO4—1.0,
and MgS0O47H,0—2.0 with the pH adjusted to 5.5. The aeration
(150 rpm) and temperature (30 °C) of the cultivation period were
controlled using a shaking incubator with enhanced capability to
control the temperature to 0.01 °C. In order to compare different lines
of Gluconobacter sp. 33 (DSMZ 3504 and ATCC 15163) and different
strains (ATCC 621) two lines of Gluconobacter sp. 33 and G. suboxydans
were grown up in 250 mL wide mouth volumetric flasks with 150 mL
of media in each flask. Each flask was inoculated with 100 pl aliquots
of the respective bacteria. Following the 20 hour growth period, cells
were collected via centrifugation (5000 g at 4 °C) and rinsed twice
with 0.9% NaCl solution before being placed in a =20 °C freezer [7].
Viable cells are rose colored and are stable in the freezer for up to
6 months. For each extraction 4 L of cells are required.

2.5. Cell lysis: PQQ-LDH

While there is no literature source for the isolation and purification
of PQQ-LDH, an ion exchange chromatography method had to be
developed using Gluconobacter cell lysate as the starting material.
Literature sources based on the isolation and purification of PQQ-
dependent glycerol dehydrogenase, also a membrane bound PQQ-
dependent dehydrogenase were used as a guideline in developing the
method for PQQ-LDH [8]. Gluconobacter cells (four L) were suspended
in 50 mM Tris-HCI buffer pH 9.0 buffer. The cell suspension was then
sonicated using a sonic dismembrator for 1 min at 4 °C (using a pulsed
frequency at the maximum power output). The sonicated cell solution

was then centrifuged for 10 min at 7500 g at 4 °C in order to remove
cell debris and collect the cell membranes. Next, the resultant
supernatant containing the cell membranes was centrifuged for 8 h
at 12,000 g at 4 °C in order to collect the cell membranes of interest
(pellet). The PQQ-LDH containing pellet was resuspended in 50 mL of
5 mM Tris-HCl buffer pH 9.0 containing 0.2% Triton X-100 in order to
solubilize the enzyme of interest (PQQ-LDH). It was then incubated at
4 °C with gentle stirring for 1 h, followed by centrifugation for 1 h at
7500 g at 4 °C and the resultant supernatant was collected.

2.6. lon exchange chromatography: PQQ-LDH

The lysed Gluconobacter sample containing solubilized PQQ-LDH
was first applied to a DEAE-Toyo-Pearl column (2.5%25 cm) equili-
brated with 5 mM Tris-HCl buffer pH 9.0. The enzyme was eluted by a
gradient of NaCl (50-200 mM) in 75 mM Tris-HCl buffer pH 9.0
containing 0.2% Triton X-100. Fractions containing active PQQ-LDH
were collected, concentrated, and underwent dialysis against 5 mM
Tris—HCI buffer pH 9.5 containing 1 mM CaCl, and 1 mM MgCl,. This
sample was applied to a DEAE-Toyo-Pearl column (1.5x10 cm)
equilibrated with 5 mM Tris-HCIl buffer pH 9.5 containing 1 mM
CaCly and 1 mM MgCl,. The enzyme was eluted by a gradient of NaCl
(50-200 mM) in 75 mM Tris-HCl buffer pH 9.5 containing 0.2% Triton
X-100, 1 mM CaCl, and 1 mM MgCls. Fractions containing active PQQ-
LDH were collected, concentrated, and underwent dialysis against
5 mM phosphate buffer pH 9.3. This sample was applied to a
hydroxyapatite column equilibrated with 5 mM phosphate buffer pH
9.3 and PQQ-LDH was eluted by a gradient of NaCl (5-100 mM)
potassium phosphate buffer pH 9.5 containing 0.2% Triton X-100,
5 mM CaCl, and 5 mM MgCl,. The purified enzyme has a gold/red
color (due to the heme-c/PQQ content) and stable for approximately
one week at 4 °C in solution. When lyophilized, enzyme stability is
increased to approximately one month. Specific activity assays along
with SDS-PAGE is used to determine the activity and purity of PQQ-
LDH containing samples.

2.7. DET at gold electrodes modified with adsorbed enzyme

Gold electrodes (0.5 cm i.d.) were prepared prior to modification
by polishing them on a Buehler polishing cloth followed by a
methanol rinse and rinsing with 18 M() water to insure the electrode
surface is uniformly clean and there is no prior fouling. In order to
prepare the electrode for enzyme adsorption the gold electrodes were
cleaned by electrochemically cycling in 0.2 M NaOH between -1.8 V
and 2.3 V (5 cycles) and between -1.8 V and 0.8 V (3 cycles) at a scan
rate of 0.1 V/s. The electrodes were then thoroughly washed with
18 M() water prior to use.

For each experiment, 0.10 mg/mL of PQQ-LDH enzyme was
dissolved in 10 mL potassium phosphate buffer pH 6.0 with 1 M
NaCl as supporting electrolyte. A control was run in the presence of
buffer only. Substrate specific to the enzyme (lactate) was added in
increasing increments ranging from 2.0 mM to 6.0 mM for PQQ-LDH,
and cyclic voltammetry was performed. A Ag/AgCl electrode was used
as a reference and platinum mesh was used as the counter electrode.
Cyclic voltammetry was used to investigate the electrochemistry of
the working electrode using a CH Instruments potentiostat interfaced
to a PC and was performed by sweeping from 0.3 V to 0.7 V at a scan
rate of 0.01 V/s.

2.8. DET at carbon electrodes

Screen printed carbon electrodes were purchased from DropSens®
and used as received. The working (4 mm i.d.) and counter electrodes
are made of carbon, whereas reference electrode and electric contacts
are made of silver. For each experiment, 0.10 mg/mL of PQQ-LDH was
dissolved in 10 mL potassium phosphate buffer pH 6.0 with 1 M NaCl
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as supporting electrolyte. A control was run in the presence of buffer
only. Lactate substrate was added in increasing increments ranging
from 10 mM to 30 mM and cyclic voltammetry was performed. Cyclic
voltammetry was used to investigate the electrochemistry of the
working electrode using a CH Instruments potentiostat interfaced to a
PC and was performed by sweeping from -0.4 V to 0.4 V at a scan rate
of 0.1 V/s.

2.9. Modified Nafion procedure

Casting solutions for making the mixture-cast membranes of
Nafion® and quaternary ammonium bromides were prepared as
discussed in Minteer et al. [9-11]. The modified Nafion® membranes
were formed in a two step process. The first step was to cast a
suspension of Nafion® with tetrabutylammonium bromide salt
dissolved in suspension at a concentration of tetrabutylammonium
bromide salt in a three-fold excess of the concentration of sulfonic acid
sites in the Nafion® suspension. 18 M() water (approximately 7 mL)
was added to the weighing boats and allowed to soak overnight. The
water was removed and the films were rinsed thoroughly with 18 MQ
water and dried overnight. Following the HBr salt extraction, the films
were resuspended in 1.0 mL of lower aliphatic alcohols. The
suspended film was then employed in forming the enzyme casting
solutions of membrane and enzyme.

2.10. Bioanode fabrication

PQQ-dependent enzymatic bioanodes were fabricated using
1.0 cm? Toray® carbon fiber paper. The PQQ-dependent enzyme was
immobilized at the electrode in a TBAB modified Nafion® membrane
in a 1:2 ratio of enzyme to polymer. The casting solution consisted of
50 pL (0.10 mg PQQ-LDH suspended in 1 mL of 5 mM phosphate buffer
pH 7.2 with 1 mM CaCl,) enzyme to 100 pL polymer mixed thoroughly
then coated onto the carbon electrode and allowed to dry. Once the
electrode was dry, it was ready to be used in a complete cell apparatus.

2.11. Physical cell apparatus

The physical test cell consisted of custom fabricated “U” shaped
cylindrical glass tubing with 2.6 cm diameter, 14.8 cm height, and
7.6 cm length. Approximately 50 mL of solution was contained on
either side of a Nafion® 212 membrane acting as a salt bridge. The
cathode side of the test cell contained various pHs of phosphate buffer
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Fig. 1. Representative cyclic voltammograms of PQQ-LDH adsorbed at a gold electrode
(scan rate 0.1 V/s) in buffer and 2 mM, 4 mM, and 6 mM lactate in buffer. A plot of lactate
oxidation peak current (A) vs. concentration of lactate in millimolar concentrations
results in a linear calibration plot with an equation of y=(1.81+0.17x10"7)x+4.47 +
0.62x1077 and a R? of 0.984.
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Fig. 2. Representative cyclic voltammograms of PQQ-ADH adsorbed at a gold electrode
(scan rate 0.1 V/s) in buffer and 2 mM and 4 mM ethanol in buffer.

ranging from 5.5 to 8.5 with 1 M NaCl as supporting electrolyte with
dissolved oxygen present. The cathode material is an ELAT electrode
with 20% Pt on Vulcan XC-72 (E-Tek). The anode side of the test cell is
filled with various pHs of phosphate buffer ranging from 5.5 to 8.5
with 1 M NaCl as supporting electrolyte and various concentrations of
fuel ranging from 10.0 mM to 50.0 mM lactate at 20 °C. The modified
electrode with enzyme acts as the anode. The complete cell was
allowed to equilibrate for 2-6 h before data collection. All data were
collected and analyzed for the test cell with a CH Instruments
potentiostat interfaced to a PC computer.

3. Results and discussion

The purification scheme for PQQ-LDH, similar to PQQ-ADH and
PQQ-AIdDH, is based on previous literature for another membrane
bound PQQ-dependent dehydrogenase (PQQ-GlyDH) [8]. Unlike the
initial cell lysis of PQQ-ADH and PQQ-AldDH, for PQQ-LDH, cell
membranes of interest were first collected then lysed as opposed to
lysing the Gluconobacter bacteria cells as a whole. This adds to the
specificity of the starting material as opposed to total cell lysis. PQQ-
LDH was purified using anion exchange chromatography in addition
to using hydroxyapatite which is a dual mode ion exchange resin. The
presence of Triton X-100 is necessary in several of the chromato-
graphic steps in order to solubilize the enzyme of interest while not
affecting the overall ionizable groups of the enzyme.

The buffers employed in the ion exchange chromatography (IEC)
purification scheme of PQQ-LDH range between pH 9.0 and 9.5. Based
on this, the pI of PQQ-LDH can be assumed to be less than 9.0 due to
the fact there is enzyme adsorption onto the anion exchange column
resin. Specific activity in micromoles per minute per mg was
determined for PQQ-LDH from all three different bacteria sources.
The specific activity of PQQ-LDH from Gluconobacter sp. 33 (DSMZ
3504) was 3.7 umol per minute per mg. This was the highest PQQ-LDH
activity observed. The observed activities of PQQ-LDH from Glucono-
bacter sp. 33 (ATCC 15163) and Gluconobacter oxydans sp. suboxydans
(ATCC 621) were 0.90 and 0.52 pumol per minute per mg, respectively.
The overall yield of PQQ-LDH was approximately 0.5 mg for each
preparation from 4 L of starting cell culture material. SDS-PAGE
experiments resulted in a gel containing purified PQQ-LDH containing
four bands with two bands with molecular weights/subunits
correlating to known literature about PQQ-dependent dehydro-
genases (80 kDa and 60 kDa). The exact structure of PQQ-LDH is
unknown, except for the fact that there are large subunits at
approximately 80 kDa and 60 kDa, most likely heme-c containing
moieties similar to those found in PQQ-ADH (which is known). The
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largest subunit at 80 kDa is most likely the one responsible for
oxidation of the substrate while the subunit at 60 kDa most likely
carries out ubiquinone reduction in this case allowing the enzyme to
undergo DET similar to PQQ-ADH [12].

The ability of PQQ-LDH to undergo DET was investigated by
voltammetry at both gold and carbon electrodes. Similarly to
literature sources for DET of PQQ-ADH [12-14], DET of PQQ-LDH is
also carried out via the heme-c moieties contained within the enzyme
as shown in the representative cyclic voltammograms shown in Fig. 1.
Fig. 1 shows the ability of PQQ-LDH to undergo direct electron transfer
at gold electrodes. There are clear voltammetric peaks at 0.477 V vs.
Ag/AgCl for lactate oxidation. This potential is significantly higher than
alcohol oxidation at PQQ-dependent alcohol dehydrogenase at a gold
electrode (0.317 V vs. Ag/AgCl) as shown in Fig. 2. It can be assumed
that the location of the heme-c moieties responsible for DET in PQQ-
LDH when orientated towards a gold electrode surface is concentrated
in one subunit similar to PQQ-ADH, because there is only one redox
peak present. It is important to note that although the oxidation
potential is lower for alcohol than lactate, the slope of the calibration
curve for lactate is 88% larger than ethanol. The larger size of each
enzyme could inhibit rapid conductance of electrons from the
oxidation of substrate to the heme-c containing subunit responsible
for DET.

For self-powered sensor and biofuel cell applications, it is desirable
to have the redox couple for the DET of the heme-c moieties to be as
low as possible. Therefore, adsorption configurations on carbon
substrates were investigated next to allow the redox couple of
heme-c to occur at even lower potentials and lend to simpler and
inexpensive fabrication methods compared to configuration on gold
substrates. Previous research has shown the ability of PQQ-ADH to
undergo DET at screen printed carbon electrodes [15]. Fig. 3 shows the
ability of PQQ-LDH to also undergo DET at carbon electrodes. There are
clear voltammetric peaks at 0.164 V vs. silver/silver chloride for
adsorbed enzyme (compared to 0.137 V for adsorbed PQQ-dependent
alcohol dehydrogenase). This voltammetric peak shifts with increas-
ing concentration of lactate. Therefore, since DET can occur between
PQQ-LDH and a carbon electrode, PQQ-LDH was used as the catalyst at
the anode of lactate/air biofuel cell.

Lactate/air biofuel cells were tested under variable environmental
conditions by looking at the effects of fuel concentration and pH. When
the lactate/air biofuel cell was tested under a range of fuel concentra-
tions, Vihax (the maximum rate when all of the enzyme molecules have
substrate bound) for the enzymatic system immobilized at the
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Fig. 3. Representative cyclic voltammograms of PQQ-LDH adsorbed on a carbon screen
printed electrode (scan rate 0.1 V/s). A plot of lactate oxidation peak current (A) vs.
concentration of lactate in millimolar results in a linear calibration plot with an
equation of y=(2.59+0.45x10"7)x+4.81+0.85x10"® and a R? of 0.942.
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Fig. 4. Representative power curve for lactate/air biofuel cell in 10 mM lactate in pH 7.15
phosphate buffer.

electrode surface can be approximated in relation to the power density
produced. Fig. 4 is a representative power curve of a lactate/air biofuel
cell employing a 10 mM lactate solution as fuel. The average power
density for this lactate/air biofuel cell is 18.0£0.16 uW/cm?. The
average power density increases to 22.0+0.18 uW/cm? for 25 mM fuel,
but then levels off and is not statistically different from 50 mM lactate
fuel (20.3£0.24 pW/cm?). Once an enzymatic system reaches its Viax
value, regardless of how much fuel is added to the system, the enzyme
is unable to convert any more substrate to product at a higher rate than
already operating at thus the power produced will level off [16]. The
open circuit potential of the lactate/air biofuel cell was 0.85+0.02 V
and testing was done over a 45 day period without degradation in
performance. This stability is similar to the stability observed for
ethanol/oxygen biofuel cells employing PQQ-alcohol dehydrogenase
immobilized in tetrabutylammonium bromide modified Nafion on
carbon electrodes [17], but is considerably longer than other biofuel
cells that have shown operational half life periods of 2.5 days for an
ethanol biofuel cell with PQQ-dependent alcohol dehydrogenase
immobilized on carbon electrodes with glutaraldehyde [18]. It is also
important to note that the open circuit potential of the lactate/air
biofuel cell is also higher than observed for ethanol biofuel cells
employing PQQ-dependent alcohol dehydrogenase. Researchers have
observed open circuit potentials up to 0.76+0.01 V for an ethanol/air
biofuel cell with a platinum cathode [15] and up to 0.27 V for an ethanol
biofuel cell employing co-immobilized glucose oxidase and micro-
peroxidase at the cathode [18].

In addition to being tested under a range of fuel concentrations
appropriate to each respective enzymatic system, the effects of
operating pH for the lactate/air biofuel cell were also examined. There
is no correlation between pH and power output for the lactate/air biofuel

Table 1
Bioanode Performance as a function of fuel concentration and pH

Maximum current density
(Alem?)

Maximum power density
(Wfcm?)

Fuel concentration
10 mM lactate
25 mM lactate
50 mM lactate

1.80x107°+1.55x 107
220x107°+1.78x107°
2.03x107°+2.40x107®

1.02x1074+1.77x107°
1.38x1074+1.12x107°
1.20x1074+1.76x107°

pH effects in 10 mM lactate

5.5 1.86x107%+4.22x107° 8.21x107%+2.93x10°°
6.5 8.70x107°+5.98x107° 118x107°+3.48x107¢
715 1.02x1074+1.77x107> 1.80x107°+1.55x 107
85 1.55%10"%+9.90x10°° 7.92x1076+311x107°
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cell with 10 mM lactate as shown in Table 1. The pH independence of the
PQQ-LDH bioanode is expected due to the fact that the modified Nafion®
immobilization membrane for each enzyme creates a buffered environ-
ment and is resistant to changes. This pH stability is of special interest
considering that this type of pH stability has not been observed for PQQ-
dependent alcohol dehydrogenase either for use in a sensor [19] or in a
biofuel cell [18].

4. Conclusions

PQQ-LDH is a membrane bound PQQ-dependent dehydrogenase
which can be derived from various strains of Gluconobacter. This is the
first time that PQQ-LDH has been isolated and purified from any
bacteria. PQQ-LDH contains the typical subunits containing a PQQ
moiety along with subunit containing multiple heme-c indicative of all
quinohemoproteins including PQQ-ADH. The presence of the multiple
heme-c moieties PQQ-LDH allows for DET to occur at both gold and
carbon electrode surfaces enabling the fabrication of lactate bioanodes.
PQQ-LDH shows a linear correlation between substrate concentration
and peak current. Initial data have shown that the PQQ-LDH bioanode
will operate under a range of fuel concentrations and pHs (5.0-8.5) and
without the performance being greatly adversely affected. The
modified Nafion® immobilization membrane plays an important role
in maintaining the activity of each respective enzyme in a range of pHs
as compared to enzyme free in solution in addition to creating a more
rugged electrode configuration compared to enzymes free in solution.
With the discovery of this new PQQ-dependent/heme-c containing
enzyme, new DET-based bioelectrodes can be fabricated using lactate
as substrate.
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The measurement of electricity generation from an air-cathode microbial fuel cell (MFC) with a mixed
bacteria culture at different pH showed that this MFC could tolerate an initial (feed solution) pH as high as 10.
The optimal initial pH was between 8 and 10 with higher current generation compared to lower or higher pH.
The bacterial metabolism exhibited a buffer effect and changed the electrolyte pH. The impedance spectra of
the anode and cathode of the MFC at the open-circuit potential (OCP) revealed that the anodic microbial
process preferred a neutral pH and microbial activities decreased at higher or lower pH; while the cathodic
reaction was improved with increasing pH.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In our energy-based society, the value of any energy-rich matters is
increasing. Thus, the high organic load in wastewaters is no longer
seen as waste, but instead as a valuable energy resource. Today,
primarily methane is gained from the biogas of traditional anaerobic
digesters, but its conversion into electricity via combustion is not very
efficient [1]. Direct electricity generation from wastewater treatment
using microbial fuel cells (MFCs) is advantageous, because a thermo-
dynamic conversion step is not necessary [2]. In MFCs, oxygen is
usually supplied into the cathode compartment by air sparging, which
is energy intensive.

To reduce the cost of MFC operation, an air-cathode MFC using
passive air supply has been developed by the researchers at
Pennsylvania State University [3]. In such a device, one side of the
cathode electrode was immersed in a solution (electrolyte), while the
other side faced air. A cation exchange membrane (CEM) may or may
not be placed between the anode and the cathode. Air-cathode MFCs
have shown promising power production while simplifying the
reactor configuration. It has been reported that an air-cathode MFC
produced a power density of 1010 W/m?, which is the highest power
density reported from MFC studies so far [4]. In addition to high power
output, air-cathode MFCs are capable of using various substrates as
anodic fuels, such as short chain fatty acids, carbohydrates, and
synthetic acid-mine drainage [5-7]. Other related studies include
reactor configuration, electrode materials and catalysts, cathode
structure and internal resistance [8-13].

* Corresponding author. Tel.: +1 213 740 3016; fax: +1 213 740 7797.
E-mail address: mansfeld@usc.edu (F. Mansfeld).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.07.007

The electrolyte pH is crucial to the MFCs power output. Generally,
bacteria require a pH close to neutral for their optimal growth; while
oxygen reduction on the cathode electrode results in an alkaline pH
[14]. A traditional MFC can maintain two different pH conditions to
optimize the anodic and cathodic reactions. It is, however, impossible
to do so in air-cathode MFCs, because only one electrolyte is present.
To our knowledge, no studies have examined the effect of electrolyte
pH on the anodic and cathodic reactions in air-cathode MEFCs.
Therefore, it is necessary to investigate the optimal pH for air-cathode
MFCs and understand how electrolyte pH affects the electricity
generating process.

In this paper, electrochemical impedance spectroscopy (EIS) was
employed to investigate the effect of electrolyte pH on the
performance of an air-cathode MFC. EIS has been used to measure
the internal resistance of MFCs [4,10,15-17] and analyze the
characteristics of the individual electrode and biofilm formation on
the electrode [17-19]. In the present experiments, EIS data of the
anode and cathode electrodes were collected for different pH. The
measured data were fitted to a one-time constant equivalent circuit.
The solution resistance and the polarization resistance of the anode
and the cathode were obtained. Meanwhile, the peak current density,
peak power output, coulombic efficiency, open-circuit potential and
the electrolyte pH (before and after the reaction) were monitored and
compared.

2. Experimental
2.1. Air-cathode MFC setup and operation

The air-cathode MFC was designed and built according to a
previous publication (Fig. 1) [3]. The anode and cathode electrodes
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Fig. 1. The scheme of the air-cathode MFC.

were installed at two ends of a tubular chamber (10 mL), and
connected by a 1000 Q resistor. The distance between the anode and
cathode electrodes was 2 cm. The outer side of the anode electrode
(graphite felt, GF-S6-06, Electrolytica, USA) was capped by a plastic
cover to prevent oxygen intrusion. The cathode electrode was
prepared by electrodepositing platinum on carbon cloth (E-tek,
Somerset, NJ, USA) with a loading of ~0.05 mg/cm? [20]. Two mL of
5% Nafion® solution (DuPont, USA) containing carbon particles
(Sigma-Aldrich, St. Louis, USA) was applied on one side of the carbon
cloth to form a water-proof layer. Both anode and cathode electrodes
have an apparent surface area of 5 cm?, respectively. A reference
electrode (Ag/AgCl) was installed in the middle of the tubular
chamber.

To start the MFC, 1 mL of inoculum (mixture of aerobic and
anaerobic sludge from a local wastewater treatment plant, Los
Angeles, USA) and 9 mL of the feed solution were injected into the
chamber using a syringe. The feed solution contains (per L): sodium
acetate, 2 g; yeast extract, 1 g; NH4Cl, 0.3 g; MgS0,, 0.03 g; CaCl,,
0.015 g; KH,POy4, 5 g; K;HPO,, 10.7 g; and trace element 1 mL [21].
During the operation, when the current production decreased to less
than 20% of its peak value, the electrolyte was completely replaced by
10 mL of the feed solution. The pH of the feed solution was adjusted by
weak acid or base solution to the designed values (5, 6, 7, 8, 9, and 10).
The concentration of phosphate buffer remained same at different
pHs. The experiment started from the lowest pH of 5 and moved to
next pH only after the electricity generation was stable and data
collection was completed.

2.2. Measurement and calculation

The cell voltage was recorded every 30 s by a digital multimeter
(DMM 2700, Keithley Instruments, Inc., Cleveland, OH, USA). The
open-circuit potential and individual electrode potentials were
measured using a Gamry Reference 600 potentiostat (Gamry Instru-
ments, Warminster, PA, USA). The power density and coulombic
efficiency were calculated according to He et al. [21]. Coulombic
efficiency represents how many electrons available in the substrates
are converted into electricity. The pH was measured using a Benchtop
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Fig. 2. The peak current density and open-circuit potential are presented as a function of
the feed solution pH. Error bars represent standard deviation from triplicate measure-
ments of the same MFC.

pH meter (UB-10, Denver Instrument, Denver, CO, USA). The data was
presented with triplicate measurements of the same MFC.

2.3. Electrochemical impedance spectroscopy (EIS)

EIS measurements were conducted using a Gamry Reference 600
potentiostat in a frequency range from 100 kHz to 5 mHz. An ac signal
of 10 mV amplitude was applied during the measurement. The
experimental data were fitted to a one-time constant equivalent
circuit using the ANALEIS software [22], and the values of the solution
resistance (R;), polarization resistance (R,) and capacitance (C) of the
anode and the cathode were determined.

3. Results and discussion
3.1. Effect of pH on electricity generation

The experimental results clearly showed the influence of the feed
solution (electrolyte) pH on the performance of this air-cathode MFC.
With each injection of the feed solution, the electric current increased
at the beginning and decreased after reaching a peak value (data
not shown). This process took 1-2 days, depending on the feed solu-
tion pH. The peak current density increased with increasing pH and
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Fig. 3. The coulombic efficiency is presented as a function of the feed solution pH. Error
bars represent standard deviation from triplicate measurements of the same MFC.
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reached the highest value at pH 9 (Fig. 2). The lowest peak current
density of 46.5+2.9 mA/m? occurred at the lowest pH of 5. Between
pH 8 and 10, the peak current was relatively stable, varying between
223.8+8.1 mA/m? and 231.3+11 mA/m? corresponding to values
between 87.2+0.4 mW/m? and 107.1+1.0 mW/m? in terms of the peak
power density. The open-circuit potential exhibited a similar trend as
the peak current density with the highest value of 439.7+0.1 mV at pH
9 (Fig. 2). Since the peak values (current and power) only showed a
point of the current generating progress, instead of reflecting the
whole current profile, current values and time were integrated to
calculate coulombic efficiency (CE). Likewise, CE increased from 0.5+
0.0 to 16.5+2.6% when the feed solution pH increased from 5 to 10,
with the highest value of 17.5+0.8% at pH 9 (Fig. 3).

Compared with a previous study [23], we found similarity and
difference. Both studies observed that low pH (pH 5 and 6) resulted in
lower electricity generation. However, in our case pH 5 showed a more
severe inhibition on electricity generation that obtained only 10% of
the highest peak current and 3% of the highest CE (at pH 9); while Gil
et al. [23] reported that at pH 5, the MFC generated 85% of the highest
current and 44% of the highest CE. In addition, the optimal pH for their
MEFC was between 7 and 8 while in the present study, this range was
from 8 to10. Gil's results reflected the effect of pH on anodic process
only, because they performed experiments in a two-chamber MFC
[23]. In the present MFC (one-chamber MFC), the pH of the electrolyte
affects both anodic and cathodic reactions in which a high pH (8-10)
inhibited the anodic bacterial activities to some extent, but might be
favorable to the cathodic reaction, thus improving the overall
performance.

Besides the studies discussed above, other researchers have also
found that the acidic pH reduces electricity production. In a two-
chamber MFC study, similarly to our study the power density at pH 5
was about 10% of the highest value [7]. Ren et al. [24] found that the
power production decreased significantly when the final pH dropped
to 5.2 due to the acidic products of fermentation and resumed quickly
when the pH was recovered to 7.0. In contrast, few studies have
investigated electricity generation under an alkaline condition, except
for one paper published about 20 years ago. In that study, a pure
culture from a range of Bacillus strains was tested at pH 9-11 and the
maximum current and coulombic yields were found at pH 10.5 [25].
The authors reported that the current output at this pH was about one
order of magnitude less than that harvested from neutral organisms,
which is different from the present finding that the peak current at pH
10 was 7.23% higher than that at pH 7, indicating that a mixed bacterial
culture is more resistant to high pH than a pure culture.
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Fig. 4. The effluent pH is presented as a function of the feed solution pH. Error bars
represent standard deviation from triplicate measurements of the same MFC.

3.0

Anode
Cathode

25¢

201

Log (|Z] / ohm)
o

0.0 L s L L L L L
-90

70+ ~ — Anode
Cathode

60+
50k
40tk

30 F

Phase angle (degree)

Log (f/ Hz)

Fig. 5. Bode plots for the anode and cathode electrodes at pH 8: a) impedance; b) phase
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3.2. pH change

The biological and electrochemical reactions in the air-cathode
MFC changed the electrolyte pH (Fig. 4). When the feed solution pH
(initial pH) was lower than 8, the electrolyte pH after 1-2 days'
reaction (called “effluent pH”) was increased. The opposite results
were found at the pH values equal to or higher than 8. The increase of
pH is due to proton consumption by the cathodic reactions [26].
Meanwhile, bacterial metabolism constantly produces weak acid
compounds and maintains their intracellular pH [27]. As a result, the
high pH was decreased over the current generation process by
uptaking protons. Both proton consumption and generation occur at
the same time, but a balance was established based on the initial pH.
These results demonstrated that the air-cathode MFC can tolerate an
initial pH impact as high as 10, which does not significantly affect
electricity generation due to a buffer effect possibly from bacterial
activities. It should be noted that the present MFC is a batch-operated
system. In a continuously operated MFC, the buffering effect via
bacterial metabolism may not be as important as that in a batch
system, because a constant flux of high pH solution may overwhelm
the proton generation. Fig. 4 shows that the effluent pH values at high
currents output are within a relatively small range, varying between
7.23+0.03 and 8.07+0.10, indicating that the anodic bacteria prefer a
pH close to neutral for their growth.

3.3. EIS analysis of the anode and cathode electrodes

EIS measurements provide information on solution resistance (Rs)
as well as polarization resistance (R,) and capacitance (C) of the anode
and cathode, respectively. Fig. 5 shows Bode plots at pH 8 and Fig. 6
shows the values obtained by analysis of the impedance spectra at





Z. He et al. / Bioelectrochemistry 74 (2008) 78-82 81

35

a

—e— Anode

S0 o O O Cathode

25 | Bl 0

20 +

Rg / ohm

80000

—e— Anode

—O— Cathode

1500 + 60000

| ohm

1000 40000

a

R,/ ohm
R

500 20000

0.14

0.12 —&— Anode
<O~ Cathode

N o

0.08 o

CIF

0.06

0.04

0.02

0.00

4 5 6 7 8 9 10 11
The pH of the feeding solution

Fig. 6. The fitting results of EIS measurements of the individual electrode are presented
as a function of the feed solution pH: a) solution resistances; b) polarization resistance;
and c) capacitance.

different pH. Comparing Fig. 6a and b shows that polarization
resistance of the anode and the cathode dominated over solution
resistance restricting the power output. The cathodic Rs was slightly
higher than the anodic R, possibly due to a high ohmic resistance
caused by a water-proof layer.

The polarization resistances of the anode and cathode electrodes
differed by one to two orders of magnitude (Fig. 6b), suggesting that
the cathodic reaction is the limiting factor. They also exhibited
completely different dependence on pH: the anodic polarization
resistance (R3) decreased first and then increased after reaching a
minimum at pH 7, while the cathodic polarization resistance (Rp)
continuously decreased from pH 5 to 10. R} is related to bacterial
activities and thus its variation trend reflects the anodic microbial
catalysis of the fuel. A low R} revealed a stronger anodic bacterial
activity involved in electricity generation. The lowest R} occurred at
the pH 7 verifying that a neutral pH is beneficial to bacterial activity.
The pH values higher or lower than 7, on the other hand, restricted
bacterial activity by affecting their energy generation that may be
through influencing proton motive force during energy producing
process [27] and resulted in a higher R§. R; decreased with increasing

pH, indicating that the oxygen reaction rate increased at a higher pH,
which has also been shown by a previous study [28]. Because of the
negative effect of high pH on bacterial metabolism, this increased rate
of the cathodic reaction at a higher pH is most likely an abiotic result
instead of the development of a biocathode, although biofilm may be
established on the cathode [29,30].

To understand the variation of the peak current at the different pH,
the pH values were grouped into two stages. First, the increase in
current generation between pH 5 and 7 is due to the increase of the
rate of both the anodic and cathodic reaction (both Rj and Rj
decreased). Second, the increase of electric current between pH 7 and
10 is a result of the decreased R;. Although the R} increased from 578
to 1855 Q in this pH range, the cathodic reaction is a limiting factor
and thus the decreased R from 17 to 7.2 k) determined the overall
electricity production (Fig. 6b).

The capacitances of both anode and cathode electrodes did not
appreciably change with pH (Fig. 6¢). The cathodic capacitance is
larger than that of the anode, possible due to the higher surface area of
the cathode electrode due to platinum deposition [31].

4. Conclusion

Air-cathode MFCs are advantageous due to their high power
output and simplified reactor configuration. A better understanding of
the factors affecting their performance will help to apply this
technology in practice. The electrolyte pH affects both anodic
microbial activities and cathodic reaction, and thus is a very important
factor. In this study, the electricity generation from an air-cathode MFC
was evaluated at a feed solution pH between 5 and 10. The EIS of the
anode and cathode electrodes were obtained under these conditions.
It was found that the air-cathode MFC can tolerate an electrolyte pH as
high as 10 with optimal conditions between pH 8 and 10. The anodic
bacterial activity and cathode oxygen reduction were not only affected
by the pH, but also changed the electrolyte pH by supplying or
consuming protons. The EIS data demonstrated that the polarization
resistance of the cathode was the dominant factor limiting power
output. The low polarization resistance of the anode at the neutral pH
confirmed that the anodic bacterial activity is optimal at a neutral pH,
while the decreased polarization resistance of the cathode with the
increasing pH indicated that the cathodic reaction was improved at a
higher pH. The dependence of the cathodic reaction on the high pH
requires further investigation. In conclusion, the performance of an
air-cathode MFC is determined by the mixed effects of the electrolyte
pH on both anodic and cathodic reactions.
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Direct electrochemical response was first time observed for the redox centers of Desulfovibrio gigas [NiFe]-
Hase, in non-turnover conditions, by cyclic voltammetry, in solution at glassy carbon electrode. The
activation of the enzyme was achieved by reduction with H, and by electrochemical control and
electrocatalytic activity was observed. The inactivation of the [NiFe]-Hase was also attained through
potential control. All electrochemical data was obtained in the absence of enzyme inhibitors. The results are
discussed in the context of the proposed mechanism currently accepted for activation/inactivation of [NiFe]-

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogenases (Hases) are multicenter enzymes that catalyse the
interconversion between H, and H*, involved in the sulphate respira-
tion pathway, by which anaerobic organisms get energy, using
hydrogen as an electron donor. Hase is responsible for the hydrogen
metabolism, according to the bidirectional reaction H, = 2H"+2e. In
sulphate reducing bacteria the sulphate reduction occurs on the
cytoplasm and the hydrogen oxidation on the periplasm, and so, the
electron transport is accomplished by redox complexes involving
multiheme cytochromes, with emphasis to cytochrome cs, that seems
to be the preferential physiological partner [1]. The importance of Hase
enzymes is due to its great technological interest for the H, production,
either through the use of the whole cells or the isolated enzymes,
the use in biofuel cells, as biosensors, for its possible role on the
biocorrosion mechanisms and also in possible applications in deconta-
mination of environments [2,3].

There are three different classes of hydrogenases that are classified
based on the metals present in the catalytic center, namely nickel-iron
[NiFe] (a variant is the [NiFeSe] enzymes), iron-iron [FeFe] and non-
iron (metal-free hydrogenase) that in fact was recently proved to
contain Fe and CO [4,5]. The [NiFe]-Hase from Desulfovibrio gigas (Dg)
is a periplasmic enzyme with molecular weight of 89 kDa formed by
two subunits (with 26 and 63 kDa), in which the larger contains the
active site and the smaller one holds three iron-sulfur clusters,
namely one [3Fe-4S] and two [4Fe-4S] [6]. It is currently accepted that

* Corresponding author. Tel.: +351 21 2948382; fax: +351 21 2948550.
E-mail address: jose.moura@dq.fct.unl.pt (J.J.G. Moura).
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these clusters function as the electronic pathway to transfer electrons
to the [NiFe]| center. The active sites of the different [NiFe]-Hases
present high structural similarity. The metal center presents one Fe
atom bond to one CO and two CN ligands, which is an unusual
coordination in biology [7]. Ni is coordinated by four cysteines, two of
which form a bridge to the Fe atom. The oxidized form of the protein
presents another ligand in bridge configuration between the Ni and
the Fe atoms. The nature and role of this extra ligand has been
extensively discussed. It is well established that this is an oxygenated
specie, but the exact form depends on the catalytic site activation state
and is still under discussion [8,9]. [NiFe]-Hase presents several redox
states that correspond to active and inactive forms of the enzyme. So
far at least seven different redox states have been identified to be
related with the possible electron and proton transfers and ligand
bonds [4,10]. In the inactive oxidised enzyme two states are described,
the so-called Ni-A “unready” and the Ni-B “ready” species, both EPR
detectable, with Ni signals of S=1/2, and present in the as-isolated
protein [6]. These two forms differ on the required activation time,
with Ni-B being much faster (in a manner of minutes) while Ni-A
requires long time (several hours) under H, to be active. EPR, 70
ENDOR and crystallographic data suggest that the bridge ligand on Ni-
A is a diatomic ligand like O3 [11] while on Ni-B seems to be a
monoatomic oxygen species, also compatible with a hydroxide [9,12].
Ni-A and Ni-B can be further reduced to form EPR silent states,
namely Ni-SU (unready) and Ni-SI (two forms, ready and active) and
the Ni-C, the so-called “active” form, and Ni-R states (fully reduced
form), these last two EPR detectable species [8,9]. A very simplified
scheme showing the main states Ni-A, Ni-B, Ni-C and the silent ready
and active states is shown in Fig. 1. The previous active enzyme was
proved to become inactive by oxidation with O,, in agreement with
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Fig. 1. Simplified scheme showing the main Hase states, namely Ni-A, Ni-B, Ni-C and the silent ready and active-fully reduced states (SI and R). The stoichemistry of the oxygenated

specie that binds to the Ni-Fe center is still under discussion.

the hypothesis that the oxygenated species bond hinders the H,
capture [13].

The discussion remains about the Ni oxidation state during the
catalytic cycle, with the hypothesis of Ni(Ill), Ni(Il) or even Ni(I)
involvement [4]. Although the catalytic mechanism is still under
discussion, one model for the reaction is described as the H, fixation to
the Ni(II) at the Ni-SI form, heterolytic cleavage to form a protonated
intermediate, that may be a bridge hydride between the Ni and the Fe
atoms, assigned as the Ni-C form [14]. Follows the subsequent
production of the reduced state Ni-R and re-oxidation with
regeneration of the Ni-SI, passing by the Ni-C form [15]. Another
pertinent discovery is the presence of a gas channel localized from the
protein surface towards the Ni atom, giving support to the idea that Ni
has the main role on the catalysis mechanism [16]. The proposed
catalytic mechanisms, based on theoretical calculations, for the above
reaction are quite complex, and involve two cycles whether if it is the
H, production or consumption and if the control is electrochemical or
by reduction under hydrogen [4].

Electrochemical techniques are important tools to understand
enzyme mechanisms and the intrinsic electrocatalytic properties and
different approaches are possible such as immobilization by adsorp-
tion like protein film voltammetry [13,17], or by the use of membranes
[18], modified electrodes [19], or in solution [15].

Several studies of the electrocatalytic activity of different hydro-
genases have been performed, where the rate of H, production and
consumption is studied, either with systems where the Hase is
immobilized [13] or using in bulk mediators, such as methyl viologen
[15,20]. Although these studies have been important to enlighten the
catalytic mechanism, the redox signals of the individual metallic
centers were not clearly observed. Armstrong and co-workers were
able to observe some redox features besides the catalytic activity for
Hase isolated from Chromatium vinosum with the enzyme adsorbed
on a rotating pyrolytic graphite disk electrode. These authors have
applied CO which inhibited the catalytic activity of the enzyme
allowing the observation of two redox peaks [21].

In the present work we were able to observe, for the first time, without
using any inhibitors, the electrochemical response of [NiFe]-Hase redox
centers, in non-turnover conditions, tuned by electrochemical control. Dg
Hase direct electrochemical behaviour was studied, by cyclic voltammetry,
in solution at glassy carbon electrode. Direct electron exchange between
the electrode and the enzyme was successful. The activation of the enzyme
was achieved by H, reduction and by electrochemical control and

electrocatalytic activity was observed. Inactivation of [NiFe]-Hase was
also attained through potential control, by cyclic voltammetry.

2. Experimental
2.1. Purification

All purification procedures were performed at 4 °C starting from a
Dg cell-free crude extract. A more straightforward purification scheme
involving less steps and using DEAE-52, Superdex 75 and HTP columns
was introduced in order to improve the purification of hydrogenase
described before [22]. Purity was verified by electrophoresis and visible
spectroscopy (purity ratio A4oo/A2g0=0.27). The EPR patterns obtained
(not shown) confirm that the protein was purified in the Ni-A state.

2.2. Electrochemical studies

The potentiodynamic measurements were performed with a Poten-
ciostat/Galvanostat AUTOLAB PGSTAT 12. One compartment electroche-
mical cell was used. Glassy carbon (GC) and pyrolytic graphite (PG) were
used as working electrodes with diameters of 3 and 4 mm, respectively.
The counter electrode was a Pt wire and the reference was a saturated
calomel electrode (SCE). The potential values in the text are reported in
the normal hydrogen electrode (NHE) reference. The working electrodes
were previously treated by immersion in concentrated nitric acid and
polished with alumina with different grades, then immersed in Millipore
water in an ultra-sound bath and finally thoroughly rinsed with Millipore
water. The experiments were performed with the protein in bulk solution
with concentrations 1-3 pM. The electrolyte composition was 25 mM
Tris-HCl, Acetate, CHES or Phosphate buffer/0.1 M NaCl/1 mM neomicyn
sulfate. The cyclic voltammetry (CV) was performed at different scan rates
(from 2.5 mV/s to 2 V/s).

3. Results and discussion
3.1. Activation under H,

Electrochemical experiments with Dg [NiFe]-Hase was attained
with the protein in bulk solution (Fig. 2). It was possible to observe the
direct electrochemical response of the Dg Hase either using the GC or
the PG electrode. The cyclic voltammograms, in anaerobic conditions
(anaerobic chamber, <20 ppm O,), with a dilute 2 pM solution,
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Fig. 2. Cyclic voltammograms of a dilute 2 uM Hase solution (black dashed line) in an
anaerobic chamber (<20 ppm 0O,), V=50 mV/s, at GC electrode, after previous activation
with H, by overnight incubation at 4 °C, at pH 7, and control obtained without Hase (black
solid line). Inset: the same conditions after repetitive cycling followed by a resting period
at the open circuit potential (1st scan black line, subsequent scans grey line).

obtained after previous activation with H, by overnight incubation at
4 °C, at pH 7, (¥=50 mV/s) show a reduction peak at approximately
-0.40V, corresponding to the reduction of protons and the formation
of H,. After multiple cycles and a resting period at open circuit
potential until its stabilization, the electrochemical pattern changes
and the subsequent cycles show two current crossings resulting from
the fact that the reverse scan present lower current than the forward
one (in the scanning cathodic direction). The first current crossing
occurs at the potential value of -0.278 V, previous to the development
of a cathodic current wave, with a maximum around -0.108 V, and the
second crossing point at —0.027 V. The cathodic peak due to the H"
reduction reaction, is observed at a considerably higher potential
value (-0.108 V) than in the first assay performed with the enzyme
activated by H, incubation. The initial forward scan does not present
any cathodic peak. The potential at which the cathodic peak is
observed on the reverse scan and the current crossings are indicative
of the lower energy necessary to promote the hydrogen reduction
reaction. The observed current crossings, are probably due to the
formation of a hydride [23,24] bond between the nickel and iron
atoms of the active protein site. After the observation of these current
crossings, the subsequent scans present the characteristic shape of the
catalytic current peak, in which the current starts to develop at
-0.008 V in contrast with the higher potential value observed
immediately after the chemical activation of Hase. The difference in
the observed potential values at which the catalytic current develops
between the first cycle where the Hase was activated by H, incubation
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Fig. 3. Cyclic voltammogram of the Dg Hase in a dilute solution (3 uM), obtained in
anaerobic conditions, at pH 7, with different scan rates from 2.5 mV/s to 2 V/s at the PG
electrode. In the figure are plotted the first scans of each scan rate.

only and in the later potential sweeps in which the protein has been
already subjected to multiple potential cycles may be indicative of the
lower energy needed to release the H, produced in the later case. This
fact seems coherent with an “electrochemical activation” of the
enzyme. The lower energy requirement for the reduction of H* (or H')
may be related to a mechanism intermediate, in this case a hydride,
and we may be observing the H+/He production from the break of the
hydride bridge with the Ni atom.

The H'/H, potential variation suggest that we are observing two
different mechanisms by which the reaction occurs on Hase. This is in
agreement with previous suggestions, based on density functional
theory (DFT), that two different pathways are possible whether the
potential control is made by imposing a H, pressure and reduction or
if it is imposed electrochemically [4]. In the mentioned proposed
mechanism the electrochemical controlled catalytic cycle predicts a
very fast Ni(I) intermediate. This last assumption is not absolutely
clear from the electrochemical data obtained at pH 7.6, although a
small reduction wave observed at a more negative potential value of
-0.408 V may be related with this reduced Ni form. This signal is
better seen at lower pH (later on the text).

Another set of experiments was performed to study the scan rate
variation effect on the catalytic current peak. The protein incubated with
H, was subjected to multiple scans, with different scan rates (2.5 mV/s to
2 V/s), but, contrarily to the former assays, without a resting period. The
resulting voltammograms (Fig. 3) show a clear variation in the catalytic
response pattern, that change from a typical catalytic sigmoidal curve for
the smaller scan rates to a broad wave, characteristic of a diffusion
controlled process. It was not possible, however, to completely eliminate
the catalytic reaction even with the maximum scan rate applied (2 V/s)
due to the high turnover of this enzyme [17,25]. It should be noted that
the maximum of the catalytic current peak is observed at lower potential
values than the obtained for the same conditions, before the imposed
resting period, shown before, suggesting that the multiple potential
cycling has electrochemically activated the enzyme.

3.2. Redox centers response

The same experimental conditions were tried but with no previous
activation step of the enzyme. The enzyme was purified in aerobic
conditions and it was kept that way previous to the electrochemical
assay. In these conditions, it was possible to observe the direct
electrochemical response of the metallic centers of the [NiFe|-Hase by
cyclic voltammetry (Fig. 4). Three redox processes can be identified,
namely the cathodic process designated by I, around -0.36 V, process
Il at -0.258 V with the anodic counterpart at -0.098 V and the well
defined redox couple, III, at -0.078 V and 0.008 V, respectively the
cathodic and anodic peaks. A comparison with the literature values
obtained by electrochemical techniques and by EPR and Mdssbauer

I,

0.2 pA I,
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Fig. 4. Cyclic voltammogram of the Dg Hase in a dilute solution (3 LM), obtained in anaerobic

conditions, at pH 7,v=50 mV/s, using the GC electrode. The voltammogram is the result from
the blank subtraction for better observation of the redox processes of the enzyme.
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spectroscopies together with a closer look to the structure of the
enzyme was done in order to assign the observed redox processes
[6,21,26]. Processes I and II were attributed to the [4Fe-4S]q;s cluster
and Ni (I1I/11), respectively. The well defined process Il may be due to
the [3Fe-4S] cluster because of its higher potential value [21,27,28].
Although the [3Fe-4S] clusters can undergo to one or two electron
processes, from our data and considering an approximation to a
reversible process in bulk, the number of estimated electrons
associated with the redox process Il was 0.90+0.13, so we have
concluded that this cluster undergoes a one electron transfer reaction.
So the difference in size between the different centers must be
attributed to its possible different accessibility and electron transfer
kinetics. The estimated midpoint potential, E°** was —0.032 V.

Reduction of the protein at -0.558 V during different times
followed by the potential scan in the anodic direction (-0.558 to
0.242 V) results in the observation of a new anodic wave, I, around
-0.36 V, and to a better definition of process II, at -0.088 V, related
with the cathodic processes designated by I. and Il. showing the
reversibility of the processes (Fig. 5). A new sharp anodic peak appears
at -0.258 V that should be due to the oxidation of the hydrogen
produced at -0.558 V [25]. This phenomenon arises because the long
reduction time probably implies the accumulation of an amount of
adsorbed molecules to the electrode surface large enough to allow its
oxidation to be detectable in the time scale of the technique.

This was the first time, to our knowledge, that these redox centers
were observed in non-turnover conditions and without the use of any
enzyme inhibitor.

3.3. Electrochemical activation

The same experimental conditions as in the previous assays, with
the protein in bulk solution, were again tried, with no previous
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Fig. 5. Cyclic voltammograms of the Dg Hase in a dilute solution (3 puM), obtained in
anaerobic conditions, at pH 7, =100 mV/s, at the GC electrode; the potential was kept
at —=0.558 V previous to the scan in the anodic direction for 0 s (dashed line) and 600 s
(solid line), A) full range window and B) amplification to clearer observation of the H,
oxidation signal.

A E /V vs NHE
-1.1 -0.7 -0.3 0.1
0.0
-5.0
<
-
-10.0
-15.0 -
B
<C
=
-
12 . . ‘
-1.0 -06 -0.2 0.2

E/V vs NHE

Fig. 6. Cyclic voltammogram of the Dg Hase in a dilute solution (3 uM), obtained in
anaerobic conditions, =5 mV/s at pH 4.5 and at the GC electrode; A) 1st (solid line) and
3rd cycles (dashed line), inset: larger view of the potential window 0 to -0.6 V and B)
after electrochemical activation with multiple scanning and a resting period (45 min) at
the open potential (solid line) and the control assay (dashed line), inset: the same
experiment at pH 5 (solid line) and the control assay (dashed line); it is possible to see
the extra redox process assigned to Ni (II)/(I) (arrow).

activation of the enzyme. Next experiments were again performed on
strict anaerobic conditions (anaerobic chamber). The electrochemical
activation of the Hase was achieved by multiple cycling between +0.192
and -0.958 V at low scan rate (5 mV/s). The cyclic voltammograms
obtained show again current crossings, around -0.558 V, simulta-
neously with some hydrogen evolution reaction. It should be noted (see
inset of Fig. 6A) that a cathodic wave develops, on the first cycle, on the
forward scan, around -0.22 V. The reverse scan, after the current
crossing, shows a smaller anodic wave at -0.058 V. These cross-cuttings
may be related with the adsorption of Hydrogen on the Ni-Fe center
during the process of the hydrogen fixation and/or hydride formation
[24]. Other hypothesis to explain the current cross-cuttings are related
with changes in the enzyme/electrode interface, namely adsorption/
desorption processes of the Hase on the glassy carbon. However, assays
where the electrode, after being subjected to multiple scans in the
presence of Hase, was removed rinsed with Millipore water and then
immersed in the same electrolyte but in the absence of Hase, did not
revealed any electrochemical features that could be related with
adsorption of Hase. For this reason, in our experimental conditions,
the cross-cuttings were attributed to changes in the Hase centers.
Despite these results a deeper surface analysis should help to elucidate
this point and it is planned in future work.

After cycling, a resting period at the open circuit potential was
imposed, after which the same potential window was tested. The
result was a typical catalytic current, showing that the electrochemical
activation of the Hase was well succeeded. The catalytic waves
midpoint potential for the enzyme activated o/n in a hydrogen
atmosphere (Fig. 2) and for the Hase electrochemically activated are
different, namely in the first case -0.051 V and in the second -0.281 V.
This may result from the activation/catalysis mechanism that may be
different in the two cases.
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Fig. 7. Cyclic voltammogram of the Dg Hase in a dilute solution (2 uM), in anaerobic
conditions, ¥=50 mV/s, pH 7.6, at the PG electrode; A) 1st (dashed line) and 2nd (solid
line) scans in a wider anodic potential range and B) after inactivation in a wider
potential range, 1st (dashed line) and 2nd (solid line) scans.

The Hase electrochemical activation was tested at different pH
values. Besides the catalytic current, the subsequent voltammogram
after the electrochemical activation, obtained at pH 5 or below, display
another redox process at a more negative potential (see inset of
Fig. 6B). This cathodic wave after the catalytic process is probably due
to a second reduction of the Ni atom, probably from Ni(II) to NI(I). This
is in agreement with published data, namely potential values obtained
by redox titrations [21], together with EPR experiments and
theoretical calculations that point to the existence of a possible two
electron reduction that would remove the hydride and generate a Ni(I)
specie [29]. Some studies have proven the existence of a paramagnetic
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Ni-L state that is obtained from the reduction of Ni-C upon
illumination and at cryogenic temperatures. This was proved to be a
reversible reaction that reverts to Ni-C with the temperature increase.
DFT calculations showed that this state is related with the loss of a
proton from the bridging position between Ni and Fe atoms resulting
in a formal oxidation state Ni(I) that seems in good agreement with
the g-values obtained experimentally [30]. In our assays, the driving
force energy obtained at low potential values such as the imposed to
the system at which the signal attributed to the Ni(Il)/Ni(I) redox
couple is observed, namely —0.86 V, is probably enough to achieve this
state. The Hase electrochemical activation was only possible to
achieve in strict anaerobic conditions. Outside the anaerobic chamber,
even with highly degassed solutions with an argon flux, it was not
possible to accomplish this potential modelling activation. This is
probably due to the high sensibility to oxygen presented by the Dg
[NiFe]-Hase [31] and the role of the non-active forms of the enzyme
with oxo/hydroxo bridge species between the Ni and Fe atoms.

3.4. Electrochemical inactivation

Another set of experiments was made with Dg [NiFe]-Hase in bulk,
in which a different potential window was tried, again in strict
anaerobic conditions and pH 7.6. The goal was to inactivate the
enzyme through potential tuning. An already electrochemically
activated enzyme sample was submitted to multiple cycling in a
different potential range, where the anodic limits were higher, namely
from —0.05 V to 0.192 to 0.542 V, in a solution with pH 7.6. The first
scan, beginning at the open circuit potential, in the cathodic direction,
results in a typical active Hase feature, where the H* reduction wave is
well defined. On the second cycle, however, after the protein has been
subjected to the higher potential scanning, is already possible to see
the inactivation (Fig. 7A). The redox centers mentioned before could
again be observed, and no response due to hydrogen reduction can be
observed (inset of Fig. 7A). It should be noted that the redox processes
observed on Fig. 4, resultant from the non-activated enzyme, and the
ones observed on Fig. 7A (inset) present conformity between the
potential values. The potential window is different in the two
experiments, wider in Fig. 4 (cathodic limit —0.458 V) assay than in
the inset of Fig. 7 (cathodic limit -0.258 V) which hinders the
observation of process I. Process Il presents a small 40 mV difference
between the two assays, that may be due to the different inactivation
methods.

In a wider potential window (Fig. 7B) is possible to observe, beside
the redox signals mentioned before, the development of new signals

H*

Fig. 8. Schematic representation of the proposed pathway for the Hase catalytic cycle under electrochemical control, with the correspondent voltammetric features.
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at more anodic potential values, around 0.20 V. These last anodic
processes may be associated with the formation of the Hase forms
with the oxo/hydroxo bridge ligand. In fact the shape and potential
domain of the above current peaks is quite similar to the ones
observed by cyclic voltammetry for some nickel inorganic systems
where the development of the metal hydroxides and other oxyge-
nated species are described [32,33]. In the second cycle new cathodic
processes, in two different regions, around -0.15 V, that are probably
due to the reduction of the previous formed hydroxo/oxo species.
These anodic features are better observed at higher pH, namely
around 7, than in lower pH values (4-5), which seems consistent with
the literature where the formation of these type of nickel oxo/
hydroxides are reported in alkaline media [32].

After the described inactivation through the potential control, the
electrochemical reactivation becomes very difficult. Indeed, application of
the same electrochemical activation conditions as before the inactivation
step did not result in the recovery of the initial current intensity for the
hydrogen reduction (the maximum achieved for the reactivation was
about 30% from the initial current intensity), which reflects the stability of
the enzyme inactive forms and the poor reversibility of the reactions of the
Hase with oxygen, as observed by other authors [17].

3.5. Electrochemical catalytic mechanism

Based on spectroscopic data [6,34] and theoretical calculations, as
mentioned before, two different pathways have been proposed for the
[NiFe]-Hase catalytic cycle, when the control is chemical by exposure
to Hy, or electrochemical [4,6,34]. Putting together all the electro-
chemical observations made for active and inactive states of the
enzyme, we accommodate the experimental results into the frame
currently proposed for the Hase activation/inactivation process under
electrochemical control (Fig. 8). In this representation we assume that
either starting with Ni-A or Ni-B species we can activate the enzyme
electrochemically in a step that involves the hydride bridge formation
and the simultaneous reduction of Ni(IlI) to Ni(II). The catalytic cycle
proceeds with the H, release and the Ni reoxidation and restoration of
the hydride bridge. After the hydrogen molecule release the Ni (II) can
be further reduced ton a Ni (I) state that does not seem, however, to be
catalytically relevant.

4. Conclusions

In this work we were able to observe the direct electrochemistry of
the Dg Hase, in bulk solution and immobilized with a membrane, in
turnover and non-turnover conditions. For the first time the redox
features of the enzyme metallic centers in non-catalytic conditions
and without the addition of any of the known enzyme inhibitors were
attained. Besides, we were able to tune the activation and inactivation
of the Hase by dynamic potential control, where the formation of the
hydride bridge was confirmed to be determinant.
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«a-zirconium phosphate nanosheets (ZrPNS) derived via the delamination of layered «-zirconium phosphate
(a-ZrP) have been proven to be efficient support matrixes for the immobilization of horseradish peroxidase
(HRP). X-ray powder diffraction (XRD) results revealed that ZrPNS in HRP-ZrPNS film remained unorderly
structured for the effect of HRP. Fourier transform infrared (FTIR) spectra results revealed that HRP remained
the secondary structure in HRP-ZrPNS film. The direct electrochemistry of HRP was realized in HRP-ZrPNS
film on a glassy carbon electrode (GCE), showing a pair of well-defined, nearly reversible cyclic voltammetry
(CV) peaks for the HRP heme Fe''/Fe!' redox couple. The average surface concentration (I'*) of electroactive
HRP in HRP-ZrPNS film was estimated to be 1.35x10™ ' mol cm™2, which indicated a high loading of enzyme
molecules in HRP-ZrPNS film. Based on these, a third generation reagentless biosensor was constructed for
the determination of hydrogen peroxide (H,0,). The response time of the biosensor was less than 3 s, and the
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coefficient of 0.9997.
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1. Introduction

Direct electrochemistry of redox proteins is of immense interest
both for the fundamental study of electron transfer in proteins and for
the development of highly selective bioelectrocatalyst and biosensors.
However, it is difficult for proteins to directly exchange electrons with
the normal electrode surfaces. The electron transfer rates between the
proteins and the electrode surfaces are usually prohibitively slow
because of the deep burying of the electroactive prosthetic groups
within the peptide chains of the proteins, the adsorptive denaturation
of the proteins onto the electrode surfaces and/or the unfavorable
orientation of the proteins on the electrode surfaces. Due to the
difficulty of direct electron transfer between proteins and bare
electrodes, some modifiers such as organic materials [1-7], inorganic
materials [8-14], and inorganic/organic hybrid materials [15] have
been used to promote the direct electron transfer of proteins at
electrode surfaces. Because of their regular structures, good mechan-
ical, chemical and thermal stabilities, inorganic materials are more
attractive for this purpose [10-14].

Among various inorganic materials used for protein binding, the
inorganic layered solids, such as metal oxides [11], clay [16] and
phosphates [17-20] have attracted considerable attention. Although
many kinds of biomolecules have been immobilized using layered
materials as carriers, few works have been reported to investigate the

* Corresponding author. Tel.: +86 10 6443 5271; fax: +86 10 6442 5385.
E-mail address: yangws@mail.buct.edu.cn (W. Yang).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.05.002

direct electron transfer between the proteins immobilized in layered
materials and electrodes [21-23].

Layered a-zirconium phosphate (Zr(HPO4),-H,0, abbreviated as o~
ZrP) is a well-characterized layered material with hydrophilic surface,
thermal stability and chemical inertness, which provide a suitable
medium to immobilize proteins [20]. Its structure arises by the
packing of layers that consist of zirconium atoms lying in a plane and
sandwiched by OsP-OH groups situated alternatively above and below
the plane [17], which can provide a biocompatible environment to the
immobilized biomolecules. Lately a-ZrP was modified on the glassy
carbon electrode (GCE) to promote the direct electron transfer of
hemoglobin. But the inefficient electron transfer of hemoglobin was
observed in the a-ZrP nanoparticle film, probably due to the weak
conductivity and low enzyme-loading ability of a-ZrP nanoparticles
[24].

Recently, a new class of nanomaterials — nanosheets have been
synthesized via delamination of layered compounds. These lamellar
crystallites exhibit colloidal and polyelectrolytic nature as well as new
or enhanced physicochemical properties [25-27]. In addition, large
surface areas can be obtained from nanosheets. The features above
provide a potential application of nanosheets in the promotion of
direct electron transfer between proteins and electrodes [14,28].

In this paper, a-ZrP nanosheets (ZrPNS) were synthesized via
delamination of layered a-ZrP and used to immobilize horseradish
peroxidase (HRP). Direct electrochemistry of HRP immobilized in the
ZrPNS film was investigated. A pair of well-defined and nearly
symmetrical redox peaks were achieved which suggested that the
enhanced reversible electron transfer between HRP and GCE. The HRP
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immobilized in ZrPNS film retained its native structure as character-
ized by Fourier transform infrared (FTIR) spectra. Subsequently, the
direct electrochemical behavior of HRP immobilized on GCE by using
thin film of ZrPNS and its electrocatalytic property for reduction of
H,0, were studied. We hope this HRP-ZrPNS film can find potential
application in the preparation of third generation biosensors or
bioreactors.

2. Experimental
2.1. Reagents

Horseradish peroxidase (HRP, EC1.11.1.7, 250 U mg™ ') was pur-
chased from Dongfeng Shanghai Biochemical Technology Ltd., and
polyvinyl butyral (PVB) was purchased from Sigma. H,0, (30% w/w)
was obtained from Beijing Chemical Plant, and its dilute solution was
prepared daily. Phosphate buffer solutions (PBS, 0.10 M) with various
pH were prepared by mixing standard stock solutions of Na,HPO, and
NaH,PO,. All other chemical reagents were of analytical grade and
used without further purification. Water was doubly distilled in quartz

apparatus, and the conductivity of the water is less than 1076 S cm ™.

2.2. Apparatus

Electrochemical measurements were performed with a conven-
tional three-electrode system with the enzyme electrode as the
working electrode, a platinum wire as the auxiliary electrode and an
Ag/AgCl (3 M KCl) electrode as the reference electrode, against which
all potentials were quoted. The electrodes were connected to a CHI
660B electrochemical workstation (ChenHua Instruments, Shanghai,
China). A 10-mL electrochemical cell and a magnetic stirring bar were
used. The PBS was in thoroughly anaerobic conditions by bubbling
with high-purity nitrogen at least 20 min. Nitrogen environment was
kept in the cell by continuously bubbling N, during the whole
experiment. All experiments were conducted under ambient condi-
tions at approximately 25 °C.

X-ray powder diffraction (XRD) patterns were recorded on a
Shimadzu XRD-6000 X-ray diffractometer (Japan) with Cu Kg
radiation at 40 kV and 30 mA. Field emission scanning electron
microscope (FESEM) images were taken from a Hitachi S4700 SEM
(Japan). Fourier transform infrared (FTIR) spectra were carried out on a
Bruker Vector22 Fourier transform infrared spectrometer (Germany).
The atomic force microscope (AFM) image of ZrPNS was achieved
using a NT-MDT Model-STM Solver P47 AFM (Russia) in contact mode.

2.3. Preparation of ZrPNS colloid

The preparation of layered o-ZrP is as following. An aqueous
solution A containing zirconium oxychloride and HCI and an aqueous
solution B containing phosphoric acid and HCl were added simulta-
neously to a colloid mill rotating at 3000 rpm and mixed for 1 min.
The slurry was subjected to hydrothermal treatment at 240 °C for 48 h.
The resulting material was cooled to room temperature and then
washed with water until pH>6, and dried at 50 °C. The resulting
material is designated as o-ZrP. 0.2 g of a-ZrP was suspended in
deionized water, followed by adding 1.2 mL of 25% of tetramethy-
lammonium hydroxide. The mixture was stirred at room temperature
for 7 h with stirring bar. The suspension was then centrifuged at
10000 rpm for 5 min, and a ZrPNS colloid was obtained.

2.4. Electrode preparation

Before each experiment, glassy carbon electrodes (GCE, 3 mm
diameter) were polished sequentially with 1, 0.3, and 0.05 pum o-
alumina powder, with a thorough rinsing with doubly distilled water
between each polishing step. The polished GCE was successively

sonicated in 1:1 nitric acid, acetone and doubly distilled water, and
finally allowed to dry at room temperature. The effective electrode
area was obtained according to the Randles-Sevcik equation with the
redox probe of Fe(CN)2 74 [29].

To prepare the enzyme electrode, 0.1 mg of HRP was dissolved in
60 L of the ZrPNS colloid. A polished GCE was deposited with 10 pL of
the resulting mixture, and then left overnight in a refrigerator at 4 °C,
and the modified electrode was abbreviated as HRP-ZrPNS/GCE. For
the purpose of comparison, 10 puL of ZrPNS colloid was deposited on a
polished GCE, and abbreviated as ZrPNS/GCE. After drying, they were
all dipped into PVB (2% (w/v) of ethanol solution) for 1 min to enhance
the adhesive ability and the stability of the films.

The enzyme electrode was stored in a refrigerator at 4 °C and
rinsed with PBS prior to use.

3. Results and discussion
3.1. FESEM image of the precursor «-ZrP and AFM image of ZrPNS

To get the AFM image of ZrPNS, the samples were prepared as
below: Si wafers were cleaned according to the literature [30], then
the Si wafers were precoated with polyethyle nimine (PEI) by
immersion in an aqueous solution of PEI (2.5 g dm™ >, pH=9) for
20 min to get positively charged substrates. The PEI-primed substrates
were then immersed in a colloidal suspension (0.2 g dm™3, pH=7) of
ZrPNS for 20 min followed by thorough washing with twice-distilled
water. The resulting films were dried with N, gas flow. The FESEM
image of Fig. 1A reveals that the precursors o-ZrP are with the lateral
dimensions about 500 nm and the thicknesses are about 50-80 nm
(right corner of Fig. 1A). Fig. 1B shows a topographic image of the
deposited layer of ZrPNS on Si wafer and the thickness of ZrPNS can be
measured from the height plot in Fig. 1B. The lateral dimensions of
ZrPNS obtained by AFM observation are about 400 nm and the
thicknesses are about 6-8 nm.

3.2. XRD analysis of the precursor a-ZrP, ZrPNS colloid (wet state),
reassembled ZrPNS, and HRP-ZrPNS film

The XRD pattern of ZrPNS colloid (wet state) was gained as follows:
the ZrPNS colloid was deposited onto an XRD sample holder and
measured at a constant relative humidity of 95%. The XRD patterns of
reassembled ZrPNS and HRP-ZrPNS were obtained from dried ZrPNS
colloid and dried HRP-ZrPNS colloid, respectively. Fig. 2A shows the
XRD patterns of the precursor oi-ZrP and ZrPNS colloid (wet state). The
reflections in the XRD pattern of a-ZrP (Fig. 2Aa) correspond to those
expected for a pure monoclinic phase of layered a-ZrP, and the position
of the 002 peak corresponds to basal spacing of about 0.766 nm. The
information from this XRD pattern indicates that pure phase layered o-
ZrP has been obtained. As shown in Fig. 2Ab, the peaks disappear in the
pattern of ZrPNS colloid (wet state), proving that o«-ZrP has been
successfully delaminated. Fig. 2B shows the XRD patterns of the
reassembled ZrPNS and HRP-ZrPNS film. From Fig. 2Bc, we can see a
reflection of the 002 peak corresponding to a basal spacing of about
0.99 nm, which is the basal spacing of TMA intercalated o-ZrP. The
result shows that ZrPNS will reassemble with TMA after ZrPNS colloid
being dried. As can be seen in Fig. 2Bd, the XRD pattern of dried HRP-
ZrPNS film does not have any peaks. Furthermore, the XRD pattern of
HRP-ZrPNS film shows no peaks at the position of lowest angle (<3°).
The reason is that the added larger HRP molecules prevent ZrPNS from
reassembling with TMA or HRP and make ZrPNS remain unorderly
structure.

3.3. FTIR analysis of HRP and HRP-ZrPNS hybrid film

As shown in Fig. 3, the positions of amide I and Il bands (1650 and
1538 cm™ ') of HRP (Fig. 3a) and those of HRP in the HRP-ZrPNS film
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Fig. 1. FESEM image of precursor a-ZrP (A) and AFM image with height profile along the
white line of ZrPNS deposited on PEI precoated Si wafer (B).

(Fig. 3b) are nearly at the same place. However, the absorption
intensity of the amide I band of HRP-ZrPNS is stronger. It is enhanced
by the stretching vibration of H,O in the crystal lattice of a-ZrP at
1620 cm™ !, which can be seen in Fig. 3c. The strong adsorption bands
at 960-1200 cm™ ! which correspond to the flexible vibrations of P-O
in the layers of a-ZrP are shown in Fig. 3b and c. The results of FTIR
suggest that HRP retains the native structure in the hybrid film.

3.4. Cyclic voltammetric behavior of HRP-ZrPNS/GCE

Fig. 4 shows the cyclic voltammograms (CVs) of bare GCE, ZrPNS
and HRP-ZrPNS films covered GCE in pH 7.0 PBS. There are no redox
peaks for bare GCE or ZrPNS film covered GCE within the potential
window of =0.7-0V (vs. Ag/AgCl) (in Fig. 4a and b), showing that ZrPNS
are not electroactive in the potential range. A well-defined, nearly
reversible redox couple with the apparent formal peak potential (E°) of
-0.335V (vs. Ag/AgCl)is observed for the HRP-ZrPNS film covered GCE
(Fig. 4c), which is the characteristic of the HRP heme Fe''/Fe"' redox
couple. The value of E° for HRP in this work is very close to those
reported for immobilized HRP entrapped in various films [5,6,11]. The
peak-to-peak separation (AEp) is 35 mV (vs. Ag/AgCl) at a scan rate of
50 mV s, indicating the nearly reversible direct electron transfer of
HRP heme Fe'!/Fe"", Both the cathodic peak current (i,) and the anodic
peak current (ip,) increase linearly with the scan rate up to 300 mV 5!
(Fig. 5), which is the characteristic of thin-layer electrochemistry. The
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Fig. 2. A. XRD patterns of (a) precursor a-ZrP, and (b) ZrPNS colloid (wet state), B. XRD
patterns of (c) reassembled ZrPNS, and (d) HRP-ZrPNS film.

ratios of ip. to i, are within 0.98-1.02, indicating that there are no
kinetic or other complications in the electrode process, that is, almost
all electroactive met-HRP in the membrane are converted to oxy-HRP
on the forward cyclic voltammetry (CV) sweep and vice versa. By
integration of the anodic peaks in CVs, the charges, and the effective
electrode area, thus the average surface concentration (I'*) of
electroactive species can be calculated. The I'" of electroactive HRP in
ZrPNS film is estimated to be 1.35x10'° mol cm™2, which is almost
seven times than that of the theoretical monolayer coverage (about
2x10" " mol cm™2). This indicates that multilayers of HRP in the HRP-
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Fig. 3. FTIR spectra of (a) HRP, (b) HRP-ZrPNS, and (c) ZrPNS.
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Fig. 4. Cyclic voltammograms of (a) bare GCE, (b) ZrPNS/GCE, and (¢) HRP-ZrPNS/GCE in
0.1 M PBS (pH 7.0), scan rate: 50 mV s~ .

ZrPNS film have participated in the electron transportation process.
Because the multilayers of HRP were far from the electrode surface, it
was impossible for them to exchange electrons directly with the
electrode [31]. Thus, the electron transportation process most likely
occurred as charge-hopping, which was similar to the heme-contain-
ing LBL films previously reported [32]. The value of I obtained in this
paper is larger than (9.10£0.15)x 10" " mol cm™2 of HRP in Eastman AQ
films [5], 2.62x10" " mol cm™2 of HRP in agarose hydrogel films in
room-temperature ionic liquids [7], and 8.5x 10" ! mol cm™2 obtained
at HRP intercalated into layered titanate nanosheets modified GCE [14],
indicating a high loading of enzyme molecules in ZrPNS films, which
comes from large surface area and many negative charges of ZrPNS.

The electron transfer rate (ks) of HRP (n=1) in the hybrid film was
evaluated based on the equation derived by Laviron [33] for
diffusionless CV with nAE,<200 mV:

ks = mnFv/RT (1)

Where m is a parameter related to AE,,. According to the AEj, of the
CVs of the HRP-ZrPNS film covered GCE at the scan rate of 300 mV's ™',
the ks value of HRP in this work is 7.8 s~ .

The influence of pH on the voltammetry of HRP-ZrPNS film was
examined (Fig. 6). An increase of pH of PBS from 3.0 to 10.0 causes a
negative shift in both anodic and cathodic peak potentials of HRP-ZrPNS
film, indicating that hydrogen ion is involved in the electrode reaction of
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Fig. 5. Cyclic voltammograms of HRP-ZrPNS/GCE in 0.1 M PBS (pH 7.0) at different scan
rates (from inner to outer): 25, 50, 100, 150, 200, 250, 300 mV s . Plots of cathodic and
anodic peak currents vs. scan rates are in the left corner.

02}
Qﬂ 0.3
<
o0
<
S 041
>
O\
= st

3.0 4.5 6.0 7.5 9.0 105
pH

Fig. 6. Effect of pH on formal potential (E°) of HRP-ZrPNS/GCE in 0.1 M PBS.

HRP. In addition, all changes in voltammetric peak potentials and
currents with pH are reversible. That is, the same CV curve is reproduced
after immersion in a solution with a different pH and then return to its
original solution. The slope of the E° versus pH plot is 47.08 mV pH™ .. The
value is smaller than the theoretically expected value of 59 mV pH™! for
the transfer of one proton and one electron per heme group during the
electrode reaction. The same results were obtained for HRP-gelatin-
OMIM:-PFg/GCE [34] and HRP-PNM/GCE [35]. The clear explanation for
this was not yet known. According to the literature [34,35], it might be
that the influence of the protonation states of trans ligands to the heme
iron and amino acids around the heme, or the protonation of the water
molecule coordinated to the central iron.

The stability of HRP-ZrPNS film was investigated. The electrode
can keep a constant current during sweeping 100 cycles in the blank
PBS. The peak currents decrease about 12% after the electrodes have
been stored in refrigerator at 4 °C for 2 months.

3.5. Electrocatalytic behavior of HRP-ZrPNS/GCE

Electrocatalytic reduction of H,0, was examined by measuring CVs
using the HRP-ZrPNS film modified GCE. Fig. 7 shows CVs of HRP-
ZrPNS film modified GCE and ZrPNS covered GCE in the absence or the
presence of H,0,. The cathodic peak (-0.32 V vs. Ag/AgCl) of HRP-
ZrPNS film modified GCE is greatly enhanced in the presence of H,0,,
while the corresponding anodic peak decreases, suggesting that an
electrocatalytic reduction of H,0, occurred. The ip. value increases
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Fig. 7. Cyclic voltammograms of HRP-ZrPNS/GCE in the absence (a) and presence of
0.1 mM (b), and 0.2 mM (c) H,0,, and ZrPNS/GCE in the absence (d) and presence of
0.2 mM (e) H,0, at a scan rate of 50 mV s™! in 0.1 M PBS (pH 7.0).





94 X. Yang et al. / Bioelectrochemistry 74 (2008) 90-95

with increasing the concentration of H,0,. The same phenomenon is
observed in other references [5,6,11,14]. No peaks are observed at the
ZrPNS covered GCE in the presence of H,0,.

The pH dependence of the enzyme electrode was investigated over
the pH range 3.0-10.0 in 0.1 M PBS in the presence of 0.1 mM H;0,.
The optimum biosensor response is achieved at pH 7.0. Lowering or
increasing the pH result in a decrease of biocatalyst activity. This result
is close to those reported for immobilized HRP entrapped in various
films [5,6,11,14,15]. This indicates that the optimum pH value of HRP is
not affected by the film components. Therefore, pH 7.0 has been
selected for the subsequent studies since the maximum response is
obtained at this pH.

To further investigate the bioactivity of immobilized HRP, we used
this biosensor to determine H,0,. Fig. 8 shows the calibration curve, and
the inset picture of Fig. 8 shows the response curve for the biosensor at
optimized conditions on successive injection of 0.01 mM H,0, to stirring
PBS at pH 7.0. The biosensor achieves 95% of the steady-state current
within 3 s. It is more rapid than those of many other modified electrodes
[15]. The linear range of the biosensor is 1.3x1076-1.6x10"2 M H,0,,
with a correlation coefficient of 0.9997 (n=16). The detection limit of the
biosensor is 1.2 uM H,0, based on S/N=3. The linear range of the enzyme
electrode is wider than those of many enzyme electrodes
[6,11,14,15,36,37]. The wide linear range of the enzyme electrode in
our work may come from the good biocompatibility of ZrPNS, which
makes the immobilized HRP maintain high biocatalyst activity in a wide
range of H,0, concentration.

The reproducibility of the response of the enzyme electrode was
investigated at a 0.1 mM H,0, concentration. The relative standard
deviation determined by six analyses of a 0.1 mM H,0, standard using
a single enzyme electrode was found to be about 7.0%. For five enzyme
electrodes made from the same batch, a relative standard deviation of
about 3.0% was obtained for the individual current response for the
same sample (0.1 mM H,0,).

The stability of the biosensor under storage was investigated by
measuring the biosensor response with 0.1 mM of H,0, every 4 days
over 2 months period. Up to 16 days, the current response remains
99% of the initial value. When the modified electrode has been stored
in dry for 60 days at 4 °C, the electrode retains about 85% of its initial
response current to 0.1 mM H,0,, indicating that the enzyme
electrode has a good stability. The long-term stability of the HRP-
ZrPNS modified GCE can be attributed to two reasons. One is that the
large number of hydroxyl groups of ZrPNS will provide an aqueous-
like microenvironment to stabilize the immobilized proteins. The
other is that the ZrPNS has the negative charge, which is contrary to
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Fig. 8. Calibration curve of the enzyme electrode. The inset figure shows some ladders
from the dynamic response of the enzyme electrode to successive addition of 0.01 mM
H,0, to 0.1 M PBS (pH 7.0). The applied potential is -0.25 V vs. Ag/AgCl.

the HRP when pH value is 7.0 (HRP, p/=8.9). The opposite charge can
improve the immobilization of enzyme and prevent the leakage of
enzyme [38,39], so the life-span of the biosensor is increased. The
good storage stability suggests that the ZrPNS are suitable matrixes for
immobilization of HRP to retain its activity and prevent it from leaking
out from the film.

4. Conclusion

ZrPNS was prepared by the delamination of layered a-ZrP and used
to immobilize HRP. The results of FTIR indicate that HRP incorporated
in ZrPNS film basically retains its native secondary structure. A well-
defined, quasi-reversible, stable redox couple has been obtained for
HRP in HRP-ZrPNS film. The entrapped HRP exhibits good electro-
activity, bioactivity, and electrocatalytic activity due to the specialities
of ZrPNS, such as the hydrophilic surface, large surface area, and so on.
The HRP-ZrPNS films are stabilized by hydrophilic and Coulombic
interactions between HRP and ZrPNS. The results suggest that ZrPNS
are suitable matrixes for the immobilization of enzymes to retain their
activities. The HRP-ZrPNS modified GCE may have potential use in the
fabrication of third generation biosensors and bioreactors.
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Two methods for the determination of vitamin K3 have been developed. Vitamin K3 in its oxidized form is
determined by direct and indirect methods. Its standard solution was prepared by the indirect method using
Ti(III) as reducing agent. For this purpose vitamin K3 (menadion) in a clinical injection solution, which is in its
hydroquinone form in the presence of sulfite, is oxidized with oxygen. In 0.2 M HAc and 0.02 M HCl
electrolyte vitamin K5 and Ti(IV) have reduction peaks at -0.58 V at —0.82 V respectively. The reaction
between Ti(Ill) and vitamin takes place quantitatively in a medium of 0.2 M HAc and 0.002 M HCI. After the
reduction, the reaction product Ti(IV) is followed from its polarographic peak at about -0.82 V. The most
important result in this work is that, with this method vitamin K3 can be standardized and after
standardization this solution can be used for the direct determination in routine analysis with a very simple
and fast method, using only the peak at —0.71 V in 0.2 M HAc medium. Both direct and indirect methods have
been used for the determination of Vitamin K3 in a clinical injection solution. The limit of quantification
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(LOQ) was 1.5x107° M and in both methods the detection limit found was 7x1077 M.
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1. Introduction

Vitamin K is a cofactor for an enzyme which converts some
glutamyl residues in several proteins. These vitamin K dependent
proteins play an important role in calcification, and homeostasis [1].
Several studies suggest that vitamin K may reduce bone loss in
osteoporotic people and decrease fracture risk.

There are two forms of vitamin K in nature, vitamin K is produced
by plants and vitamin K, is synthesized by bacteria. Vitamin Kj
contains a naphtoquinone ring and its basic structure is 2 methyl-1,4
naphtoquinone. These vitamins are named according to their side
chains by forming new derivatives. Vitamin K3 is obtained syntheti-
cally without a side chain and is named as menadione. There are two
water soluble vitamin K3, one is sodium menadiol diphosphate, the
other is menadione sodium bisulphite. The physiological activity of
menadione is the strongest among the K group vitamins. It shows
antitumour and anti-inflammatory activity because of the quinone
group in its structure.

Several methods for the separation and determination of vitamin K
have been proposed. For the clinical tests sensitive and rapid analytical
methods are needed. Spectroscopic, colorimetric and chromato-

* Corresponding author. Tel.: +90 312 202 1150.
E-mail address: gsomer@gazi.edu.tr (G. Somer).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.05.001

graphic methods which are frequently used [2-4] have lower
sensitivity when compared with polarographic methods. The electro-
chemical behavior of menadione has been the subject of various
investigations [5-7]. The degradation of vitamin K3 and vitamin K3
bisulfite has been studied by electrochemical methods [8-10]. Several
polarographic and voltammetric methods have been proposed for the
determination of the vitamin. A catalytic wave for menadion
determination has been proposed in the presence of KIO; [8] and a
detection limit of 2x 10”° M was obtained. By using cathodic stripping
voltammetry [9] it was possible to obtain a detection limitof 1x 1078 M.
On the other hand by applying differential pulse polarography (DPP) K
group vitamins could be determined in CH30H and in CH5Cl5 solutions
[10,11]. A square wave adsorptive anodic stripping voltammetry was
used in HCIO4, medium and with 10 min of deposition time a detection
limit of 1.3x107 ' M was achieved [12].

All of these methods need reference standard solutions. However,
since the solutions in the market are only 95-98% pure and very
expensive, a standard solution of vitamin has to be prepared using an
indirect method.

The main purpose of this investigation was to determine vitamin
K3 indirectly so that standard solutions could be prepared and this
determination had to be made in the presence of sulfite since it is
present in nearly all clinical injection solutions. Sulfite is present in
these solutions to protect the vitamin from air oxidation and to keep
the vitamin in its water-soluble form. But its presence may create
problems during the determination because of its reducing effect. This
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problem has to be solved for the determination of vitamin. In this
work differential pulse polarograpy was preferred to use since it is the
most reproducible method [13-15] among all electrochemical
methods. With the use of dropping mercury electrode the electrode
surface is always new and the behavior of the electrode is
independent of its past history.

Vitamin K3 contents in clinical injection solutions were deter-
mined polarographically with direct and indirect methods and the
results indicate that both of these methods can be used safely for its
determination. After preparation of the standard solution, which will
take longer time, the direct method can be used for routine analysis in
a very short time. These methods do not need any extraction or
separation process, they are simple, rapid, accurate and sensitive.

2. Experimental
2.1. Apparatus

For the polarographic measurements a PAR Model 174 A polaro-
graphic analyzer system equipped with a PAR mercury drop timer,
was used. A Kalousek electrolytic cell with reference saturated
calomel electrode (SCE), separated by liquid junction, was used in
three electrode configuration. The natural drop time of mercury
electrode was in the range 2-3 s (2.2 mg/s). Counter electrode was
platinum wire. The polarograms were recorded with a Linseis (Selb,
Germany) LY 1600 X-Y recorder, under the conditions of 1 s, a scan rate
of 2-5 mV/s and a pulse amplitude of 50 mV.

2.2. Reagents

All chemicals were reagent grade chemicals. Triple distilled water
was used in preparation of all solutions.

2.2.1. Preparation of 102 M vitamin K5 solution

Vitamin K; (276.24 g/mol) (Menadione Sodium Bisulfite) was
obtained from Libavit K. It contains in each 2 mL vial 0.02 g (0.036 M)
Menadione Sodium Bisulfite, 0.006 g potassium metabisulfite (K, O, Ss),
0.0126 g sodium chloride and 2 ml water. For the preparation of 107> M
vitamin solution, 0.28 mL from the clinical injection solution is taken
and diluted with distilled water into 10 mL. Air or oxygen gas is passed
for about 20 min to oxidize the vitamin and some of the sulfite present.
Then nitrogen gas is passed to purge oxygen from solution. This
procedure is repeated for each solution before use.

2.2.2. Preparation and standardization of 0.1 M TiCl, solution

It is prepared from 15% v/v, d=1.12 g/mL solution, BDH Limited
Pool England. From this solution 6.3 mL is taken and it is diluted into
50 mL with distilled water. Since Ti(IV) forms some insoluble oxides in
aqueous solution with time it has to be standardized. For this purpose
it is titrated with standard FeCls, after it is reduced into Ti(Ill) form
since there is no direct method for Ti(IV) standardization. The
reduction process of Ti(IV) is made with zinc-mercury amalgam and
at the end of reduction the color of the solution was blue violet. The
end of reduction was followed by taking polarograms with some
intervals until there was no Ti(IV) peak. For the standardization of this
solution, 5 mL 0.1 M FeCl; (standardized) in 0.1 M HCI solution is
taken, 2 mL HCl is added, so that the acidity in solution was 2 M. The
solution is warmed up to 50-60 °C and it is titrated with TiCls. When
the color of solution became light yellow, 2-3 drops 10% KSCN was
added. The titration was ended when the red color disappeared and
the molarity of Ti(IV) was calculated.

2.2.3. Preparation of 0.1 M TiCls solution

The commercial solution of TiCl; used was from Merck, (15% (v/v)
d=1.2g/mL). This solution contains 10% HCl. From this solution
0.86 mL is taken and diluted with distilled water into 10 mL. This
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Fig. 1. Effect of nitrogen purging time on the polarographic peaks of vitamin K. a) 10 mL
0.2 M HAc and 1x107> M vitamin Ks (oxidized). b), ¢, d, e and f each after 5 min of
nitrogen purging.

solution has to be standardized since TiCls can be oxidized easily in the
presence of oxygen. A polarogram of newly prepared TiCl; had a peak
of Ti(IV). This solution is left in the presence of zinc-mercury amalgam
(Section 3.6) so that all Ti(IV) was reduced and the polarogram had no
Ti (IV) peak. This solution was standardized with standard 0.1 M FeCl;
solution as given above. After standardization it has to wait in zinc-
mercury amalgam to protect from air oxidation. In this medium it can
be stored for months.

3. Results and discussion
3.1. Oxidation of vitamin K3

As given in the experimental section vitamin K3 in clinical injection
solution contains potassium meta bisulfite K,S,0s. This enables to
keep the vitamin in reduced and water-soluble form and thus it is
possible to obtain concentrated solutions of the vitamin. If we try to
use directly the polarographic oxidation peak of vitamin K3 for its
determination, the sulfite present as a reducing agent in solution will
create problems. Therefore it was decided to oxidize hydroquinone
form of vitamin into quinone structure and SO3 to SOz with oxygen
(Section 2.2.1). The reduction peak of vitamin (at -=0.71 V, Section 3.2)
can be used for its direct determination. Air, oxygen and hydrogen
peroxide has been used for the oxidation of both sulfite and vitamin K.
The excess of oxygen was purged out with nitrogen, but when H,0,
was used the solution had to be warmed up to purge the excess H,0,.
Thus it was decided to pass either air or oxygen throughout the work
for about 20 min.

3.2. Direct determination of vitamin K3

A differential pulse polarogram of 10> M vitamin K5 in quinone
form (first oxidized) prepared as given above (Section 2.1) was taken
in 0.2 M acetic acid electrolyte. As can be seen in Fig. 1 there were
2 peaks at -0.46 V and at -0.71 V. The first peak belongs to unoxidized
sulfite since it increased with standard additions. By passing nitrogen
it decreased and then disappeared after about 10 to 20 min, depending
on sulfite concentration. According to our previous work (16), sulfite
will form SO, in acidic solution (0.2 M HAc) and will be purged out
while passing nitrogen.

Vitamin K5 can be determined directly from the peak at about-0.71V,
after oxidation with oxygen into its quinone form, since it responds very
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Fig. 2. Determination of vitamin K3 by standard addition.a) 10 mL0.2 MHac.b)a+1x10"> M
vitamin K3 (oxidized). ¢) b+1x10"> M vitamin K5 (oxidized).

well to the standard additions Fig. 2. The limit of quantification (LOQ) was
1.5x107® M and the detection limit (signal-to-noise ratio, SIN=3) was
7x1077 M.

The purity of vitamin found in the market (according to several
catalogues) is about 95-98% and it is not possible to prepare a
standard solution. Thus, an indirect method where a substance, that
reacts with vitamin quantitatively, has to be established. After it is
standardized using indirect method (Section 3.7) this solution can be
used for its direct determination safely. Although the standardization
will take longer time, after it is standardized the vitamin K content of
an unknown sample can be determined in a very short time and it may
be applied for routine analysis.

3.3. Indirect determination of vitamin K3

According to the reduction potentials, Ti (II) can be used for the
standardization of vitamin K, since it will reduce quinone into
hydroquinone and itself will be oxidized into Ti (IV) which is electro
active. This redox reaction will take place quantitatively because of the
large difference in their reduction potentials as given below. According
to Turkish codex and British pharmacopoeia, Ti(Ill) is used for
titrimetric determination of menadione. Ti(Ill) is not electro active
but Ti (IV) has a peak at about -0.67 V. Thus, after redox reaction
between Ti(Ill) and vitamin Ks, the quantity of Ti (IV) formed can be
determined by measuring its polarographic peak height and then
vitamin K3 content can be calculated.

The reduction potentials are as follows

Q +2e 4+ 2H" ©H,Q E’ = 0.699V

TiO* 4+ 2H' 4 e Tt + H,0 E° = 0.099V

And the redox reaction will be

2Ti** 4 Q + 2H,0-2TiO** + 2H' + H,Q

3.4. Polarographic determination of Ti (IV)

According to the proposed method, to an unknown vitamin K3
solution a known amount of Ti(III) has to be added. The Ti(IV) formed
from this reaction has to be determined from its peak height using
standard additions. However, the polarogram of newly prepared Ti(III)

solution contained a Ti(IV) peak which indicates that Ti(Ill) solution
was partly oxidized by air. This peak disappeared when the solution
was kept in the presence of zinc-mercury amalgam. Thus, care has to
be taken during its preparation and storage.

Vitamin K3 and Ti(IV) have peaks at about -0.7 V in 0.2 M acetic acid
electrolyte so that they cannot be separated in this electrolyte medium.
But by the addition of 0.05 mL HCl into 10 mL 0.2 M acetic acid solution
in polarographic cell, the peak of vitamin shifted to -0.58 V and the
peak of Ti(IV) shifted to -0.82 V enabling their separation and
determination.

3.5. Reaction between Ti(lll) and Vitamin K3 in the polarographic cell

The reaction has been studied first in the polarographic cell. For this
purpose 0.1 mL 1073 M vitamin K3, in oxidized form, was added into
10 ml 0.2 M acetic acid and 0.05 mL 12 M HCI (0.06 M HCl). Nitrogen gas
was passed for about 10-20 min so that the first peak of sulfite
disappeared and the polarogram was taken. Then 0.2 mL 10™3 M Ti(III)
was added and nitrogen passed for about 5 min as given below, so that
the reaction was finished. As can be seen the concentration of Ti(III)
was taken two times of vitamin Ks. In later studies it was taken in larger
quantities to be on the safer side. After 5 min of waiting period the
polarogram was taken and the formation of the Ti(IV) peak at -0.82 V
was followed. Its quantity found was smaller than it should be,
indicating that under these conditions the reaction was not quantita-
tive. Thus, optimum conditions such as proper acid concentration and
waiting period have to be determined.

The acid concentration in polarographic cell had to be 0.06 M for
the separation of vitamin and Ti(IV) peaks (Section 3.4). But it seems
that this acidity was not proper for a quantitative reaction. Thus the
effect of acidity is investigated in a separate reaction cell containing
2.0mL1x10"3 M vitamin K5, and 0.05 mL 0.1 M Ti(III). The stock Ti (III)
solution contains 10% (v/v) HCl and its concentration will be about
0.002 M in the reaction mixture. It was observed that with this acidity
the reaction was quantitative. When more acid was added there was
no reaction and as a result no Ti(IV) peak could be observed. On the
other hand when the solution was made basic no reaction took place.
Thus, it was decided to use the acidity (0.002 M) which is already
present in Ti(Ill) solution.
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Fig. 3. Determination of vitamin K by indirect method. (Reaction mixture: 2.0 mL1x 107> M
vitamin K5+0,05 mL 0.1 M Ti(Ill)). a) 10 mL 0.2 M HAc+0.05 mL 12 M HCL b) a+0.1 mL
reaction mixture (given above). ¢) b+0.1 mL1x107> M Ti(IV). d) c+0.1 mL 1x 107> M Ti(IV).
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Table 1
Determination of vitamin K3 in clinical injection solution using two different methods
(labelled amount=0.02g/2 mL)

Method No. determinations Vitamin K (g/2 mL; X+ts/v/N)
Present 0.020

Indirect method 5 0.019+£0.001

Direct method 5 0.019+0.001

t, 90% confidence interval.

In order to establish the waiting period for the reaction to complete,
45, 35, 25,15,10 and 5 min of waiting time have been investigated in a
solution containing 1x1073M vitamin K5 and 2.5x1073M Ti(Ill) in a
reaction cell. Each time for each solution 3 polarograms were taken and
it was found that 5 min of waiting period was sufficient. Using the
above given optimum conditions, the limit of quantification was
2x107% M and the detection limit was 7x10”7 M (signal-to-noise
ratio, S/N=3).

3.6. Effect of amalgam

In polarograms taken after the reaction of vitamin K3 and Ti(Ill) a peak
at about -0.94V which belongs to zinc(Il) ion was observed. Ti(Ill)
solutions had to wait in zinc-mercury amalgam to protect it from its
oxidation by air. The zinc ions are formed from the HCl acid in Ti(III)
solution, and also during the reduction of Ti(IV) into Ti(Ill) solution.
Although there was no problem with a small zinc peak, large zinc peak
showed overlap with Ti(IV). Thus conditions have to be found so that zinc
peak will not be too large. It was observed that with a thick mercury layer,
zinc peak was small, but in this case the Ti(IV) formed in Ti(Ill) solution
could be reduced in a long time such as 55-60 min. In order to reduce the
time for reduction, zinc granules (not amalgam) have been added into
titan (IIT) solution while nitrogen was passing. In this case the reduction of
Ti(IV) was only 5-6 min but as expected zinc peak was very large. When
for amalgamation 0.2 M Hg (I) chloride was used so that the mercury film
was thinner, the time for reduction was about 8-10 min and zinc peak
was smaller as can be seen in Fig. 3. In vitamin K5 determinations the thin
film prepared with Hg (I) chloride was preferably used.

3.7. Standardization procedure

Vitamin K3, which has to be standardized, is prepared and oxidized
as given in Section 2.2.1. The sulfite present is purged out after
addition of acid (about 0.002 M) and passing nitrogen. A known
amount of Ti(Ill) is added, the reaction medium is mixed by passing
nitrogen. After 5 min of waiting period a small aliquot of this solution
is taken and added into the polarographic cell containing 0.2 M acetic
acid and 0.06 M HCL. The quantity of Ti(IV) formed is determined by
standard additions. The concentration of vitamin K5 can be calculated
from the stochiometric relation.

3.8. Application to real sample using indirect method

Vitamin K3 sample obtained from the market (clinical injection
solution) contains according to the formula 0.020 g of vitamin in each
2 mL sample. A 6 ml solution of 10->M vitamin Kj is taken, oxygen is
passed through about 10 min to oxidize vitamin and sulfite pres-
ent, then 2 ml from this solution is taken and nitrogen is passed about
10-20 min so that oxygen was purged out. To this solution 0.05 ml
0.1M Ti(Ill) (kept in the presence of amalgam) is added and nitrogen
gas was passed for about 5 min to complete the reaction. From this
solution 0.1 ml is taken and it is added into the polarographic cell
containing 10 mL 0.2 M HAc and 0.06 M HCL. Vitamin K3 concentration
has been calculated indirectly from Ti(IV) formed. For five separately
prepared samples the result found was 0.019+0.001 g/2 mL with a 95%

confidence interval (Table 1). As can be seen there was a good
agreement with the quantity given on the label.

3.9. Direct determination of vitamin K3 in clinical injection solution

After the accurate determination of concentration of vitamin K;
using the above given method, this solution can be used as a reference
standard and direct determination of vitamin can be made for
unknown concentration of vitamin Ks.

Direct determination method has been applied for Vitamin K3 in
the clinical injection solution which was used in Section 3.8. This time
after the same oxidation process of the unknown sample, a DPP
polarogram is taken in 0.2 M acetic acid. From the peak at -0.71 V the
quantity of vitamin K3 is calculated with standard additions using the
standardized solution of the vitamin prepared as given in Section 3.7.
The result found was 0.019+0.001 g/2 ml with a 95% confidence
interval. Thus it was in good agreement (Table 1) with the result
obtained using indirect method.

4. Conclusions

Two methods for the determination of vitamin Kz have been
developed. The limit of quantification (LOQ) was 1.5x10™° M and the
detection limit (signal-to-noise ratio, S/N=3) was 7x10"7 M. Direct
method could be used if a standard solution was available. In this case
the polarographic peak of the vitamin at -0.71 V had to be used and by
standard additions its quantity could be determined. On the other
hand if there was no standard solution available then the indirect
method had to be used. For this purpose standard Ti(Ill) solution has
to be added to unknown solution of vitamin K3 and the reaction
product of Ti(IV) has to be determined from its peak at —-0.82 V by
standard addition. From stochiometric relation between Ti(Ill) and
vitamin, the quantity will be calculated. With this method it was
possible to prepare standard vitamin K3 solution, and using this
solution the vitamin contents of unknowns could be determined
directly. Above mentioned direct method does not need any extraction
or separation procedure, it is simple, rapid, accurate and sensitive. The
results obtained in both methods are very reproducible since with the
use of dropping mercury electrode the electrode surface is always new
and the behavior of the electrode is independent of its past history.
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The key characteristics of multicopper oxidases are redox potentials of Type 1, Type 2 and Type 3 copper
centers of enzymes. However, there is still a challenge to obtain a value of the redox “signature” of the
enzymes. In this study, the electrochemical behavior of T1 and T2/T3 redox copper centers of bilirubin
oxidase (BOD) from the fungi Myrothecium verrucaria was studied based on direct bioelectrocatalysis. Two
distinct redox peaks corresponding to reduction and oxidation of T1 and T2/T3 redox centers of enzymes
have been clearly detected in anaerobic conditions. The bioelectrocatalytic activity of the enzyme was
studied in the presence of oxygen and redox mediators. The electron-transfer rate constant for BOD
immobilized on carbon electrode (CE) is 1.5 s~ . The mechanism of enzyme inactivation by ABTS has been
proposed. The physical architecture of BOD layers immobilized on the electrode surface, including elemental
and chemical composition, relative thickness and assembly of layers was investigated by Angle Resolved X-
ray photoelectron spectroscopy. Unique peaks of BOD at 288.5 eV and of CE at 284.6 eV were used in a
substrate over layer model for estimation of the thickness of the of BOD film on the carbon electrode surface.
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1. Introduction

Direct electrical communication between redox centers of an
enzyme and an electrode is a subject of interest for studying the kinetics
and the mechanism of biological redox processes as well as for practical
applications of bioelectrochemistry in the design and development of
microscale electrochemical biosensors, biomedical devices, and biofuel
cells [1-10]. For efficient operation of enzyme-based biofuel cells a
number of conditions must be satisfied. First, the enzymes should have
high catalytic activity, stability, and be inexpensive. Second, the process
of bioelectrocatalysis requires developing methodology of mediation
and enzyme immobilization for efficient electron transfer from the
enzyme to the electrode surface. Third, the open circuit potential of the
enzyme electrode must be close to the redox potential of enzymes itself
to give the maximum potential difference between the anode and
cathode. In this respect, the most attractive enzymes for biofuel cell
application are glucose oxidase for bioanode and bilirubin oxidase or
laccase for biocathode development [6-10].

The bilirubin oxidase (BOD) from Myrothecium verrucaria is a
monomeric enzyme with molecular mass of 66 kDa [11,12]. It has a
negative charge in neutral solution; the isoelectric point of the
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enzyme is 4.2 [13]. The active site of BOD consists of four copper ions
classified into Type 1 (T1), Type 2 (T2), and Type 3 (T3). The T1 copper
is connected to the trinuclear T2/T3 copper center by a His-Cys-His
tripeptide [11]. Type 1 provides long range intramolecular electron
transfer from electron-donating substrates to the trinuclear copper
center. The T2/T3 copper center plays a key role in the oxygen
reduction to water. BOD can operate at pH 5 and at neutral pH and is
not inhibited by chloride ions [14-16]. In addition to its native
substrate, bilirubin oxidase is able to oxidize organic and inorganic
substrates while catalyzing oxygen reduction to water. The reaction
mechanism of BOD has been studied intensively by spectroscopic
methods, such as EPR, magnetic circular dichroism and X-ray
absorption spectroscopy [11,12,17,18].

The key characteristics of BOD are the redox potentials of T1 and
T2/T3 copper centers of the enzyme [12,14-16,19,20-24]. The formal
redox potential of T1 was found to be 260 mV vs. Ag/AgCl at pH 5.3
[19], but other studies reported more positive potentials >400 mV vs.
Ag/AgCl at pH 7 [12,14-16,20-22,24]. The half-wave potential of
oxygen reduction at pH 7.4 was found to be +0.605 V vs. NHE [14].
Under anaerobic conditions, cyclic voltammograms obtained with
BOD-modified carbon electrodes did not show anodic and cathodic
peak currents related to the T2/T3 redox copper center of BOD
[14,24,25]. Recently, two ET processes, in the low and in the high
potential, 400 and 670 mV vs. NHE, respectively, were seen for BOD
from M. verrucaria at gold electrodes [22]. However, it is still a
challenge to determine the redox potential for T2/T3 redox center by
using conventional potentiometric-spectroscopic titration as a result
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of spectral overlap between mediators and proteins [26-28]. Measur-
ing redox states of BOD in anaerobic conditions is impossible because
the intermediate redox states are formed during the catalytic turnover
of the enzyme in the presence of oxygen only. The absorbance of many
mediators used for redox titration of the enzyme coincides with the
absorbance changes of the T2/T3 center during its redox transforma-
tion [18]. The complexity of multicopper redox enzymes has made it
difficult to fully understand the various electron-transfer events.
Therefore, the precise mechanism of enzymatic dioxygen reduction is
still not fully clarified.

The focus of this research is studying the electrochemical behavior
of BOD from M. verrucaria. Here we attempted to determine redox
potentials of both T1 and T2/T3 redox copper centers and to
understand the mechanism of intramolecular electron transfer
which occurs within BOD. The electrochemical behavior of BOD has
been studied by using the Protein Film Voltammetry (PFV) approach.
The concept and theory of PFV was described comprehensively [29-
33]. Since the redox centers of BOD are located deep within the
protein, direct heterogeneous electron transfer between the redox
centers of enzyme and the electrode is a challenge. Recently numerous
efforts have been made to reduce the electron tunneling distance by
using different promoters: layered polyion-protein films [34-36],
redox relay applications [6,16,37], and self-assembled monolayers
[38-40]. Significant breakthrough in this area of research has been
achieved by using carbon nanotubes (CNTs) and other electroconduc-
tive nanoparticles as promoters of direct bioelectrocatalysis [8,41-45].

carbon electrode

In this paper, to create ultrathin nanometer range BOD films we have
used two approaches: (1) layer-by-layer deposition and (2) co-
immobilization of BOD and carbon nanotubes followed by their
encapsulation into a Nafion film. Both approaches facilitate direct
electron transfer (DET) between redox centers of BOD and the carbon
electrode. The layer-by-layer technique provides a simple, fast, and
reproducible method of enzyme immobilization under mild condi-
tions [34-36]. The single-walled carbon nanotubes, which have a
small size, excellent chemical stability and a range of electrical
conductivity [41-45], have been used as conducting nanowires for
DET between the redox centers of BOD and the electrode surface. Fig. 1
presents a principle schematic of the mechanistic aspects of DET
electro-reduction of molecular oxygen catalyzed by BOD in contact
with CNT (Fig. 1a). The physical architecture of ultra thin BOD films,
including elemental and chemical composition, relative thickness and
assembly of layers, have been investigated in detail by Angle Resolved
X-ray photoelectron spectroscopy (ARXPS). ARXPS is a powerful
technique allowing estimation of the elemental and chemical
composition of the upper 10 nm of a surface and has been demon-
strated to be an effective tool to quantify protein immobilized or
adsorbed during enzyme immobilization [46]. The ARXPS has several
advantages, including surface sensitivity, a non-destructive nature,
and the ability to provide both elemental and chemical information
[47]. It has been widely used to study different types of multi layered
systems such as Langmuir Blodgett films and self-assembled mono-
layers [48].

carbon electrode E
d
mpdlﬂed Naflon layer

carbon electrode

Fig. 1. Schematic illustration of a direct electrical communication between redox centers of bilirubin oxidase and CNT modified electrode. The Nafion membrane acts as a binder to

hold the BOD/CNT on the electrode surface.
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2. Experimental
2.1. Reagents

Bilirubin oxidase (BOD) from M. verrucaria, bilirubin, 2,2-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), single-walled carbon
nanotubes (SWNTs), hydroquinone (HQ), bathocuproine disulfonate,
glutaraldehyde (GA), and polyethilenimine (PEI) were obtained from
Sigma (St. Louis, MO). Tetrabutylammonium bromide salt-treated
Nafion® was obtained from Professor Shelley Minteer from Saint Louis
University [64]. Other chemicals of analytical grade were obtained
from standard sources. All solutions were prepared with deionized
water.

2.2. Methods of BOD immobilization on a carbon electrode surface

2.2.1. Layer-by-layer approach

A multilayer architecture, which contains ordered layers of BOD,
was assembled by means of alternate electrostatic adsorption with
positively charged poly(ethylenimine) (PEI). The pH of the buffer
solution was set far apart from the isoelectric point of BOD so that the
enzyme was sufficiently negatively charged under the experimental
conditions. The first BOD/PEI layer was prepared similar as reported
for laccase electrode preparation [49]. Prior to coating, the surface of a
cleaned working carbon electrode was activated by 10% glutaralde-
hyde for 1 h. The adsorbed glutaraldehyde molecules were used for
creating a stable first monolayer of BOD molecules by their lateral
cross-linking. After extensive washing and drying of the glutaralde-
hyde modified carbon surface, 10 pl of the BOD solution (10 mg/ml)
were applied to the surface of carbon working electrode, and the
electrode was incubated for 45 min at room temperature. To remove
unbound enzyme, the working electrode was washed three times with
phosphate buffer (pH 7.0). Then 10 pl of 0.1% PEI solution were applied
to the electrode surface for 45 min and the electrode was washed
three times with phosphate buffer. The PEI forms a positively charged
electrostatic layer on the negatively charged pre-adsorbed BOD layer.
The PEI/BOD/C modified electrode was regarded as one layer of
multilayer films modified carbon electrode (step one). The additional
layers of multilayer films modified carbon electrode were assembled
by repeating the process of step 1 (n-1) times. This method of enzyme
immobilization forms large three-dimensional multilayer structures
of BOD-PEI complexes which promotes the preservation of the
catalytic activity of immobilized BOD in solution and in the
dehydrated state.

A

>~
Y

d~10 nm

Detector

d~8.7 nm

2.2.2. Coimmobilization of BOD and carbon nanotubes by encapsulation
into a Nafion film

To prepare an ink of carbon nanotubes we have used commercially
available SWNTs. The SWNTs were dispersed in deionized water at a
final concentration of approximately 1 mg/ml. 0.1 ml of CNT
suspension were mixed with 2 mg BOD and sonicated for 5 min to
give stable BOD/CNT suspensions. BOD molecules were physically
adsorbed onto the surface of CNT during mixing to develop
homogeneous BOD/CNT ink (Fig. 1). 5 pl of BOD/CNT suspension
were spread on carbon electrode surface and allowed to dry at
ambient temperature for 60 min. Then 3 pl of 0.5% Tetrabutylammo-
nium bromide salt-treated Nafion solution [64] were spread on the
BOD/CNT/C electrode surface and allowed to evaporate in air for
10 min. The electrode was rinsed three times with water and soaked
for at least 30 min in 0.1 M phosphate buffer (pH 7.0) before use. The
mixture-casting of Nafion modified with quaternary ammonium
bromides increases the size of the pore structure and decreases pore
density [64]. The proton exchange Nafion membrane acts as an
insoluble solid polymer electrolyte and was used as a binder to hold
the BOD/CNT on the electrode surface (Fig. 1d).

2.3. The Angle Resolved X-ray photoelectron spectroscopy

ARXPS spectra were acquired by a Kratos AXIS Ultra photoelectron
spectrometer using a monochromatic Al Koo source operating at
300 W. The base pressure was 2x10™'° Torr, and operating pressure
was 2x107° Torr. Charge compensation was accomplished using low
energy electrons. Standard operating conditions for good charge
compensation are —-4.1 V bias voltage, -1.0 V filament voltage and a
filament current of 2.1 A. The BOD samples with 1, 2 and 3 layers that
have been assembled by a layer-by-layer approach are referred as 1L, 2L
and 3L through the manuscript. To eliminate contribution of the
underlying substrate into ARXPS sampling depth, reference spectra for
BOD and PEI were obtained from thick films (>5 pm) created by solvent
casting 0.2% solutions of BOD and PEI onto a glass slide. In addition, a
carbon electrode itself (CE), a carbon electrode activated by GA (CE+GA)
and a carbon electrode with individual layers of BOD (CE+BOD) and PEI
(CE+PEI) were analyzed as well. The reported ARXPS data represent
averages from 2-3 areas per sample on two different samples. The
survey of each area is done first, followed by the recording of high-
resolution spectra of C 1s,0 1sand N 1s for all the samples. The following
take-off angles (TOA) are selected for angle resolved studies (Fig. 2): 90°,
50°, 35° 25° and 15°. In ARXPS, changing the angle of the sample with
respect to the direction probed by the detector, the so-called take-off-

s

VA

Detector

,

d~5 nm

Fig. 2. The principle of Angle Resolved XPS analysis. By tilting the sample with respect to the detector the sampling depth decreases from approximately 10 nm for 90° to

approximately 5 nm at 30°.
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angles, one can vary the effective sampling depth. The approximate
depth sampled, d, is given by the equation:

d=3/sin 6, (1)

where 1 is the inelastic mean free path of the photoelectron and 6 is
the angle between the sample surface and the detector acceptance
direction. Thus at 6=90° the sample surface is perpendicular to the
line of acceptance of the analyzer, and d is the maximum sampling
depth of 34. As 6 is reduced then the sampling depth decreases as seen
in Fig. 2.

Linear background was used for elemental quantification of C 1s,
N 1s and O 1s spectra. Quantification utilized sensitivity factors
provided by the manufacturer. All the spectra were charge refer-
enced to the aliphatic carbon at 284.8 eV. Curve fitting was carried
out using individual peaks of constrained width, position and 70%
Gaussian/30% Lorentzian line shape. Relative thicknesses of indivi-
dual layers were calculated by using substrate/overlayer model in
Arctick [50].

2.4. Electrochemistry

Cyclic voltammetry (CV) was performed on an EG&G potentio-
stat-galvanostat (model 263A). The BOD modified and unmodified
carbon electrodes were used as indicator and counter electrodes,
respectively. The reference electrode was Ag/AgCl. In all experi-
ments a one-compartment electrochemical cell (volume 4 mL) was
used. The CVs of BOD electrodes were measured in the absence
(under anaerobic conditions) and in the presence (aerobic condi-
tions) of oxygen with a potential scan from negative to positive
potential and back to the original negative potential by changing
the applied potential from -0.2 V to 0.8 V vs. Ag/AgCl. At the start
of the experiments nitrogen or oxygen was bubbled through the
buffer solution for 40 min. All electrochemical experiments were
carried out at 20£0.5 °C. Data of cyclic voltammetry were used to
calculate the electron-transfer rate constant using the method of
Laviron [51]. The saturating concentration of oxygen was 1.2 mM.
1,4-hydroquinone, bilirubin and ABTS were used as models for
studying the kinetics and mechanism of mediated electron transfer.
The electrode potentials are given versus Ag/AgCl, 3M KCl reference
electrode.

2.4.1. Determination of BOD surface concentration

The surface coverage by BOD was determined by measuring the
Faradic charge (Q) using slow scan rate voltammetry, according to
[29]:

I =Q/nFA 2)

where I' is the surface concentration of BOD, Q is the charge
obtained from integration of the anodic peak, n is the number of
electrons per oxidation of BOD molecule, F is the Faraday con-
stant, and A is the electrode surface area in contact with the
electrolyte. This surface area was calculated using the capacitance
of the electrode obtained from cyclic voltammetry in a potential
region where no Faradic processes occur. In order to elucidate the
surface area the specific capacitance for carbon material was
determined to be 20 pF/cm?. The capacitance of carbon electrodes
has been determined by using Mott-Schottky plots at fixed fre-
quency [65-67]. To measure the impedance, a software EIS 300
and Reference 600 Potentiostat/Galvanostat/ZRA from Gamry
Instruments Co have been used. Electrochemical impedance was
measured by applying an AC potential to an electrochemical cell
and measuring the current through the cell. The response to this
potential is an AC current signal that was analyzed as a sum of
sinusoidal functions (a Fourier series).

3. Results and discussions

3.1. Studying the physical architecture of ultrathin PEI/BOD films on the
electrode surface by ARXPS spectroscopy

The physical architecture of ultra thin BOD films, including
elemental and chemical composition, layer-by-layer assembly and
relative thickness of adsorbed layers, was investigated by Angle
Resolved X-ray photoelectron spectroscopy [46-48].

Table 1 shows the elemental composition and deconvolution curve
fit results for high-resolution C 1s spectra for 90° and 15° TOA for all
samples.

As reference samples we have used an unmodified carbon
electrode and thick films from pure BOD and PEIL No data for 15°
TOA are shown for reference samples, as they are statistically the same
as for 90°. The carbon electrode itself (CE) has 20% of oxygen and a
variety of C-C and C-0 species. Importantly, its composition does not
change with depth indicating that there is no hydrocarbon or any
other contamination at the surface and oxygen is a part of the
electrode surface itself, rather than contamination. The carbon
electrode surface, which has been preliminary activated by glutar-
aldehyde (CE+GA), does not show any changes in elemental
composition, but shows an enrichment of unsaturated carbons and a
slight enrichment in oxygen at the top surface of the electrode. This
fact indicates adsorption of glutaraldehyde molecules on the carbon
surface. A typical high-resolution C 1s spectrum of the unmodified
carbon electrode, pure PEI and BOD, and 2L layer-by-layer samples are
presented in Fig. 3.

Carbon from the electrode has a unique peak at 284.6 eV. A pure
BOD has a unique peak at 288.5 eV in the C 1s high-resolution
spectrum due to the presence of COOH/N-C=0 types of species,
while pure PEI has a single type of carbon detected due to C-NH at
285.5 eV (Table 1). Pure BOD has significant amounts of oxygen and 6%
of nitrogen, while PEI has 28% of nitrogen and the rest (72%) is carbon.

ARXPS analysis of a PEI layer deposited on a carbon electrode
surface (CE+PEI) shows a slight increase of nitrogen, while the
distribution of C species almost does not change with depth. A unique
peak at 287.5 eV is observed for CE+PEI sample, which might be the
result of an interaction between amino groups of PEI and aldehyde
groups at the carbon surface. Enrichment of this type of species at
deeper depth compared to shallower depths confirms that this might
be a representation of an interaction between the CE+GA and PEI. For
a BOD layer deposited on carbon electrode surface (CE+BOD) a unique
significant peak at 288.5 eV for BOD is observed, in addition to large

Table 1
XPS quantitative results

Elemental, % C 1s deconvolution, %
Cls O1s N1s 2846 2852 2864 2875 2885
(=C C-C,C*CO0 C-N C-0 N-C=0, COOH

BOD 90 633 309 59 - 23.8 253 - 14.2
PEI 90 722 - 278 - 722 = = =
CE 90 778 222 - 411 233 121 - 13
CE+GA90 778 222 - 486 120 149 - 2.3
CE+GA15 760 240 - 602 75 83 - =
CE+PEI90 748 221 31 405 223 81 39 =
CE+PEI15 728 254 19 420 247 48 12 =
CE+BOD 90 63.3 305 62 169 217 162 - 8.6
CE+BOD 15 669 281 50 227 252 122 - 6.9
1L 90 726 259 15 416 200 50 00 6.0
1L 15 789 196 15 514 202 31 13 2.9
2L 90 664 301 35 320 187 84 15 5.8
2L 15 724 248 28 387 234 51 26 2.5
3L 90 744 207 50 443 180 79 15 2.8
3L15 818 153 3.0 469 249 64 13 23

Elemental % and C 1s deconvolution.
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Fig. 3. XPS spectra of carbon electrode (CE), soluble pure polyethilenimine (PEI), soluble
pure bilirubin oxidase (BOD) and BOD/PEI 2 bi-layered sample.

peak at 284.6 eV for CE. Each of the components of the layer-by-layer
samples, thus, has a unique peak within C 1s XPS spectra which can be
used to distinguish between individual layers on electrode surface.
However, intermolecular interactions between polymer and an
enzyme in layer-by-layer samples may slightly shift the position of
these unique peaks.

For layer-by-layer samples (1L, 2L, 3L), an increase of the nitrogen
percentage (%N) with an increase of number of bi-layers manifests the
layer growth. The amount of %N in layered samples is much smaller
than that for reference pure samples of PEI and BOD, indicative of
ultrathin monolayer formation. High-resolution C 1s spectra for layer-
by-layer samples have a substantial peak at 288.5 eV coming from
BOD, which is larger for deeper sampling depths for all samples,
confirming BOD as being a first deposited layer for all samples. This
peak is decreased with increase of the number of BOD/PEI bi-layers.
This decrease may be caused by expected attenuation of the signal
from BOD by the top PEI layer, but also by a chemical shift of unique
peak of BOD due to interaction between PEI and BOD. An increase of %
N with the number of layers suggests that this decrease in the peak at
288.5 eV is mainly due to an increasing PEI contribution into the layer-
by-layer samples.

All layer-by-layered samples have the same unique peak that is
only present in CE+PEI sample, which we have attributed above to an
interaction between the CE+GA and PEI mainly. Based on the above
discussion, we assume that this interaction component dominates
possible insignificant contribution from a chemical shift in peak at
288.5 eV due to an interaction between BOD and PEI. Existence of this
peak, thus, for layer-by-layer samples, indicates non-uniform coverage
of BOD on, a probably, really rough carbon electrode surface. It may
indicate that part of the CE surface is coming in contact with the PEI
layer, which interacts with aldehyde groups directly on the CE surface.
Interestingly, for the 1L sample, this peak is absent at 90° TOA
indicating that we only detect BOD on CE for this depth, and it
contributes ~1.5% of N. The presence of this peak at shallower depths
for the 1L sample confirms an ultrathin layer of PEI on top of BOD and,
possibly, an interaction of PEI with the carbon electrode. This
component is more significant for the 2L sample, while it diminishes
for 3L, indicating that the entire CE is now being covered by the
previously deposited BOD/PEI layers. Thus, ARXPS data confirm the
formation of ultrathin layer-by-layer architectures, where BOD is the
first and PEI is the second part of a bi-layered structure. Importantly,

layers are not discrete, but rather some intermixing of layers occurs.
Unique peaks of BOD at 288.5 eV and of CE at 284.6 eV were used in a
substrate overlayer model for estimation of the relative thickness of
the 1st layer of BOD on the carbon electrode surface. At the same time,
there is a challenge to estimate the PEI thickness on BOD using the
same approach. Even though PEI has a unique peak at 285.4 eV, both
BOD and CE also contribute to this part of the C 1s spectrum. The peak
at 287.5 eV, being a unique peak due to an interaction component,
may be used in attempt to get relative values of PEI thickness on BOD.
The values of thicknesses of BOD and PEI obtained can only be used for
relative comparison between samples. The thicknesses of layers
calculated via the substrate/overlayer model using the 288.5 eV
peak for BOD, the 284.6 eV peak for CE and the 287.5 eV peak for PEI
are shown in Table 2.

The thickness of each individual BOD/PEI by-layer is on the same
order of magnitude as a few macromolecular layers, ie. in the
nanometer range. The thickness of BOD on CE increases ~2-fold from
1 to 2-layered sample. However, the 3-layered sample does not show
the expected increase in BOD thickness, most probably due to partial
interpenetration of neighboring BOD and PEI layers. The reason of that
is the BOD and PEI layers are not discrete, but rather some intermixing
of layer occurs. The rough surface of the carbon electrode probably
promotes a mixing of neighboring layers. Interestingly, the same is
observed when relative thicknesses on PEI on BOD are calculated for
the peak at 287.5 eV. Thus, the obtained architectures for 1L and 2L
samples are ordered with some degree of intermixing and stable due
to the strong electrostatic attraction between the successive polyion
and protein layers, while for samples with more layers, a large degree
of intermixing and loss of order is observed.

3.2. Direct electrochemistry of bilirubin oxidase at carbon electrode
surface

The electrochemical studies of PEI/BOD films (Fig. 4a) formed on
the surface of a carbon electrode by layer-by-layer technique have
demonstrated that only the first two layers of immobilized BOD are
electroactive with sets of anodic and cathodic peaks corresponding to
redox centers of BOD in the potential areas between 0 and 600 mV.

Considering that the electrochemically accessible surface area of the
carbon electrode is 0.02 cm?, the surface concentration of electroactive
BOD in terms of DET is 3.2x 10 '° mol/cm?, and the total amount of BOD
immobilized on the electrode surface is 3.5x10"® mol/cm?, we have
determined that only a negligible part (1%-2%) of the immobilized BOD
molecules (as a first monolayer on the electrode surface) participates in
direct electrical communication with the electrode. This means that
mediatorless electrical communication between the redox centers of
BOD and the electrode takes place mainly through a direct physical
contact of enzyme molecules with the electrode surface. A similar
conclusion was made by Lim et al. [62]. The ARXPS data have shown that
the BOD and PEI layers adsorbed on the electrode surface are not
discrete, but rather some intermixing of layer occurs. A partial
interpenetration of neighboring BOD and PEI layers probably facilitates
electron-transfer communication between redox copper centers of the
enzyme and electrode surface because PEI has a high binding affinity
towards a negatively charged carbon surface and BOD molecules and a
high electron-donating capability [29,49,52-54]. According to [52-54],
the electron-donating ability of PEI mainly depends on the number of
amino groups adsorbed on the electrode surface. About 25% of the

Table 2
Overall relative thickness of BOD and PEI layers determined from overlayer model

BOD thickness on CE, nm PEI thickness on BOD, 287.5, nm

L1 0.13 0.26
L2 0.30 0.74
L3 0.21 0.35
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Fig. 4. a. Cyclic voltammograms of bilirubin oxidase from the fungi Myrothecium verrucaria immobilized on carbon electrode in 0.1 M acetate buffer (pH 4.9) under anaerobic
conditions. The number of BOD/PEI layers increases from 1 to 3. b. Cyclic voltammograms of Myrothecium verrucaria bilirubin oxidase immobilized on the carbon electrode in 0.1 M
acetate buffer (pH 4.9) under anaerobic (2) and aerobic (3) conditions. 1 — PEI/C electrode; 2 — and 3 — PEI/BOD/C electrodes; scan rate 10 mV/s.

amino groups of PEI are primary and about 50% are secondary, and each
amino group contributes 0.04 electrons [54]. Considering all these facts
together, we suppose that one of the possible ways of intramolecular
electron transfer might be electron flow from redox centers of BOD to
the electrode surface through the amino groups of PEI and protein
molecules adsorbed directly on the electrode surface.

Fig. 4b curve 2 presents a voltammorgam of a BOD-modified
electrode with two distinct redox peaks corresponding to reduction
and oxidation of the first and second redox centers of BOD in anaerobic
and aerobic conditions. We assume that the formal potential of +418 mV
vs. Ag/AgCl belongs to T1 copper center of BOD. This value of redox
potential is in good agreement with data obtained by other authors for
the T1 copper center of BOD [14,19,22,24,25]. The anodic and cathodic
peaks corresponding to the T1 copper center are clearly observed at pH
4.9 (Fig. 4b curve 2), but less distinct at neutral pH (Fig. 5a). Since the
redox centers of BOD occupy only a small part of the enzyme
macromolecule, the increasing pH of the solution may affect the bond
lengths between the coordinating copper atoms and histidine residues
and the architecture of other ligand groups [55]. As a result, the Kinetics
of electrical communication between the T1 copper centers and the
electrode is slowing down, and anodic and cathodic current peaks

a
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-1500 -

become less defined. Interestingly, an analogous tendency, i.e. weaken-
ing of signal intensity related to the T1 copper center, has been also
observed by authors [17] during studies of pH dependencies of electron
paramagnetic resonance (EPR) spectra of BOD. Both the T1 and T2
copper signals were fully observed at pH 5.3, but signal intensity of the
T1 copper became weaker with an increase of solution pH. The CV of
BOD film in potential area between 0.0 V and 0.3 V (Fig. 4b) has strongly
asymmetric anodic and cathodic peak shapes. The reduction peak
current was significantly higher then the oxidation. Since bilirubin
oxidase is a multicenter enzyme, intermediate redox states are expected
[11]. Therefore, we assume that the pair of redox anodic and cathodic
peaks in potential area between 0.0 V and 0.3 V belongs probably to the
process of direct electrical communication between the T2/T3 redox
copper center of BOD and the electrode (Fig. 4b curve 2). By using
Laviron plot [51], we have calculated electron-transfer rate constant for
BOD. It is 1.5 5™, which is close to ET rate constant of laccase [49].
That BOD can undergo non-catalytic direct electron transfer between
enzyme and electrode and retain its catalytic activity has been confirmed
by the study of bioelectrocatalytic activity of BOD on the electrode
surface in the presence of oxygen only and in the presence of both oxygen
and ABTS as a redox mediator (Figs. 4b, 5a, and 6b). As seen in Fig. 4b

200

250

Fig. 5. a. Cyclic voltammograms of the PEI/BOD/C electrode in 0.1 M phosphate buffer, (pH 6.8) under anaerobic (1) and aerobic (2) conditions. Scan rate 10 mV/s. b. Cyclic
voltammograms of the PEI/BOD/C electrode in 0.1 M acetate buffer, (pH 4.9) under anaerobic conditions. 1 — in the absence and 2 — in the presence of 2.0 mM bathocuproine

disulfonate; scan rate 10 mV/s.
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Fig. 6. a. Cyclic voltammograms of the Nafion/BOD/SWNTs/C modified electrode in 0.1 M phosphate buffer, (pH 6.8) under aerobic conditions. Bilirubin: 1 — 0; 2 — 5 pM; 3 — 40 pM; Scan
rate: 20 mV/s. b. Cyclic voltammograms of the Nafion/BOD/SWNTs/TP modified electrode in 0.1 M phosphate buffer, (pH 6.8) under anaerobic (2) and aerobic (3) conditions.1 —TP; 2 — and

3 — Nafion/BOD/SWNTs/TP.

curve 1, the process of a non-catalytic oxygen reduction on a carbon
electrode in the absence of BOD is beginning at a potential lower than
-150 mV vs. Ag/AgCl. However, in the presence of bilirubin oxidase the
bioelectrocatalytic process of oxygen reduction starts at a much more
positive potential (+460 mV), which is close to the redox potential of T1
copper centers of BOD. This fact indicates that the T1 copper center is the
primary electron acceptor from the electron donor substrate followed by
electron transfer to the trinuclear T2/T3 copper center [11,14,25,26]. In
the presence of oxygen, anodic and cathodic peaks are transformed to
catalytic sigmoidal waves (Figs. 4b curve3 and 5a curve 2). The half-wave
potential of oxygen reduction (E=+155 mV) is comparable to the values
obtained by authors [14,25] at pyrolytic and spectrographic graphites.
Thus, the potential area between 0.0 V and +0.4 V can be considered
related to the oxygen-reducing site of the T2/T3 copper center. This is also
supported by voltammograms in the presence of bathocuproine
disulfonate (BCS) in anaerobic conditions (Fig. 5b).

The BCS is a chelating agent that creates strong and specific
cuprous-bathocuproine sulfonate complex (BCS),Cu(l) exclusively
with the T2 copper ion located in trinuclear redox copper center of
multicopper oxidases [56,57]. The BCS is widely used also for
quantitative determination of Cu(I) in different samples [58]. As
shown in Fig. 5b curve 2, in the presence of BCS in 0.1 M phosphate
buffer solution, pH 6.8, the anodic and cathodic peaks in potential
areas related to the T2/T3 copper center (from —50 mV to 400 mV vs.
Ag/AgCl) have completely disappeared. At the same time, the anodic
peak related to the T1 copper center (potential area between 0.4 V and
0.6 V) just has shifted to the more positive potential area from
+450 mV to +560 mV and a current of the peak is increased in more
than three times (Fig. 5b curve 2). Electron paramagnetic resonance
analysis of the native and copper-depleted fungal laccase [56,57] has
shown that BCS chelating agent creates strong and very specific
complex with T2 copper ion of trinuclear copper center of laccase. As a
result of that, the T2 copper ion is completely removed from a redox
copper center of enzyme. The spectral characteristics of the copper-
depleted enzyme indicate that T1 copper center appears unchanged
[56]. Based on EPR and resonance Raman spectroscopy [59], it was
concluded that the removal of T2 copper as a result of complex
formation (BCS),Cu(I) is accompanied by structural changes of the
enzyme that affect the type-1 copper site. In fact, the analogous events
we have seen for bilirubin oxidase in the presence of BCS (Fig. 5b) are:
a) disappearance of the anodic and cathodic peaks related to the T2/T3
copper center in potential areas between -50 mV and 400 mV and b)
changes in position of the anodic peak of the T1 copper center from
+470 mV to +560 mV probably as a result of structural changes of BOD.
Thus, the electrochemical analysis of the redox copper centers of BOD

by using bathocuproine disulfonate as a specific chelating agent for
the T2 copper center has confirmed that the potential area between
0.0 V and +0.4 V belongs to the oxygen-reducing site of the trinuclear
copper center of the enzyme.

A significant breakthrough in the area of DET has been achieved by
using carbon nanotubes (CNTs) as promoters of direct bioelectrocata-
lysis [8,41-45,60-62]. They are excellent conducting “nanowires”
between the redox centers of an enzyme and the electrode surface.
The assembly of SWNT/protein films provides a general way towards a
design of nanostructured bio-functional surfaces in a highly controllable
and robust manner [41-45]. Here, we have investigated the electro-
chemical behavior of BOD encapsulated in nanostructured carbon
nanotube/Nafion composite electrodes. An electrical contact between
the redox center of BOD and the carbon electrode is provided through
the single-walled carbon nanotubes located on the electrode surface
(Fig. 1). Fig. 6a shows the cyclic voltammograms of a Nafion/BOD/
SWNTs/C modified electrode in 0.1 M phosphate buffer (pH 6.8) in
aerobic conditions. The pair of nearly symmetric redox anodic and
cathodic peaks related to the process of direct electrical communication
between the T2/T3 redox copper center of BOD and the electrode was
observed in potential area between 0.0 V and 0.1 V (Fig. 6a curve 1).
However, the anodic and cathodic redox peaks related to the T1 copper
center are not observed in both anaerobic and aerobic conditions.
Interesting data have been obtained in the presence of different
concentrations of bilirubin (Fig. 6a). The Al, in potential area between
0.0V and 0.1 Vincreased with increasing concentration of bilirubin. The
anodic peak (E=+474 mV) related to the process of the electron
exchange between the electrode and the electroactive T1 redox copper
center of BOD appeared in the presence of 40 uM bilirubin and higher in
0.1 M phosphate buffer (pH 6.8) (Fig. 6a curve 3).

This value is close to the potential of the anodic peak (+420 mV)
obtained with PEI/BOD/C modified electrode.

In order to increase the amount of SWNTs on the electrode surface,
we have used Toray carbon paper (TP) as a matrix with a highly porous
three-dimensional network. The tetrabutylammonium bromide salt-
treated Nafion have been used as a SWNTs and BOD binder [64]. The
study of the bioelectrocatalytic activity of Nafion/BOD/SWNTs/TP
electrodes in aerobic conditions has shown that the process of oxygen
reduction starts at +460 mV vs. Ag/AgCl (Fig. 6b curve 3). It agrees well
with the data reported by other authors [24,60-62]. This onset potential
is 60 mV more positive in comparison to that of the oxygen reduction for
the PEI/BOD/C electrode. The incorporation of the ink of BOD/SWNTs
into the pores of TP results in a highly porous three-dimensional
network with dramatically increased electrode surface area (two orders
of magnitude) and provides efficient oxygen reduction at the electrode
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Fig. 7. a. Cyclic voltammograms of 0.18 mM ABTS in 0.1 M phosphate buffer, (pH 6.8) under aerobic conditions. 1 — PEI/C electrode; 2 — PEI/BOD/C electrode; scan rate 20 mV/s. Inset:
calibration curve for ABTS using PEI/BOD/C electrode. The measurements were conducted in 0.1 M phosphate buffer, (pH 6.8). Applied potential is 0.0 V vs. Ag/AgCl; b. Cyclic
voltammograms of PEI/BOD/C electrode in 0.1 M phosphate buffer, (pH 6.8) under aerobic conditions. Scan rate 10 mV/s. 1 — after BOD inactivation by 80 uM ABTS; 2-4 CVs of the
same electrode in fresh buffer after washing steps; 5 — BOD active. Inset: amperometric responses of PEI/BOD/C electrode; 1-enzyme inactivated; 2-after enzyme reactivation;

applied potential is 0.0 V vs. Ag/AgCl.

surface. Double layer capacitance of the SWNT-modified carbon
electrode is substantially higher from that of the blank (unmodified)
carbon electrode (Fig. 6b, curves 1 and 2). This attests to the substantial
increase in the electrochemically accessible surface are of the SWNT-
modified electrode.

In separate experiments we have investigated the catalytic activity of
BOD in the presence of redox mediators (ABTS and 1,4-hydroquinone
(HQ)). Fig. 7a shows the voltammograms of 0.18 mM ABTS at the PEI/C
and BOD/PEI/C electrode in aerobic conditions. As demonstrated in Fig. 7a
curve 2, the BOD/PEI/C modified electrode shows a good catalytic current
toward oxygen reduction in a 20 mM phosphate buffer solution (pH 6.8)
containing 0.18 mM ABTS as an electron-transfer mediator. The
biocatalytic process of oxygen reduction in the presence of ABTS has
started at a potential of +550 mV (Fig. 7a curve 2). The onset of non-
biocatalytic oxygen reduction was observed at around —150 mV (Fig. 4b,
curve 1). It indicates that soluble ABTS molecules, as an electron relay,
markedly shifted the onset potential to a more positive potential area
(+550 mV) and enhanced the electrocatalytic cathodic current signifi-
cantly. However, we found that as a result of consecutive injections of
gradually increasing concentrations of ABTS in 0.1 M phosphate buffer
(pH 6.8), the rate of electron transfer and catalytic activity of immobilized
BOD drastically decreased (Fig. 7b, inset). In fact, the current response of
the BOD-modified electrode in the presence of 80 uM ABTS approached
zero (Fig. 7b, inset curve 1). Instability and fast deactivation of the enzyme
in the presence of ABTS was also reported by other authors [63]. We have
established that the process of inactivation and reactivation of BOD by
ABTS is reversible (Fig. 7b, inset curve 2). After washing the electrode
several times, the shape of the voltammograms of BOD are completely
restored (Fig. 7b curves 2-5). It is interesting to note that the shape of the
voltammogram of inactivated BOD (Fig. 7b curve 1) is not the same as the
one in the case of inactivated laccase [49]. Anodic current peaks of laccase
inactivated by 1,4-hydroquinone are increased up to a factor of 8 in
potential areas related to both T2/T3 and T1 redox copper centers
simultaneously [49]. In the case of BOD inactivated by a high
concentration of ABTS, the anodic current peak is increased in the
potential area related to the T1 copper center only (Fig. 7b curve 1). It is
important also to underline that unlike laccase, bilirubin oxidase is not
inhibited by 1,4-hydroquinone in buffer solution (data not shown). Using
an Eadie-Hofstee plot, we have calculated that the apparent K;;, and Vi,ax
for BOD for 1,4-hydroquinone in 0.1 M phosphate buffer (pH 6.8) is
0.91 mM and 51.6 nA/s, consequently. This indicates that the affinity of
the BOD redox copper center to hydroquinone is much lower than in the
case of laccase [49].

4. Conclusions

This paper, for the first time, demonstrates important capabilities
of Angle Resolved X-ray photoelectron spectroscopy for detailed
analysis of the physical architecture of ultra thin layer-by-layer
deposited films. Unique peaks within C 1s XPS spectra for each
component of layer-by-layer assemblies have been used to distinguish
individual layers on the electrode surface between each other. Angle-
resolved XPS was used to follow ultrathin layer-by-layer formation.
The layers are not discrete, but rather some intermixing of layer
occurs. The thickness of each individual BOD/PEI bi-layer determined
through the overlayer model is of the same order of magnitude than a
few macromolecular layers, i.e. in the nanometer range.

The electrochemical studies of PEI/BOD films have demonstrated
that mediatorless electrical communication between the redox centers
of BOD and the electrode took place mainly through a direct physical
contact of enzyme molecules with an electrode surface. The analysis of
the redox copper centers of BOD in the presence of a chelating agent
specific for T2 copper center only has shown that a potential area
between 0.0 V and +0.4 V belongs to the oxygen-reducing site of the
trinuclear copper center of the enzyme. Obviously, in order to
discriminate individual redox potentials of T2 and T3 redox centers
from each other, additional studies with bathocuproine disulfonate
reagent should be done. The nature of the microenvironment, pH, and
the method of enzyme immobilization have contributed to the values
and position of anodic and cathodic peaks of the T1 and T2/T3 redox
centers of bilirubin oxidase. This is mainly due to non-covalent binding
of copper ions in the active site of BOD and the fact that redox centers of
BOD occupy only a small part of the enzyme molecule [11,19,55].

We assume that the mechanism of inactivation of BOD in the
presence of ABTS seems to be the same as in case for laccase inactivation
by hydroquinone molecules [49]. According to the accepted hopping
intramolecular ET mechanism of oxygen reduction for BOD [11,14,18,20],
the T1 is the primary mononuclear copper center which accepts
electrons from ABTS, and then electrons shuttle to the T2/T3 redox
copper center. The fully reduced trinuclear copper center reacts with
dioxygen. However, at high concentration of ABTS part of ABTS molecules
can probably reach the trinuclear T2/T3 copper center directly followed
by electron transfer to the trinuclear cluster, thus avoiding a cysteine-
histidine pathway. In this case the intramolecular hopping ET is switched
to a non-hopping ET mechanism which blocks oxygen reduction.

We have demonstrated that SWNTs play an active role in DET
between the active site of BOD and the electrode surface. The BOD/CNT/
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Cmodified electrode provides an efficient electro-reduction of oxygen to
water at a potential +460 mV vs. Ag/AgCl, which is close to the potential
of the reversible 0O,/H,0 half-cell [ 16,22,37]. The combination of SWNTs
with BOD provides an excellent opportunity for design and development
of new generations of microscale membrane-less biofuel cells.
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A universal, site-addressable DNA linking strategy is deployed for the programmable assembly of
multifunctional, long-lasting redox protein nanoelectronic devices. This addressable linker, the first
incorporated into a redox enzyme-nanoelectronic system, promotes versatility and renewability by allowing
the reconfiguration and replacement of enzymes at will. The linker is transferable to all redox proteins due to
the simple conjugation chemistry involved. The efficacy of this linking strategy is assessed using two model
enzymes, glucose oxidase (GOx) and alcohol dehydrogenase (ADH), self-assembled onto separate
nanoelectrode regions comprised of a highly ordered carbon nanotube (CNT) array. The sequence-specificity
of DNA hybridization provides the means of encoding spatial address to the self-assembling process that
conjugates enzymes tagged with single-stranded DNA (ssDNA) to the tips of designated CNTs functionalized
with the complementary strands. In this study, we demonstrate the feasibility of multiplexed, scalable,
reconfigurable and renewable transduction of redox protein signals by virtue of DNA addressing.
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1. Introduction

Though the subject of bioelectronics has been pursued for decades,
interest in the field has redoubled since the arrival of nanomaterials
such as CNTs that have been shown not only to be a superb passive
electrical conduit but also to promote electron transfer from enzymes
[1-6]. For all that the technology has advanced in recent years, the
resulting devices have often been discrete and singular in function and
are only useful over a very short lifespan [7,8]. Methods that would
enable integration and scalability to multifunctional devices have
been the missing link that is critical for the evolution of more
sophisticated nanoelectronic circuit platforms. Moreover, the depen-
dence of bioelectronic devices on biomolecules as fragile as redox
enzymes demands that an additional challenge be addressed -
facilitated protein detachment and replacement - to extend the
lifetime of these devices. Enzymes immobilized on an electrode retain
their activity typically for periods on the order of only days to weeks
[7,8]. After that time the device loses its activity and would have to be
discarded unless the denatured protein can be replaced with fresh
enzymes. To remove protein that is covalently bound to a CNT
electrode typically requires an aggressive acid washing procedure that
not only leaves protein residue and dislodged redox cofactors that can
cloud future measurements, but also degrades the underlying

* Corresponding author. Tel.: +1 4018633010; fax: +1 4018639107.
E-mail address: gary_withey@brown.edu (G.D. Withey).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.05.004

electrode surface itself [9]. An alternate, more reversible means of
protein immobilization must be developed in order to make these
devices truly reusable. There have been many studies involving
synthetic DNA oligos used as molecular linkers to tether together
different molecules, nanoparticles and nanotubes [10-12]. In these
linking schemes, the components are tagged with complementary
DNA single strands, and hybridization of the strands joins the
components. The reversibility of DNA hybridization allows this link
to be broken without the harsh treatment necessary to break a
covalent bond; a functionalized nanoelectrode array chip that
incorporates DNA as a molecular link between the enzyme and the
electrode surface could be cleaned with a simple deionized water
(DIH,0) washing procedure or NaOH dehybridization wash [11]. The
most important role for the DNA link is enabling the simultaneous,
parallel, site-addressable binding of multiple different redox proteins
to designated nanoelectrode regions. In this linking scheme, oligos of
differing sequences provide distinct DNA ‘addresses’ to different
regions of a highly ordered template-grown CNT array nanoelectrode.
Details of the fabrication of this CNT array have been published
previously [13]. Enzymes labeled with the complementary ssDNA
tags will recognize their binding address and assemble to that
specific region. The result is a single bio-nanoelectronic array multi-
functionalized with several different redox enzymes that are capable
of real-time screening for multiple substances in parallel (Fig. 1a). Two
enzymes, GOx and ADH, were selected as model proteins in this study
to demonstrate the site-addressability and scalability enabled by
this approach. The resulting bio-nanoelectronic prototype device is a
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Fig. 1. (a) A multiplexed redox enzyme biosensor enabled by DNA-directed assembly (center). Individually electrically contacted sensing regions each produce a bioelectrocatalytic
current (right) that is indicative of the concentration of its respective substrate (e.g. glucose, ethanol). Left, a scanning electron micrograph of the highly ordered CNT array used in this

study (scale bar=100 nm). (b) SIAB as an enzyme-DNA crosslinker.

multiplexed biosensor for the real-time detection of glucose and
ethanol.

Redox protein biosensors electrochemically monitor the rate of
turnover of a redox reaction at an enzyme-linked electrode surface
in the presence of its substrate [7,8]. In the case of GOx, the FADH,
redox center is oxidized at +0.24 V, transferring two electrons to the
electrode under anaerobic conditions [14]. FAD is then reduced back to
FADH, by the oxidation of glucose to gluconate. The reaction will
continually turn over in the presence of glucose, and the rate of
turnover is directly related to the glucose concentration up to the
point of saturation. The anodic current measured through the
electrode is therefore a direct measure of the glucose concentration.
For the GOX-CNT system, this overpotential (+0.24 V from the -0.6 V
redox potential of free FAD) arises from the electron transfer barrier at
the GOx-CNT interface. Redox potentials as high as +0.65 V have been
reported for such systems [2,15,16]. Conversely, immobilization on
CNT nanoelectrodes has been demonstrated to promote substantial
negative shifts in the anodic peak potentials of dehydrogenases such
as ADH [17,18], and we have found that to be the case in this study
with an observed redox potential of 0.18 V vs. Ag/AgCl.

2. Materials and methods
2.1. Electrode construction

The electrodes used in this study were constructed using CNT array
samples as the working electrode surface. The CNT array is fabricated
by a two-step anodization of high purity aluminum foil (~99.999%,
ESPI) followed by CNT growth by a chemical vapor deposition (CVD)
process. The aluminum foil is first anodized in a 0.3 M oxalic acid
solution (Sigma) at 10 °C under a constant voltage of 40 V for 16 h
using an in-house built electrochemical cell consisting of a water-
jacketed beaker and graphite sheet electrodes, and a Sorensen power
supply (DCS80-13). This anodized layer of aluminum oxide is then
removed in a solution of 6% H3PO,4 and 1.8% CrOs (Sigma) at 60 °C. A

second anodization is carried out in a 0.3 M oxalic acid solution at
10 °C under a constant voltage of 40 V for 5 h, resulting in a highly
ordered, hexagonal array of parallel, vertically-oriented pores. A small
amount of cobalt catalyst (Sigma) is then electrochemically deposited
into the bottom of the template channels using a 100 Hz, 14 V AC
power supply (HP, 3310A and Kepco, BOP 100-4M) in a solution of 4%
H3PO4, 12% CoSO4 and 0.1% ascorbic acid (Sigma). The remaining
Al metal layer is removed by 1% HgCl, (Sigma). To grow CNTs from
the nanopores, the deposited catalyst is reduced by heating in a tube
CVD furnace (Tec-Vac Industries) at 630 °C for 4 h under a CO flow of
100 cm®>min~". The CO flow is then replaced by a mixture of 10%
acetylene in nitrogen gas at a flow rate of 100 cm>min! and is
maintained for 2 h at 650 °C. After CNT growth, the amorphous glassy
carbon layer on the surface is removed by reactive ion etching
(Trion Technology) using BCls (Sigma). CNTs were exposed from the
template pores by a length of 50 nm using a 6% H3POy4, 1.8% CrOs
chemical etch for 10 h at 25 °C to remove a layer of the anodized
aluminum oxide (AAO) template. Further detail of the CNT array
fabrication and post-fabrication processing has been published
previously by our group [13]. To provide an electrical contact to the
CNTs, a 100 nm gold layer was deposited onto the backside of the array
using an e-beam evaporator (Thermionics Laboratory). A gold wire
(0.127 mm, ESPI) was attached to this gold layer with silver paint (SPI
Supplies), and the wire was threaded through a glass tube (1.5 mm,
Sutter Instrument). The contact interface between the array and the
glass tube was sealed with hot glue (McMaster-Carr) to prevent
exposure of the bare gold layer, gold wire or silver paint to the
electrochemistry solutions.

2.2. Enzyme-DNA crosslinking

All oligonucleotides used in this study were synthesized by Proligo
(Sigma). The thiolated oligos seqA' and seqB' were adapted from
sequences proven to exhibit high hybridization efficiency [19]. GOx
from Aspergillus niger (Sigma) and ADH from Saccharomyces cerevisiae
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(Sigma) were dissolved in separate solutions of 50 mM, pH 8.3 sodium
borate buffer (Sigma) and 5 mM EDTA (Sigma) to final protein con-
centrations of 0.1 mg/ml each. SIAB (Pierce) was dissolved in DMSO
(Sigma) to make a 3.5 mM stock solution. 3 pl of SIAB stock was added
to 1 ml of each protein solution, and the mixtures were allowed to
react for 30 min at 25 °C. Two 1 ml Micro DispoDialyzers (Spectrum
Laboratories) with a molecular weight cut-off (MWCO) of 3.5 kDa
were conditioned using 50 mM sodium borate buffer, pH 8.3 for
30 min. The reaction mixtures were then transferred to the
DispoDialyzer tubing to remove excess SIAB by dialysis at 4 °C for
12 h against a borate buffer solution, changing the 500 ml dialysis bath
three times. The thiolated oligos seqA' and seqB' were then added to
the GOx and ADH reaction mixtures, respectively, to a final
concentration of 1 uM and allowed to react for 1 h at 25 °C in the
dark. To cap any unreacted iodoacetyl groups on the SIAB crosslinker,
cysteine (Pierce) was then added to the reaction mixtures to a final
concentration of 5 mM and reacted for 15 min at 25 °C in the dark. Two
1 ml, 25 kDa MWCO Micro DispoDialyzer were conditioned to a
10 mM sodium phosphate buffer, 150 mM NaCl, pH 7.4 solution (PBS)
(Sigma) for 30 min. Unreacted oligos and excess cysteine were
removed by dialysis of the reaction mixtures in the DispoDialyzer and
a 500 ml PBS dialysis bath at 4 °C, changed three times over 12 h.
Enzyme-DNA conjugates were stored at 4 °C in PBS.

2.3. DNA addressing and hybridization

CNTs were functionalized with carboxylic acid groups by etching
for 2 hin a 6 M H,SO4, 2 M HNOs5 solution (Sigma). The amine-
terminated oligos seqA and seqB were covalently bound to the CNT
array electrode to direct the assembly of their complements, seqA' and
seqB', to their respective sites. The covalent attachment was
performed by first incubating the COOH-functionalized CNT array in
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC, 200 mM, Biacore), N-hydroxysuccinimide (NHS, 50 mM,
Biacore) and 2-(N-morpholino)ethanesulphonic acid (MES, 50 mM,
Sigma) buffer for 1 h at 25 °C to form reactive esters from the car-
boxylic acid groups. The amine-terminated oligo was then added and
incubated for 2 h at 25 °C to allow covalent binding. To prevent
adsorption to the CNT side-walls, the CNT array was treated with GA
(0.1% in PBS, pH 7.0, Aldrich), and subsequently washed with PBS to
remove excess surfactant. Hybridization of enzyme-DNA conjugates
to the DNA-functionalized CNT array occurred in 100 mM NacCl, 50 mM
phosphate buffer at pH 7.0, at an enzyme-DNA conjugate concentra-
tion of 0.1 mg/ml. The solution was heated to 40 °C and allowed to cool
slowly to room temperature. Following hybridization, the CNT array
was washed with hybridization buffer to remove unbound enzyme-
DNA conjugates. Inactive conjugate was dehybridized and removed by
washing the electrode in a 1 1 DIH,O bath at 65 °C, stirring constantly
for 1 h. For parallel addressing of multiple nanoelectrode regions, seqA
and seqB were physically spotted onto separate, individually elec-
trically contacted regions of CNT array. The electrode was then
immersed in a hybridization bath containing both GOx-seqA' and
ADH-seqB'. Hybridization conditions were applied as previously
described (vide supra). Enzymes were assembled to their respective
binding sites by sequence-specific hybridization.

2.4. Electrochemical measurements

All electrochemical measurements were recorded using a BAS
potentiostat C3 cell stand with a three electrode system consisting of
the CNT array electrode as the working electrode, a platinum wire
auxiliary electrode and a Ag/AgCl reference electrode. Unless other-
wise stated, all potentials are reported vs. Ag/AgCl. All trials were run
in a 100 mM NaCl, 50 mM phosphate buffer at pH 7.0 (Sigma) and
25 °C. The solution was deoxygenated by bubbling the solution with
argon for 20 min. For glucose detection, p-p(+)glucose (Sigma) was

used as a substrate. In galactose control experiments, b-(+)-galactose
was purchased from Sigma. Ethanol detection was performed in the
presence of 100 mM P-nicotinamide adenine dinucleotide (NAD,
Sigma), which acts as a cofactor in the oxidation of ethanol to
acetaldehyde. CV measurements were taken between -0.8 Vand 0.8 V
at a scan rate of 50 mV-s~!. During chronoamperometric measure-
ments, redox potentials of 0.24 V and 0.18 V were applied to the CNT
electrode surfaces modified with GOx and ADH, respectively, and the
solution was stirred constantly using a magnetic stirrer.

2.5. Calculation of surface coverage of active GOx

To determine the amount of active GOx that is successfully
electrically contacted to the electrode surface we take CV measure-
ments, first of the bare CNT electrode (we call this “curve A”) and then
of the electrode after hybridizing GOx to the CNTs (“curve B”). This
measurement is taken in the absence of glucose so that the reaction
does not turn over. This way, exactly two electrons are donated by each
FADH, redox center that is successfully electrically contacted to the
CNTs. Using curve A as a baseline, the anodic current peak observed on
curve B is representative of the total electrocatalytic current drawn
from GOx. By dividing the x-axis (currently in units of V) by the scan
rate used during the CV measurements (in units of V-s™!), we convert
the x-axis into units of time (s). The next step is to calculate the area of
the peak by integration. This area will carry units of A s. This is
equivalent to coulombs, since:

As=(CsT)s=C
We know that:
1C=6.25 x 10'%¢"

le” =1.6x1071°C

This allows us to calculate the total number of electrons
transferred. Since each FAD center donates two electrons and there
are two FAD units per dimer of GOx, we can calculate the total number
of active GOx present. Dividing this value by the total active electrode
surface area gives us the average surface coverage of active GOx. The
calculation has been detailed below:

Integration of anodic current peak:

358 x 10°As =358 x 107"
(3.58 x 1070 c) x (6.25 x 1018e'/C) =22x10"%e
22x 100 ) (2e”/FAD) = 1.1 x 10'° GOx

(
(1 1x 101°GOX>/<6402 x 102 GOx/mol) = 1.8 x 10 mol
(18

x 107 mol) /(0.0143cm?) = 1.3 x 107" mol- cm’2

ADH can be quantified by the same method, using a form of the
enzyme with the NAD cofactor bound in the active site. This method

Table 1

DNA oligonucleotide sequences

Name Sequence Modification
seqA 5'-GGTCCATTTCACACAGGA-3’ 5’-amine
seqA’ 5'-TCCTGTGTGAAATGGACC-3’ 5’'-thiol

seqB 5'-GTCAGCTGTGACCGTGAC-3’ 5’-amine
seqB' 5'-GTCACGGTCACAGCTGAC-3’ 5'-thiol
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Fig. 3. (a) GOx and ADH assemble to the surfaces modified with the complements to their oligo tags to create a glucose and ethanol biosensor, respectively. (b) Unbound enzyme is
washed away and chronoamperometric (CA) measurements are taken on the two sensor surfaces as glucose and ethanol are injected into the common electrochemical solution at
discrete time intervals. (c) Results of CA measurements on the GOx sensor (red) at 0.24 V vs. Ag/AgCl and on the ADH sensor (blue) at 0.18 V vs. Ag/AgCl, and a seqA-modified electrode
with no bound enzyme (gray) at 0.24 V vs. Ag/AgCl in 100 mM NAD, while glucose and ethanol solutions are injected (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

for surface enzyme concentration has been demonstrated numerous
times in literature [20,21].

2.6. Calculation of ker

The electron transfer rate can be determined by dividing the peak
anodic current density by the active surface enzyme coverage,
followed by a few simple conversions. This calculation has been
detailed below using GOx as an example:

Peak anodic current 246 x 10°A
Active electrode surface area 0.0143 cm?
Anodic current density (2.46 x 1078 A) /(0.0143 cm?)

=172 x10°A- cm2
Then:

1.72x10° A- cm™2 = 1.72x107°C. s71. cm2
1.72x10°C 7. cm’z) /(1.6x10‘19 C. e’1> =1.08x10"% e 1. 571 cm2

(1.3x10‘2 mol- cm'z)x(6.02><1023 GOx/mol) — 7.83x10" GOx - cm?
(1.08x1013 el sl cm‘z) /(7.83x]0” GOX - cm‘2>:13.8 e s GOx!
H](ET =13.8s7"

The electron transfer rate for ADH can be determined by the
same method, which has been used repeatedly in literature for kgt
calculation [22].

3. Results and discussion

3.1. Reducing protein adsorption through surfactant use

To incorporate the DNA link in our multiplexed biosensor design,
two sets of complementary oligo pairs were used (Table 1). Amine-

terminated sequence A (seqA) and sequence B (seqB) are covalently
linked to the tips of a vertically standing array of CNTs by a carboxyl-
amine coupling reaction [2,23] to provide distinguishable DNA
addresses to designated binding sites. The corresponding thiolated
complements sequence A’ (seqA') and sequence B' (seqB') are used to
tag the redox enzymes GOx and ADH, respectively. Fig. 1a indicates
that the multiple sensing regions are tagged with distinct DNA
addresses (color-coded) and oligo-tagged redox enzymes are deliv-
ered to their respective target regions by sequence-specific assembly
to the sensor surface. We used the heterobifunctinal crosslinking
agent N-Succinimidyl[4-iodoacetyl]laminobenzoate (SIAB) to attach
DNA tags to redox enzymes. This linker ensures the covalent binding
of an amino group of the protein at its N-succinimidyl ester and the
thiolated terminus of a DNA oligo at its iodoacetyl end (Fig. 1b) [24].
Since all proteins contain amine groups on their N-terminus and
lysine, arginine, glutamine and asparagine residues [25], SIAB can act
as a universal crosslinker for all redox proteins and thiolated DNA
oligos. It should be noted that crosslinking reactions can potentially
compromise the specificity of redox enzymes. However, control ex-
periments on the GOx system using p-(+)-galactose as a substrate have
shown no significant substrate concentration-dependent ampero-
metric response (data not shown), indicating that the enzyme
maintains a high degree of specificity towards glucose, its natural
substrate. Sequence-specific hybridization of the tag strands with the
address strands assembles each protein to its respective binding site,
tethering the enzyme sufficiently close to the CNT to allow electron
transfer when the redox potential is applied to the electrode. DNA
hybridization is not the only means of protein attachment to the CNT
array, however; we must also consider hydrophobic adsorption as an
additional means of binding. It is well documented that proteins and
DNA will bind non-covalently to hydrophobic surfaces such as CNT
side-walls, primarily through hydrophobic interaction [2,4,5,26]. This

Fig. 2. (a) Quantity of GOx adsorbed to CNT side-walls vs. the quantity bound to CNTs by DNA hybridization, both before and after surfactant treatment. (b) Scan rate dependence
of peak anodic (I,,) and cathodic (I,c) currents. Measurements taken at 25, 50, 100, 200 and 500 mV s™1in 100 mM glucose resulted in peak oxidation currents of 0.547+0.008,
0.661+0.007, 0.945+0.012, 1.45+0.019 and 2.33+0.029, respectively, and peak reduction currents of -0.602+0.01, -0.891+0.013, -1.42+0.016, -2.24+0.025 and -3.75+0.041,
respectively (n=5). Oxidation and reduction peak current plots are fit linearly, with r=0.989 and 0.986, respectively. (c) Anodic current peaks of CV measurements from the GOx-
DNA-CNT system with glucose concentrations of (a) 0 mM, (b) 5 mM, (c) 10 mM, (d) 20 mM, (e) 50 mM and (f) 100 mM. Inset, plot of peak current vs. glucose concentration.
(d) Anodic current peaks of CV measurements from the ADH-DNA-CNT system with varying ethanol concentrations (a) 0 mM, (b) 30 mM, (c) 60 mM, (d) 90 mM, (e) 150 mM and
(f) 300 mM and 100 mM NAD. Inset, the plot of peak current vs. ethanol concentration. (e) Linear peak current response (the change in current from a 0 mM glucose baseline at
0.22 V vs. Ag/AgCl) in the glucose concentration range relevant for blood glucose monitoring in humans (marked by arrows), measured by CV. (f) Linear peak current response in
the ethanol concentration range relevant for BAC monitoring in humans (0.08% BAC is marked by an arrow). Peak current (the change in current from a 0 mM ethanol baseline at
0.18 V vs. Ag/AgCl) is measured by CV in 100 mM NAD. (g) Peak current response of the GOx-DNA-CNT system from CV measurements taken once daily in 100 mM glucose. After
30days and significant activity loss due to protein denaturation (arrows), the enzyme is removed by dehybridization in a DIH,0 bath at 65 °C, and fresh enzyme is hybridized to the
sensor surface, restoring activity.
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adsorption will cause both GOx and ADH to randomly attach to each
others' designated nanoelectrode region, and effectively lead to a high
level of background noise and false readings. It is critical to the design
of the multifunctional protein nanochip that this type of random
attachment be prevented. Many chemical surfactants have been
proven to block protein adsorption, such as triton X-100, polyethylene
glycol (PEG) and arabic gum (GA) [2,27,28]. To assess the effect of
surfactant treatment on minimizing random protein adsorption, we
first allowed GOx carrying a non-complementary DNA tag to adsorb
extensively to seqA-modified CNTs. Using cyclic voltammetry
(CV), we determined the surface coverage of adsorbed GOx to be
7.4+0.6x10"" mol cm™ (n=5) by integrating the anodic current
peak to find the total charge associated with the FAD redox units
[20,21]. We then introduced GOx tagged with seqA' (GOx-seqA"),
allowed the protein to link by DNA hybridization and found a
surface coverage increase of 3.7+0.5x10 "> mol cm™? (n=5), re-
presenting the amount of enzyme hybridized to the array. We then
repeated the experiment, this time after treating a seqA-modified
CNT array with GA to resist protein adsorption. After surfactant
treatment, the quantities of adsorbed and hybridized protein were
found to be 7.1+1.7x10™ " mol cm ™2 (n=5) and 7.120.65x 10~ ' mol
cm™? (n=5), respectively. These quantities are presented in Fig. 2a.
In short, the surfactant treatment boosts the quantity of hybridized
protein approximately twenty times relative to the quantity
of adsorbed protein. The ratio of hybridized enzyme to adsorbed
enzyme, which will dictate the signal-to-noise ratio in our multi-
functional biosensor, improves from 1:2 to 10:1. The near two-fold
increase in hybridization efficiency following surfactant treatment
is also an interesting observation that may be attributed to reduced
steric hindrance in the absence of adsorbed GOx.

3.2. Electrochemical characterization of DNA-linked enzyme-CNT
biosensors

To characterize the glucose sensitivity of our DNA-assembled
biosensor, GOx-seqA" was hybridized to a seqA-modified CNT array
electrode subsection treated with GA, and CV measurements were
taken at various scan rates and concentrations of glucose. The
oxidation and reduction peak currents show a linear scan rate
dependence (Fig. 2b), which is characteristic of a surface-controlled
process [29]. Anodic current peaks exhibit an increasing current
response with increasing glucose concentrations (Fig. 2¢). Inset in this
figure is the peak current response as a function of glucose con-
centration, measured from a 0 mM glucose baseline. Saturation of the
system occurs around 50 mM. As a control, GOx-seqB' was added to a
seqA-modified CNT array electrode subsection and subjected to
hybridization conditions. The characteristic GOx redox peak did not
appear in subsequent CV measurements, and no significant current
increase was observed in response to glucose injections (data not
shown), indicating that GOx-seqB' did not link to the non-
complementary seqA-modified electrode. This result suggests that
the DNA assembly of the biosensor is sequence-specific. Based on the
GOx surface coverage of 6.72+0.51x10™" mol cm™2 (determined
electrochemically as previously described, n=5) and a peak anodic
current density of 1.69£0.15x107% Acm ™2 (n=5), we have calculated a
unimolecular electron transfer rate (kgr) of 14+1.6 5™, using a method
reported previously [2,22]. This value exceeds that of many directly-
linked GOx-CNT biosensing systems reported by nearly an order of
magnitude [3-730], indicating that the DNA link does not obstruct
efficient electron transfer. We have observed this elevated rate of
electron transfer in previous studies using highly ordered CNT
array electrodes, and have attributed the effect to both the enhanced
electron tunneling rate at the high-curvature CNT tips, and to the
preservation of natural, active enzyme conformation at this small,
hydrophilic point-of-contact [2]. For the analogous ADH system, ADH-
seqB' was hybridized to a seqB-modified CNT array electrode

subsection treated with GA, and CV measurements were taken at
various ethanol concentrations. Anodic current peaks taken from
these CV curves (Fig. 2d) show a direct ethanol concentration-peak
current relationship. Inset in this figure is the peak current response as
a function of ethanol concentration, measured from a 0 mM ethanol
baseline. Saturation of the system occurs around 300 mM ethanol.
Based on the ADH surface coverage of 1.24+0.1x10" 2 mol cm 2 and a
peak anodic current density of 1.07+0.12x 107> A cm ™2, we calculate a
unimolecular electron transfer rate (kgr) of 23+3.2 571,

3.3. Utility of the DNA link

Though selected as proof-of-concept protein models, both
the glucose and ethanol biosensors have relevant applications,
including blood glucose monitoring in diabetes patients and blood
alcohol content (BAC) determination. The normal concentration range
of glucose in the human bloodstream is ~4 mM to 7 mM (70 to
130 mg/dl) [31]. Fig. 2e shows the glucose concentration-peak current
relationship for the glucose sensor in and around this range, with the
normal range limits marked by arrows. This relationship is highly
linear both within and significantly outside these limits, fitting the
line a=1.24x1078b. The linearity of response in this range ensures
reliable calibration and reading of the biosensor. Furthermore, the
average standard deviation of 0.32 mM (5.8 mg/dl) easily exceeds the
international standard of +/-20 mg/dl for glucose detection accuracy
[32]. Fig. 2f shows the ethanol concentration-peak current relation-
ship around the relevant range for BAC measurements, with the
common point of legal intoxication (0.08 BAC) marked by an arrow.
Again, the relationship is linear, fitting the line a=4.53x10"’b with a
standard deviation of +/-0.01%. This exceeds the generally accepted
standard of accuracy for breathalyzer devices.

Both the glucose and ethanol biosensors therefore exceed the
criteria as functional sensors for their respective analytes. The
protein—-DNA-CNT transducers remain approximately 70% active
after daily use for 1 month. Fig. 2g shows the life cycle of a DNA-
assembled GOx-CNT biosensor to demonstrate the renewability that
the DNA link provides. After substantial activity loss (~30%), a heated
DIH,0 dehybridization bath is used to remove old GOx-seqA', and
fresh GOx-seqA' is bound in its place, restoring the original level of
activity. This renewing of the protein bio-nanoelectronic system can
be performed repeatedly, as the DNA address oligo modification does
not appear to degrade over any timescale yet tested. Alternatively,
following GOx-seqA' removal, ADH-seqA' can be bound in its place to
change the functionality of the biosensor from glucose-sensing to
ethanol-sensing (data not shown).

3.4. DNA-programmed multiplexing of the biosensor

The ultimate goal of this study is to demonstrate the use of the DNA
link to site-specifically address the binding of different enzymes to
isolated regions of the nanoelectrode surface to demonstrate scalable
protein bio-nanoelectronic technology capable of monitoring the
activity of multiple proteins and detecting the levels of multiple
substances in real-time. To this end, we divided a CNT array chip into
two subsections and gave each region a unique DNA address by
treating one with seqA and the other with seqB, each having separate
electric contacts at the backside of the CNT array. We then put the
duplex chip in a hybridization bath containing a mixture of GOx-seqA’
and ADH-seqB' and allowed each enzyme to find its place on the
sensor surface relying on sequence-specific hybridization of the
DNA link (Fig. 3a-b). Chronoamperometric measurements were then
taken from each sensor region as glucose and ethanol were each
injected at intervals. The glucose concentration is incremented by
5 mM at t=10 and 20 s, and the ethanol concentration is incremented
by 20 mM at t=5 and 15 s, marked by red and blue arrows,
respectively. Fig. 3c shows the current response of both the glucose
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(red) and ethanol (blue) sensing regions. The GOx-linked region
responds with a current step only to injections of glucose, while the
region addressed for ADH attachment responds only to ethanol
injections. The magnitude of the current steps in each case correlate
closely to the peak currents observed during CV measurements at
comparable substrate concentrations. As a control, a seqA-modified
CNT electrode (no enzyme added) was found to have no current step
response to either glucose or ethanol injections (Fig. 3c, gray).

4. Conclusions

In summary, the DNA molecular linking strategy we have devised
has been shown to bind redox proteins to a CNT electrode surface in a
sequence-specific manner, enabling addressable linking to discrete
regions on the CNT array for multiplexed sensing. We have exploited
the reversibility of DNA hybridization to remove inactive enzyme
from the CNT array and replace it with fresh enzyme to renew
and extend the lifetime of the system. Although reusability may not
seem immediately beneficial to certain applications such as medical
sensors which rely mostly on disposable technology, it is a feature
that could prove tremendously useful for a great number of current
and future applications in sectors such as academics, industry and
defense, to name a few. These redox enzyme-CNT bio-nanoelectronic
transducers have exhibited high kgrs, indicating an efficient transfer
of electrons across the DNA link. We have measured levels of
sensitivity, accuracy and linear current response that are suitable to
important biosensing applications such as blood glucose monitoring
and BAC determination. Though two enzymes are chosen as
demonstration vehicles in this work, the potential for scalability to
many more proteins is evident. This scalable molecular linking
scheme is suitable for any redox enzyme-based bioelectronics device,
and can vastly facilitate the controllable and site-addressable
assembly, disassembly and replacement of fragile bio-components
by virtue of sequence-specific DNA hybridization.
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The electrochemical sensing of saccharide-protein interactions using a couple of sialic acid derivatives and
Alzheimer's amyloid-beta (AB) is described. The densely-packed saccharide area for recognition of protein
was fabricated onto a carbon electrode by three steps, which were electrochemical deposition of Au
nanoparticles on a screen printed strip, self-assembled monolayer (SAM) formation of the acetylenyl group
on Au nanoparticles, and the cycloaddition reaction of an azide-terminated sialic acid to the acetylenyl group.
The attachment of AR peptides to the sialic acid layer was confirmed by electrochemistry and atomic force

K d: . R . S . . A . ..
sg;‘itoz:ci d microscopy imaging. The intrinsic oxidation signal of the captured AB(1-40) and (1-42) peptides, containing
Biosensor a single tyrosine (Tyr) residues, was monitored at a peak potential of 0.6 V (vs Ag/AgCl within this sensor) in

connection with differential pulse voltammetry. The peak current intensities were concentration dependent.
The proposed process provides new routes for analysis of saccharide-protein interactions and electro-

Alzheimer's amyloid-p peptide
Gold nanoparticle

Self-assembled monolayer
Voltammetry

chemical biosensor development.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Saccharides, which are widely expressed on the cell surfaces, play a
crucial role in various biological recognition events such as infection of
pathogens and occurrence of disease [1]. Therefore, saccharides and
their derivatives are useful as bio-recognizable materials for biosensor
[2]. Since the saccharide-protein interactions are usually weak, the
ingenious device is needed to apply the interaction for the sensor
apparatus. The saccharide—protein interaction can be amplified by
glyco-cluster effect of multivalency [3], and the saccharide assembly
by liposome [4], LB membrane [5] and self-assembled monolayer
(SAM) [6] are utilized for the biosensor.

In particular, the cabohydrate-immobilized substrate is suitable for
the bioanalysis, because it exhibits the large glyco-cluster effect and
can be detected by the sensitive analytical methods [7-10]. The
sensitivity of the cabohydrate-immobilized substrate can be improved
by substrates. Especially, Au nanoparticles have been extensively used
as matrices and cytochemical labels for the immobilization and study
of biomolecules due to the high sensitivity based on the larger surface
area and the applicability to the various detection method by the
metallic properties.

* Corresponding author. Tel.: +81 6 6879 4087; fax: +81 6 6879 7840.
E-mail address: tamiya@ap.eng.osaka-u.ac.jp (E. Tamiya).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.06.005

The immobilization of densely packed saccharides is essential for
the fabrication of biosensig device. There are several strategies for
immobilization like LB membrane [5] and SAMs [6]. The LB membrane
formation is possible only on the clean flat substrate. On the other
hand, the SAM can be formed on the various substances including
nanoparticles. In addition, the chemical transformation of the func-
tional SAM also can be utilized for the saccharide immobilization. We
have reported the saccharide-immobilization by the SAMs formation
of disulfide compounds and by the chemical transformation on the
substrate via a click reaction [11,12]. Considering the facile preparation
of saccharide, the SAM formation and the consequent chemical
transformation are useful and universal.

The detection of saccharide-protein interactions has been reported
by surface plasmon resonance (SPR), [7] quartz crystal microbalance
(QCM) [8], and evanescent-field fluorescence [9]. These detection
techniques have enough sensitivity, but the sensing devices are too
expensive. The electrochemical detection of them has an advantage
for the applicability and the development of low-cost devices.
However, the electrochemical detection is difficult with the densely
packed saccharides structure due to the insulating properties. For this
aim, we fabricated a new functional carbon electrode including the
densely packed saccharides area and electroactive bare carbon area,
and demonstrate for electrochemical sensing of saccharide-protein
interactions using a couple of sialic acid derivatives and Alzheimer's
amyloid-beta (AR) peptides as a model case.
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Scheme 1. Schematic illustration of the nanobioelectronic detection system for Alzheimer's AP peptides. The sugar immobilized substrate was prepared through i-iii steps
(i) deposition of gold nanoparticle on carbon electrode, ii) formation of acetylenyl-terminated self-assembled monolayer, and iii) saccharide immobilization for Ap detection.) The
attachment of AP peptide to the sugar layer and the electrochemical detection were realized on a single electrode. The peak oxidation current response of Tyr residue of AR was

utilized as the analytical signal.

There are a number of saccharides including monosaccharide,
oligosaccharide, glycoprotein, glycolipid and proteoglycan, but only
the core saccharide structure is necessary for biosensing and
biomaterials [13]. For example, the sialic acid (N-acetyl-D-neuraminic
acid) conjugate with polydiacetylene was reported to detect influenza
virus [14]. The globobiose-immobilized substrate was utilized for Shiga
toxin detection [15]. Recently, it has been revealed that the cell-surface
saccharides are related to the Alzheimer disease [16]. Alzheimer
disease is occurred by aggregation of amyloid-beta (AR) peptides, and
the aggregation has been reported to relate to the interaction with
ganglioside (GM1). The sialic acid is an essential element of ganglioside
[17],and so it is expected that the AP can be detected using sialic acid. It
is expected that sialic acid SAM enables the binding with Ap and
provides a chemically stable and cost-effective recognition interface
for AR.

Voltammetric detection of tyrosine (Tyr) has been exploited in
several label-free protein sensor schemes [18-20]. Interestingly, AR
peptides have one Tyr residues in the protein. We have monitored the
oxidation of the single Tyr residue in AR peptides as the analytical
signal in this sensor, and reported a label-free monitoring method for
AP aggregation using the oxidation signal of Tyr on a glassy carbon
electrode [21].

In this study, we propose a new protocol of electrochemical
sensing of saccharide-protein interaction as illustrated in Scheme 1.

b s"H;‘fo’\']'ao\/“% +
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Acetylenyl-terminated SAM was formed on Au nanoparticle-electro-
deposited a screen-printed carbon strips (SPCS), azide-linked sialic
acids were reacted with an acetylenyl-terminated SAM using the 1, 3-
dipolar cycloaddition (Scheme 2). Ap was captured by the specific
interaction between the peptide and the densely-packed sialic acid.
The oxidation signal of Tyr from the captured AR was investigated
using differential pulse voltammetry (DPV). The interactions between
the multiple sialic acid and AB peptide were conformed by atomic
force microscopy.

2. Experimental section
2.1. Reagents and chemicals

The following reagents were used as received: Sodium L-ascorbate,
HAuCl,-3H,0, Copper (II) sulfate, triethylene glycol, potassium carbo-
nate, 3-bromopropyne, sodium hydrate, trichloroisocyanuric acid,
iodomethane, were products of Kanto Kagaku Co. (Japan). 11-bromo-
1-undecene, 2,2’-azobis (isobutyronitrile) (AIBN), Ks[Fe(CN)g], HCI,
Na,HPO,4, NaH,PO,4, KOH, polyvinylalchol, NH4OH and dimetylsulf-
oxide (DMSO) were purchased from Wako Pure Chemical (Japan).
Thioacetic acid were purchased from Tokyo Kasei (Japan). Amyloid-
beta (AR) peptides (Ap-(1-40), and AR-(1-42); trifluoroacetate form)
were purchased from Peptide Institute Inc. (Japan). All other solvent

COONa

4\/*/&:5"“

Copper (ll) sulfate
Sodium L-ascorbate
RT,3h

D) At
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COONa
OH OH

o]
I

NHAc

Scheme 2. The addition of azide-linked sialic acid to acetylenyl-terminated SAM using 1,3-dipole cycloaddition reaction on the surface of Au nanoparticles.
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and chemicals were of analytical grade. All solutions were prepared
and diluted using ultra-pure water (18.3 MQ cm).

2.2. Instrumental

Electrodeposition and measurements, in connection with chron-
ocoulometry (CC), cyclic voltammetry (CV), and differential pulse
voltammery (DPV) were performed using a Autolab PGSTAT 12 electro-
chemical analysis system (Eco Chemie, The Netherlands) with General
Purpose Electrochemical System (GPES) software. The planar screen-
printed carbon strip (SPCS) and screen-printed gold strip were provided
from BioDevice Technology Ltd. (Japan). These are consisted of a carbon/
gold working electrode (geometric working area: 2.64 mm?), a carbon
counter electrode, and Ag/AgCl reference electrode. Electrochemical
deposition and measurements were performed in 30 pL of the solution
covering all three electrodes in a horizontal position. All measurements
were carried out at a controlled room temperature. Atomic force mi-
croscopy (AFM) was performed in air with a commercial unit (SPA400,
Seiko Instruments Inc., Japan) equipped with a calibrated 20 um xy-scan
and 10 pm z-scan range PZT-scanner. Silicon nitride tip (SI-DF20, spring
constant=15 N/m, Seiko Instruments Inc.) was used, and images were
taken in a dynamic force mode (DFM mode) at an optimal force. Gold
substrates, named Auro sheet (1,1, 1) HS, were purchased from Tanaka
Kikinzoku Co. (Japan) for AFM measurements. FTIR spectra were
recorded on a JASCO FTIR-4000 Fourier transform infrared spectrometer,
and for RAS measurement, a Harrick model Refractor 2 reflection
attachment was used. Thickness of the layer was measured with a
ellipsometer DVA-FR (Mizojiri Kogaku, Japan). FTIR and ellipsometery
was measured using the gold substrate (Moritex, Japan).

2.3. Synthesis of the component molecules

Acetylenyl-terminated disulfide for SAM forming molecule was
synthesized from triethylene glycol according to the manner reported
by Lee et al. [11]. Briefly, the substitution reaction with 11-bromo-1-
undecene, subsequent addition of thioacetic acid, and migration of
acetyl group from thiol to the hydroxyl group by the treatment of
sodium hydride leaded to disulfide compound with acetyl terminal.
The acetyl-terminated compound was converted to acetylenyl
terminal production by the deprotection using potassium carbonate,
and the alkylation of propargyl bromide. Azide-linked sialic acid was
obtained by the conventional saccharide synthesis [22].

2.4. Fabrication of the AB sensor

The Au nanoparticles were electrodeposited on the carbon based
working electrode included the screen-printed strips according to the
same manner described previously [23] with slightly modification. The
electrodepositions of gold were performed in the 30 pL of the solution,
1 mM HAuCl, in 0.1 M HC, covering all three electrodes while applying
a potential of 0.3 V (vs Ag/AgCl within SPCS) during 200 s. The treated
SPCS was rinsed using ultra-pure water, and blot-dried.

For fabrication of the acetylenyl-terminated SAMs on the SCPS, 2 L
of 5 mM acetylenyl-terminated disulfide in 50 mM Tris-HCl buffer
(pH 8.0) was dropped over the nano-gold deposited working electrode
for 12 h under the water-saturated atmosphere. The electrode surface
was rinsed with an ethanol and ultra-pure water, and blot-dried.

Azide-linked sialic acid was immobilized by 1,3-dipole cycloaddi-
tion (click chemistry) on the acetylenyl-terminated SAMs in Scheme 2.
Aliquot of 2 pl of the mixture containing 10 mM azide-linked sialic
acid, 50 mM CuS0O,4 and 125 mM sodium L-ascorbate was dropped on
the working electrode, in which the acetylenyl-terminated SAMs on
the nano-gold was distributed for 3 h under the water saturated
atmosphere. After rinsing by ultra-pure water, the electrode surface
was cleaned by the treatment of DPV (applied potential: from 0 V to
1V, step potential: 5 mV) in blank PBS.

Finally, the remained carbon surfaces were blocked by 20 ml of 1%
polyvinylalcohol for 10 min due to avoid the non-specific adsorption.
These strips were rinsed by ultra-pure water and kept under 4 °C until
use.

2.5. Detection of the AB

As a stock solution, 200 pM AP(1-40) and AP(1-42) in 0.02% of
NH4OH were prepared and kept at 4 °C. The test sample was diluted by
AR assay buffer (20 mM phosphate buffer (pH 7.5) containing 100 mM
NaCl) from stock solution just before treatment to avoid the AP
aggregation. Aliquot of 20 pL test sample was applied to the sensor
strip with mild rolling (80-100 rpm). After washing step by PBS, the
captured AR was detected by the oxidation signal of tyrosine by DPV
(applied potential: from 0.2 V to 0.8 V vs Ag/AgCl within SPCS, step
potential: 5 mV, amplitude: 75 mV). The raw voltammograms of DPV
were treated by using Savitzky-Golay smoothing (level 4) and the
“moving average” baseline correction of GPES with a peak width of
0.005 V. The electrochemical measurements were performed for 3
times for each condition (n=3) except otherwise stated.

3. Results and discussion
3.1. Characterization of the partial SAM on the carbon electrode

Previously, we have demonstrated the fabrication of Au nanopar-
ticles on SPCSs using electrodeposition [23]. Size, shape, and number
of Au nanoparticles could be controlled by varying the concentration
of [AuCly]™ and the applied potential and time in electrodeposition
treatment. After applying a potential of 0.3 V vs Ag/AgCl for 200 s
using 30 uL of 1 mM HAuCl, in 0.1 M HCl, the change in the color of the
carbon-based working electrode area became visible to the naked eye.
The electrodeposited Au nanoparticles could also be observed using
SEM (Fig. 1).

The reductive deposition of acetylenyl-terminated disulfide (1) on
Au nanoparticles was demonstrated using CV from-0.6 to-1.8 Vvs Ag/
AgCl (scan rate; 0.1 mV/s) in 0.5 M KOH. It was well-described that
SAMs on Au showed several characteristic voltammetric waves in
response to their reductive deposition [24,25]. In this case, the reduc-
tion signal of the Au-S binding to electrodeposited Au were observed
at-1.4Vvs Ag/Ag/Cl (Fig. 2A). Additionally, the peak current intensities
increased according to the electrodeposition time (0, 30, and 200 s),
which could be attributed to the increase in the electrodeposited
Au volume. Therefore, the SAM formation with alkyl disulfide on the

Fig. 1. SEM image of the electrodeposited Au nanoparticles on the carbon-based
working electrode of SPCS. Electrodeposition was performed at the potential of 0.3 V vs
Ag/AgCl within the SPCS during 200 s using 30 pL of 1 mM HAuCl, in 0.1 M HCL
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Fig. 2. Cyclic voltammograms of partial SAM formed on SPCSs in 0.5 M KOH from 0 to - 1.8 V vs Ag/AgCl within the SPCS at 0.1 V/s (A), and in 2 mM Ks[Fe(CN)g] in PBS (pH 7.4) from
-0.6 to 0.6 V at 0.1 V/s (B). Electrodeposition time was 0 s (a), 30 s (b), and 200 s (c); whereas (d) shows the response obtained using a screen-printed Au strip (SPGS) after 200 s

electrodeposition and consequent full surface coverage with SAM formation.

electrodeposited Au nanoparticle could be estimated, and the dis-
persed dotted SAMs on the carbon electrode with acetylene group
were subject to the saccharide modification.

It is well-defined that a SAM can form a lipophilic barrier for
electron transfer between the electrode surface and the hydrophilic
electroactive probes in solution [26-28]. Fig. 2B-a to ¢ show the cyclic
voltammograms of 2 mM K3[Fe(CN)g] in PBS at the partial SAM on
carbon strips. The peak current intensities of the redox decreased as
the electrodeposition time (0, 30, and 200 s) of Au nanoparticles. It
indicates that the electron transfer at the treated SPCS became blocked
according to the amount of the electrodeposited Au nanoparticles and
the SAM formation. In the case of a screen-printed Au strip (SPGS), the
redox activity was inhibited by the monolayer formed using the same
treatment (Fig. 2B-d). From these observations, we could control and
maintain the electron transfer activity of SAM formed electrode using
the preparation protocol described above in the Experimental section.

The subsequent sialic acid deposition via a click chemistry was
confirmed in detail by XPS, FTIR-RAS, contact angle and ellipsometry
measurements, though the CV measurements of the sialic acid deposi-
tion didn't show the clear difference from that before the click reaction
(Supplementary data). The C1s spectra of the layer was measured by
XPS. The main peak around 286 eV was observed, where the shoulder
peak around 287 eV indicated C-O of sialic acid and ether unit of
SAM. The FTIR showed typical bands of saccharide moieties (3100-
3500 cm™! (vOH)). The ellipsometry showed the thickness of
acetylenyl-terminated SAM, 20 A and the thickness of sialic acid
layer was 4.5 A. The contact angle was almost the same on the partial
SAM and the sialic acid substrate about 52°. We have reported the
saccharide immobilization by click chemistry. The chemical transfor-
mation of monosaccharide proceeded quantitatively on the SAM of
gold substrate as well.

This SAMs on SPCS realized the immobilization of the biomaterials
(Au area) and the electrochemical detection (carbon area) in one
electrode. The covalent bond formation with click chemistry can be
applied to the many kinds of biomolecules such as enzyme, antibody,
and DNA. Therefore, the combination of the specific reaction of the
biomaterial on the SAMs and following the electrochemical detection
could be able to extend to many biosensing devices.

3.2. Evaluation of the AB sensor

The interaction between AP and the sialic acids layer were
investigated using AFM in the same manner as described for the Au

nanoparticles [23]. The surface of Au substrate was smooth (Fig. 3A).
After modification with sialic acid, Au substrate showed a slight
roughness due to the rearrangement of gold atoms via a chemical
reaction (Fig. 3B) [29]. The attachment of APRs was observed
with applying 20 mM of the samples. Fig. 3C and D showed rougher
surface than the sialic acid-modified surface, meaning the attachment
of AP(1-40) and AP(1-42) on the sialic acid layer after 180 min
incubation. The morphology of AR(1-40) was small round aggregates
with 10-100 nm diameter (Fig. 3C). The morphology of AR(1-42) was a
slight different from that of AB(1-40), which was a mixture of small
round object with 10-100 nm and amyloid fibrils with 70-150 nm in
diameter and over 500 nm in length. The AFM observation indicated
the affinity of sialic acid to AP peptides, and the aggregation properties
of AP peptides. The round object of AR is considered to be the self-
assembling structure of ADDL (amyloid-derived diffusible ligands)
[30], suggesting the ADDL formation on ganglioside.

The oxidation peak current intensity of AP peptide on the sensor
was observed at 0.6 V (vs.Ag/AgCl within this sensor) (Fig. 4A) in
agreement with our previous reports [18-21]. There was no difference
in the oxidation potential between 5 pM AB(1-40) and 5 pM AP(1-42).
The peak current of AB(1-40) was increased according to the applied
AP concentration from 0.5 pM, reached maximum at 10 pM, and then
slightly decreased in the higher concentration. The peak current of
AP(1-42) showed the similar tendency to AB(1-40). The peak current
was observed from 0.5 pM, and almost saturated at 10 pM. The
intensities of peak current of AR(1-42) were a little smaller than those
of AP(1-40), and the peak current deviation of APR(1-42) was larger
than that of AR(1-40). Those difference between APR(1-40) and (1-42)
was caused by the aggregation properties of AB(1-42) and the stiff
structure of AR(1-42) aggregates [21]. Both peptides had a detection
limit of 1 pM calculated from three times of the standard deviation.

Moreover, AB(1-40) applied to the device, which was fabricated by
the same process on a screen-printed Au strip (SPGS). However, Tyr
oxidation signal could not be observed due to the weak affinity of Ap
to Au electrode (data not shown), indicating the interface modification
much affects the sensitivity. Our results indicated the sensitivity for
AP detection was much improved by the sialic acid modification on
SPGS based on the saccharide-AR interaction. The interaction of
ganglioiside such as GM1 with AR peptides, and the aggregation
properties of AR on the acidic group immobilized substrate were
reported [17]. The sialic acid has a simple structure comparing to
ganglioside, but was essential structure for AR binding. The sialic acid
modified substrate amplified the affinity to AR peptides, as designed.





122 M. Chikae et al. / Bioelectrochemistry 74 (2008) 118-123

500 500

500

[I'\F'H] [ll!ll]

500
500

(I’H‘Il‘l

Fig. 3. AFM images of the bare gold substrate (A); after cycroaddition of the sialic acid (B); the attachment of 20 uM AP peptides after incubation at RT for 180 min; Ap(1-40) (C) and
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Fig. 4. Electric responses of the AP sensor applied the Aps. AB(1-40) (a), Ap(1-42) (b), insuline (c) from 5 uM solutions, and PBS only (d) (A). The relationship between the Ap peptides
concentrations and the current determined by this AP sensor. Each data indicate the average of 3 measurements with the error bars indicating the relative standard deviation (B).
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On the other hand, other proteins were also measured to investi-
gate the detection specificity. When 0.1% bovine serum albumin in PBS
(pH 7.4) was applied as a negative control, no oxidation signal of Tyr
was observed. The addition of insuline also didn't show any Tyr
current, even though insulin has four Tyr residue, meaning the inter-
action of insulin to sialic acid was too little to detect the signal
(Fig. 4A). The saccharide-modified surface has been reported to show
the specific binding to proteins, and the surface shows the inner
surface properties except specific proteins [31]. Even though some
proteins, viruses and bacteria show the binding to sialic acid [1], the
saccharide-modified substrate showed the enough specificity to Ap
detection in this research. The unique electrochemical properties of AR
in Tyr current and impedance can help the specific detection, which is
still under way.

Current effort in our laboratory aims at the sensing more pathogens,
such as Shiga toxins, and influenza virus, and at the evaluation of various
synthetic saccharide derivatives. On the other hand, the immobilization
of the saccharides as the biorecognition materials on electrodes provides
new routes for electrochemical biosensor development. The label-free
detection of AP peptide was demonstrated here as a model case, and
further excellent labeling systems promises the development of highly
sensitive sensors.

4. Conclusions

Considering the glycoside cluster effect, the immobilization of the
saccharides as the biorecognision materials on carbon electrodes
provides new routes for analysis of saccharide-protein interactions and
electrochemical biosensor development. Synthetic monosaccharide,
sialic acid, for the recognition of AR peptides could be introduced
densely over the partial SAM on the carbon electrode via the electro-
deposited Au nanoparticles. The coexistence both Au nanoparticles for
the immobilization of biomolecules and bare carbon for electrochemical
detection on the electrode enables the electrochemical sensing with easy
fabrication and low-cost. Our proposed process offers further applica-
tions of electrochemical sensing of saccharide-protein interactions.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bioelechem.2008.06.005.
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Cell electrofusion is a phenomenon that occurs, when cells are in close contact and exposed to short high-
voltage electric pulses. The consequence of exposure to pulses is transient and nonselective permeabilization
of cell membranes. Cell electrofusion and permeabilization depend on the values of electric field parameters
including amplitude, duration and number of electric pulses and direction of the electric field. In our study,
we first investigated the influence of the direction of the electric field on cell fusion in two cell lines. In both
cell lines, applications of pulses in two directions perpendicular to each other were the most successful. Cell
electrofusion was finally used for production of human-mouse heterohybridoma cells with modified Koehler
and Milstein hybridoma technology, which was not done previously. The results, obtained by cell
electrofusion, are comparable to usually used polyethylene glycol mediated fusion on the same type of cells.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The ability to fuse two different types of cells allows for creation of
a third type of cells that are polynuclear and display hybrid
characteristics of the two original types of cells. Cell fusion has been
used for transfer of foreign receptors into the membrane of the living
cell [1,2] and was also demonstrated as an important process in tissue
regeneration in cell transplantation [3-5]. The later offers possibilities
for targeted cell therapy for organ regeneration. In addition, hybrid
cells can be useful especially in biotechnology for production of
monoclonal antibodies [6,7] and in biomedicine for the production of
hybrid cell vaccines for immunotherapy of cancer [8].

Hybridoma technology is the most often used procedure for
producing monoclonal antibodies [12]. The critical step within this
procedure is fusion of myeloma cells with B-lymphocytes to form
hybridoma cells, which grow in culture and produce these important
biological molecules. Myeloma cells are “fusion partner” cells that
grow in culture and lymphocytes are the cells that produce antibodies.
After fusion, cells are plated in HAT selection media to obtain only cells
that are constituted from both types of cells. In some cases, where
mouse or hen cells are used, fusion with polyethylene glycol [9] and
electrofusion give good results [10,11], however the use of human
lymphocytes is favored. The use of human lymphocytes would give us

* Corresponding author. Tel.: +386 1 4768456; fax: +386 1 4264658.
E-mail address: damijan.miklavcic@fe.uni-lj.si (D. Miklavcic).
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human monoclonal antibodies, which are more valuable than mouse
monoclonal antibodies for use in human therapy.

Also promising are hybrid cells made of dendritic cells and
autologus tumor cells. These hybrid cells could be used as a vaccine
in cancer immunotherapy. Dendritic cells are most powerful antigen
presenting cells that activate naive T lymphocytes to generate
cytotoxic effectors (cytotoxic T lymphocytes). Hybrid autologus
tumor-dendritic cells would thus express specific tumor antigens
and be able to activate T cell mediated responses [8]. Due to low
efficiency of fusion by means of polyethylene glycol, it is however not
possible to produce hybrid cells in sufficient quantities for the therapy
with this method. Hybrid cells must therefore be further grown in the
culture, thus it is difficult to obtain sufficient number of cells for
therapy in adequately short time.

Fusion of human cells is however most often unsuccessful. The
compromise for hybridoma technology is fusing human cells or
human B-lymphocytes with mouse or hen myeloma cells, respectively.
The efficiency of such fusion with polyethylene glycol is however not
good enough for efficient production of monoclonal antibodies. The
alternative procedure for obtaining human monoclonal antibodies or
hybrids of dendritic and autologus tumor cells, that can be more
efficient than polyethylene glycol, is cell electrofusion. For cancer
immunotherapy, investigators suggested that electrofusion is an
effective method [13]; justified to be used in clinical trials besides
previously used fusion by means of polyethylene glycol [14]. For
production of human monoclonal antibodies from hybrids made of
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human lymphocytes and mouse or even human fusion partner cell
lines, no such comparative study of both fusion techniques (poly-
ethylene glycol and electrofusion) has been done before.

Cell electrofusion is a simple and safe method that does not
introduce any substances in the cell suspension so it can be safely used
in all clinical applications, which is clearly an advantage over chemical
or viral methods. Furthermore, electrofusion effectiveness can be
further improved by optimizing electrical parameters that affect its
efficiency. Cells fuse only when they are brought into their fusogenic
state. This fusogenic state seems to correlate well with the
permeabilized state of the membrane [15]. To achieve cell fusion we
must have cells with permeabilized membranes in close contact.
Therefore, in order to achieve the highest fusion yield, we must choose
values of electrical parameters, which cause membrane permeabiliza-
tion and good survival of fusion partner cells.

The most important and known electrical parameters governing
membrane electropermeabilization are pulse amplitude, which
enlarges permeabilized area and pulse duration and number of pulses,
which enlarge the density of membrane defects [16]. Another way of
enlarging the permeabilized area without reducing the survival of the
cells that has not been studied until lately is changing electric pulse
direction [17]; i.e. delivering electrical pulses in different directions to
the cells. From the theory of electroporation [18,19] and already
performed experiments [20,21] it follows that applying pulses to cells
in different directions causes permeabilization of different areas of the
cell membrane. Application of pulses in different directions thus
increases the total permeabilized area of the membrane.

It was demonstrated that a prerequisite for cell fusion is that
membranes of both cell fusion partners in contact are in their fusogenic
state [22]. Contact between cells after exposing them to electric pulses
in electrofusion is most often established by centrifugation of cells in
suspension. Since in centrifugation contacts between cells create
randomly between already electroporated cells, increased permeabi-
lized area should increase the probability of creating adequate contact
between membranes in fusogenic state of two neighboring cells.

In our study, we therefore first investigated the influence of the
electric field direction on electropermeabilization and subsequent
electrofusion in two cell lines (B16F1 and CHOK1, respectively). In the
second part of our study, electrofusion was used for the first time for
production of human-mouse heterohybridoma cells with modified
Koehler and Milstein hybridoma technology [12] and compared to the
most often used polyethylene glycol mediated cell fusion.

2. Materials and methods
2.1. Cells

In the first part of our work, we used two adherent cell lines.
Chinese hamster ovary cells (CHOK1) were grown in HAM medium

with added 10% Fetal Calf Serum (both from Sigma, USA). Mouse
melanoma cells (B16F1) were grown in Eagle's Minimum Essential

l
‘l

Medium (EMEM) with added 10% Fetal Calf Serum (both from Sigma,
USA). After trypsinization, cells were centrifuged for 5 min at
1000 rpm at 4 °C and resuspended in isoosmolar low conductance
(pulsing medium) to obtain 5x 10° cells/ml. This medium with pH 7.4
consists of 250 mM sucrose, 10 mM phosphate (K;HPO,4/KH,PO,4) and
1 mM MgCl, as was previously described elsewhere [23].

For production of heterohybridoma in the final part of our study, we
used human spleen lymphoblasts and NS1—mouse myeloma cells—as
fusion partners. Lymphoblasts were isolated and frozen in liquid
nitrogen. One week before the experiment, they were thawed and kept
in DMEM medium with added 13% Fetal Calf Serum (both from Sigma,
USA). HAT-sensitive NS1 myeloma cells were also cultured in DMEM
medium with added 13% Fetal Calf Serum. The myeloma cells were
used for fusion when they were in exponential growth phase.

2.2. Electropermeabilization

A 100 pl droplet of cells suspended in the pulsing medium
(=5%10° cells) was taken and placed between four cylinder stainless
steel electrodes [17] of diameter 2 mm, which were positioned in
corners of a quadrant with a distance between the opposite electrodes
d=5 mm. The entrapped droplet wetted all four electrodes and thus
formed electric contact between all four of them (Fig. 1a).

Cells were exposed to three different combinations of 6 or 10
pulses with the amplitude of 400 or 500 V. In all experiments, pulses
were 100 ps long and their repetition frequency was 77 Hz. Each
combination of the pulses was further used in three different pulsing
sequences (Fig. 1b) which resulted in different electric field directions
of the pulses (same direction, opposite directions and two directions
perpendicular to each other).

After exposure of cells to electric pulses, cell suspension was
transferred by micropipette from the place between the electrodes to
the 24-microtiter plate holes. Propidium iodide (Sigma, USA) was used
to determine the degree of permeabilization of cells [24]. This
nonpermeant fluorescent dye was added to the cell suspension before
electroporation in quantity that gave 0.01 mM concentration of
propidium iodide in the cell suspension.

Propidium iodide enters the cells when they are permeabilized as
described earlier [24] and binds on cell's DNA. When bound, its
fluorescence increases 1000 times. Propidium iodide is toxic and
eventually enters in nonpermeabilized cells as well so all the
measurements must be finished in less than 30 min after the addition
of the dye.

Permeabilization was determined as the ratio between the number
of fluorescent cells and the total number of cells in the field of view.
We observed cells under the inverted fluorescent microscope Axiovert
200 (Zeiss, Germany). Phase contrast and fluorescence images of the
same areas were taken between 5 and 9 min after the electroporation
with digital IMAGO CCD camera VISICAM 1280 (Visitron, Germany)
with the resolution 1280x 1024 pixels and were analyzed with Meta
Morph 5.0 (Visitron, Germany). Excitation was set at 510 nm

Fig. 1. a) Schematic of electrodes and the drop of cell suspension between them. b) Directions of pulsing sequences: pulses in same directions (=), pulses in opposite directions (<> )
and pulses in two directions perpendicular to each other (= ). c¢) At treatments with pulses in perpendicular directions, pulses were applied between opposite electrodes. Resulting
electric field is depicted with dashed arrows (for pulses applied between electrodes 1 and 3) and solid arrows (for pulses applied between electrodes 2 and 4).
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a. B16F1 cells

Fig. 2. Phase contrast pictures with 20x magnification a) B16F1 cells, cell marked with
an arrow has three nuclei. b) CHOK1 cells: cells, marked with arrows have two nuclei.

wavelength and emission detected between 565 nm and 595 nm
(Rhodamin filter BP 580/30).

2.3. Electrofusion

For electrofusion, we used the protocol where contact between
cells was established by means of centrifugation as previously
described [25,26]. After exposing cells to electric field (see Section
2.2), cell suspension was transferred by micropipette to a centrifuge
tube and in a centrifuge in less than 20 s after the electroporation. The
electroporated cells were centrifuged 5 min at 525 rpm at 4 °C. Next
10 min cells in centrifuge tubes were incubated at 37 °C and 5% CO,.
After this procedure, cells were placed in Petri dishes and incubated at
37 °C and 5% CO, for 24 h.

We observed adhered cells with inverted optical microscope CK40
(Olympus, Japan). Images were taken from live cells in the medium or
from cells fixed first with absolute methanol and dyed with Giemsa
dye. For each experiment, we counted at least 400 cells. All
experiments were repeated three times.

Fusion yield FY was calculated as a number of nuclei in multi-
nucleated cells divided by number of all nuclei.

_ number of nuclei in multinucleated cells

FY number of all nuclei

1)

FY values can be from zero to one. Zero means there are no
polynucleated cells, at one all cells would be polynucleated. In the
next step, we considered the survival of the cells (S) in each treatment.
We defined number of nuclei in control treatment (no electric pulses)
as 100% (all cells survive). We determined the survival S in different
treatments according to this number. Actual fusion yield FY* was then
calculated considered cell survival, thus correcting FY.

FY* = FY- S[%] @)

FY* values can be from zero to one, because FY is between zero and
one and survival S is between zero and hundred percent, but FY* is
always smaller than FY since S is smaller than 100%. Furthermore, in
practical use of fused cells, we are usually not interested in their nuclei
number but in the yield of functional fused cells. Namely some fused
cells can contain large (>2) number of nuclei, which reduces the
number of cells obtained. On the picture 2a, B16F1 cell with three
nuclei can be seen and on the picture 2b, two CHOK1 cells with two
nuclei can be seen.

We thus considered the average number of nuclei in the
polynucleated cells for different treatments, so called index of

a.
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Fig. 3. Permeabilization of a) B16F1 and b) CHOK1 cells. Cells were pulsed in suspension.
The length of square-wave pulses was 100 ps and repetition frequency of pulses was
77 Hz. Numbers of pulses applied were 6 and 10. The pulse amplitudes were 400 V and
500 V. Three different combinations of pulse directions were used: pulses applied in
same directions (=), pulses applied in opposite directions («>) and pulses applied in two
directions perpendicular to each other (= #). Values are given as a mean+SD.
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polynucleation Ip. To obtain the yield of fused cells we calculated FY**
as

FY** = FY*-2/Ip 3)

I, in ideal situation of the fusion would be two, meaning that each
cell fused with one another cell resulting in all polynucleated cells
having two nuclei. If the number of nuclei is higher than two, FY** is
smaller than FY*. FY** is thus the most conservative estimate of fusion
yield taking into account also survival and index of polynucleation
(Fig. 2).

2.4. Hybridoma technology

For production of heterohybridoma, we used human spleen
lymphoblasts and mouse myeloma NS1 cells. We mixed both cells in
the ratio of 1:1 in the pulsing medium at the same concentration as for
CHOK1 or B16F1 cells (5% 10° cells/ml) and then fused them by using
the same protocol as for CHOK1 or B16F1 cells.

After exposing cells to the electric field, as we described in Section
2.2, the cell suspension was transferred by micropipette to a
centrifuge tube and into a centrifuge in less than 20 s after the
electroporation. The electroporated cells were centrifuged for 5 min at
525 rpm at 4 °C. Next 10 min cells in centrifuge tubes were incubated
at 37 °C and 5% CO,.
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Fig. 4. Fusion yield of a) B16F1 and b) CHOK1 cells. Note: FY** is given for B16F1 and FY*
is given for CHOK1. Cells were pulsed in suspension. The length of square-wave pulses
was 100 ps and frequency of pulses was 77 Hz in all experiments. Numbers of pulses
applied were 6 and 10. The pulse amplitudes were 400 V and 500 V. Three different
combinations of pulse directions were used: pulses applied in same directions (=),
pulses applied in opposite directions (<) and pulses applied in two directions
perpendicular to each other (= ). Fusion yield presented is corrected for survival and
polynucleation of cells in each treatment for B16F1 cells and for survival only for CHOK1
cells. Values are given as a mean+SD.

CHOK1

Yield* (%)

Table 1
Survival of B16F1 and CHOKT1 cells in the experiments of cell fusion

Survival of cells [%] 6 pulses, 10 pulses, 10 pulses,
100 ps, 400 V 100 ps, 400 V 100 ps, 500 V
B16F1 = 101.8+0.02 103.6+0.05 104.1£0.1
> 95.0+0.1 103.5+0.2 96.7+0.1
= 91.9+0.1 92.1+0.1 86.9+0.1
CHOK1 = 90.2+0.1 98.8+0.3 87.9+0.1
<> 85.1+0.2 86.5+0.2 84.1+0.2
=8 82.6+0.1 80.3+0.1 772%0.2

Values are given as a mean+SD.

After the electrofusion procedure, cells were resuspended in
DMEM medium with 13% FCS and transferred in units of 5x10* cells
to the 96-well culture plates.

After 24 h, HAT selection medium was added and replaced with HT
medium after two weeks. About 3 weeks later heterohybridomas were
counted under inverted microscope and transferred into conventional
24-well culture plates for growing.

Results (permeabilization and fusion yield) are given in a form of
multiple bar graphs (SigmaPlot 9.0, Systat, USA) where every point
represents the mean of three independent experiments and the error
bars indicate the standard deviation (Figs. 3 and 4). Statistical test, One
way analysis of variance (One way ANOVA), was performed on all
results (SigmaStat 3.1, Systat, USA). Bonferroni t-test was performed
on results if there was indication of a statistically significant difference
between different electric field protocols used.

3. Results
3.1. Electropermeabilization

The permeabilization of cell membrane and the percentage of
permeabilized cells in suspension are increased with an increase in
the pulse amplitude and with the number of pulses as expected and
described before, and can be seen in Fig. 3a and b ( pulses delivered in
the same directions). The effect of electric field direction is however
more interesting because its role in cell electrofusion has not been
extensively studied yet.

Pulsing cells in two opposite directions caused almost no
difference in permeabilization in comparison to pulsing cells in one
direction while permeabilization is increased for the same pulse
amplitude and number of pulses by using pulses in two perpendicular
directions (p<0.001). The effects of the observed parameters were
similar for both cell lines under investigation, the B16F1 and CHOK1
cells (Fig. 3a and b).

3.2. Electrofusion
The fusion yield FY was generally increased with an increase in the

pulse amplitude and in the number of pulses (Fig. 4) although number
of pulses and pulse amplitudes were chosen close together so that the

Table 2
Polynucleation index for fusion of B16F1 and CHOK1 cells
Polynucleation 6 pulses, 10 pulses, 10 pulses,
index [Ip] 100 ps, 400 V 100 ps, 400 V 100 ps, 500 V
B16F1 = 2.3+0.2 2202 22201

<« 23102 22402 2.2+0.1

=0 22101 2.3+0.1 2.2+0.1
CHOK1 = 2.1+0.05 21+0.1 2.1+0.05

=3 21+0.1 2.0+0.1 2.1+0.02

=0 24%02 22402 23%0.2

Values are given as a mean+SD.
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Table 3

Results of fusion of human lymphoblasts and myeloma cells

Pulse Number of  Length of Wells Wells where Viable
amplitude  pulses pulses [ us]  seeded  clones appeared  hybridoma
V]

400 6 100 27 / /

400 10 100 27 / /

500 10 100 70 21 [30%] 5

500 10 200 18 6 [33%] 1

500 10 500 27 2 [7%] /

differences were small. In control samples (without electrical pulses
delivered), we observed polynucleated cells that are always present in
the cell culture. For CHO cells there was approximately 17% and for
B16F1 cells 19% of inherently polynucleated cells.

The fusion yields shown are multiplied with the cell survival
(Table 1) according to Eq. (2) in order to take into account also the cell
survival. Survival of CHOK1 cells was consistently lower than the
survival of B16F1 cells for about 10%.

For each pulse combination, we also evaluated index of poly-
nucleation—i.e. the average number of nuclei in one polynucleated cell
(Table 2). The level of polynucleation was between 2.0 and 2.4; it was
the same in both cell lines and did not depend on different protocols
used. When we took into account the level of polynucleation (Eq. (3)),
most of the significant differences between treatments for CHOK1
cells were no longer present. The differences in fusion yield between
treatments with different number of pulses remained noticeable also
when we took into account the level of polynucleation.

3.3. Hybridoma technology

In our present work, we also used electrofusion to produce
human-mouse heterohybridoma cells from human lymphocytes and
mouse myeloma cell line NS1 with modified Koehler and Milstein
hybridoma technology. We were able to obtain viable human-mouse
heterohybridoma in amounts that are comparable to those obtained
by fusing the same cells by means of polyethylene glycol (data not
published).

We used the treatment procedures that worked best on B16F1 and
CHOKT1 cells (pulses in two directions perpendicular to each other)
and also treatments with prolonged pulses (Table 3). Our results show
that treatments with pulse amplitudes of 400 V are suboptimal for
making lymphocytes fusogene and treatments with ten pulses 500 pis
long were probably too strong for myeloma cells to survive.

4. Discussion

In our present study, we examined the effect of different electric
pulse parameters on electropermeabilization and electrofusion in two
cell lines. We were especially interested in the effect that the direction of
the electric field might have on cell fusion. Even though we intentionally
worked at suboptimal conditions in order to be able to detect expected
differences with changing the direction of electric field, fusion yield
obtained in our study was comparable to the fusion yield obtained by
means of electrofusion by other researchers [27-29]. At optimal values
of studied parameters, the values of fusion yields, after the subtraction of
the polynucleated cells in control samples, are approaching 20%.

The effect of the electric field direction on fusion yield is similar as
for permeabilization of cells. We did not observe the difference
between pulsing cells in one direction and pulsing cells in two
opposite directions. Fusion yield is however increased when pulsing
cells in two perpendicular directions for the same pulse amplitude
and number of pulses.

We observed consistently lower survival of CHOK1 cells than of
B16F1 cells for about 10%. Since B16F1 cells are somewhat larger than

CHOK1 cells, the difference in the survival is not due to the cell size
effect on the sensitivity of the cells to the electric field. It was shown
that B16F1 cells are less sensitive to electric field due to their biological
properties [30]. The other reason is probably also the larger sensitivity
of CHOK1 cells to mechanical and other manipulation.

The level of polynucleation was between 2.0 and 2.4 and did not
depend on different protocols used. The level of polynucleation is
however important, because obtaining cells with huge number of
nuclei reduces the number of polynucleated cells and additionally
large cells are less likely to survive and divide. The ideal level of
polynucleation values therefore should not be much higher than 2.

The observed effects due to different parameters used, were
similar for both investigated cell lines although the differences were
more pronounced for the B16F1 cell line (Fig. 4). For CHOK1 cells we
have shown only the FY*, because at the FY** level significant
differences between different treatments were not apparent, while for
the B16F1 cells the differences remained visible also when we further
took into account the level of polynucleation.

The degree of permeabilization and fusion yield was higher at
treatments with higher pulse amplitude and larger number of pulses.
This effect of pulse amplitude and number is in agreement with Teissie
and Ramos, 98 [15]. In their study, they observed a strong correlation
between permeabilization and fusion.

In our study, we focused on observing differences between the
treatments delivering pulses in different directions. We obtained the
highest fusion yield when delivering pulses in two directions
perpendicular to each other, while the effect of using pulses in two
opposite directions was not significantly different when compared to
delivering pulses in the same direction. That was expected and it is in
agreement with the theory of electroporation [17,18] and experiments
done by others [20,31].

The differences between different electric protocols used, however,
are not large. The reason for that in our opinion is in the design of the
electrodes. Only part of the cells in suspension drop was actually
exposed to the pulses in claimed directions. This effect is most obvious
when pulses are applied in two directions perpendicular to each other.
Large outer part of the cell suspension is actually exposed only to the
field in the same or in two opposite directions (Fig. 1c). The design of
the electrodes has since been improved in order to resolve this
problem [32].

In our study, we also noticed that survival for treatments, where
the electric field direction was changed, was lower than in the
treatments where pulses were applied in only one direction. The
reason for that is probably in the fact that in the case of changing
electric field more cells is in close proximity to an energized electrode
and therefore a high electric field. In our design of new electrodes, we
have predicted the possibility of covering the surface of the electrodes
with the filler material, which would conduct the electric current in
the same range as our medium and on the other hand, it would
function as a mechanical barrier between the cells and the electrode
surface. This barrier would exclude cells from the proximity of the
electrode surface and thus reduce the number of cells being killed
while applying electric field. As it was suggested already by Schmeer
[33].

The advantage of our method of detection of fused cells by
counting nuclei after 20 to 24 h is that we count only the cells that
actually survived. This is important, because only cells that actually
survive and divide are useful in obtaining hybrid cells for monoclonal
antibodies or hybrid autologus tumor-dendritic cells production. On
the other hand, this method has a drawback that nuclei in fused cells
can also fuse [34]. Therefore, in estimation of fusion yield we
depended also on cell and nuclei sizes, which are not linearly
dependent on nuclei number in the cell and therefore cannot be
relied on completely.

In the second part of our study, we used electrofusion technique in
hybridoma technology for fusion of smaller human lymphoblasts with
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larger mouse myeloma cells NS1 as fusion partners. The yield of
heterohybridomas is never as good as the yield of mouse-mouse or
human-human hybridomas due to the chromosome loss [12]. We
succeeded in producing heterohybridomas in the amounts that are
comparable to those previously obtained by the means of polyethy-
lene glycol.

Furthermore, we used electrical conditions that were the most
successful in the first part of our study. This can be useful for
comparing the results but was not necessarily optimal for fusion of
human lymphoblasts with NS1 cells. Lymphoblasts are namely
approximately twice smaller in diameter than NS1 cells and are
therefore less prone to electropermeabilization under the same
conditions than larger NS1 cells. For permeabilization of lympho-
blasts, we would need higher pulse amplitude or number of pulses
than for permeabilization of myeloma NS1 cells [35]. On the other
hand, it was shown in the case of primary and transformed human
amnion cells that primary cells are more sensitive to electric field than
transformed cells [36]. Since lymphoblasts are primary cells, they
could be more sensitive to electric field even though they are of
smaller size.

In our experiments, we observed that after exposure to electric
pulses myeloma cells were in bad shape. That makes us believe that
they were seriously damaged by exposure to electric pulses. At the
same time, treatments with longer pulses, higher pulse amplitude or
more pulses were needed for obtaining hybridoma (Table 3). This
supports our conclusion that lymphoblasts were fusogenic only after
treatments with longer pulses, larger pulse amplitude or more pulses.
We expect that pulses with even larger amplitude could be more
successful due to enlarged area of permeabilized membrane [37] but
current electrode design and pulse generator limitations did not allow
us to use them. If we could use larger amplitudes, we would most
probably encounter a problem of viability of the NS1 cells, which were
permeabilized at the same time with the lymphoblasts. Therefore, we
suggest raise of myeloma cells fraction from half as used in our study
to 90% or separate permeabilization of different types of cells and
consequent fusion in order to achieve optimal fusogenicity and
survival of both fusion partner cells.
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The transmembrane potential (A¢) induced by external electric fields is important both in biotech
applications and in new medical therapies. We analyzed the effects of AC field frequency and cell orientation
for cells of a general ellipsoidal shape. Simplified equations were derived for the membrane surface points
where the maximum Ad¢ is induced. The theoretical results were confirmed in experiments with three-axial
chicken red blood cells (a:b:c=6.66 um:4.17 pm:1.43 um). Propidium iodide (PI) staining and cell lysis were
detected after an AC electropermeabilization (EP) pulse. The critical field strength for both effects increased
when the shorter axis of a cell was parallel to the field, as well as at higher field frequency and for shorter
pulse durations. Nevertheless, data analysis based on our theoretical description revealed that the A¢
required is lower for the shorter axis, i.e. for smaller membrane curvatures. The critical A¢ was independent
of the field frequency for a given axis, i.e. the field strength had to be increased with frequency to compensate
for the membrane dispersion effect. Comparison of the critical field strengths of PI staining in a linear field
aligned along semi-axis a (142 kV m™ ') and a field rotating in the a-b plane (115 kV m™ !) revealed the
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higher EP efficiency of rotating fields.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Membrane electropermeabilization (EP, also referred to as electro-
poration or dielectric breakdown) is probably the most important
technique for the introduction of extracellular molecules, which do not
penetrate cell membranes under normal conditions. It is generally
assumed that membrane re-conformation and the formation of aqueous
pores play a decisive role in the process of penetration [1]. EP is observed
when the transmembrane potential (A¢) induced by the external field
reaches a “critical voltage” of approximately 1 V [2-4]. Its magnitude
depends on the experimental conditions [5,6]. Nevertheless, thorough
investigations have shown that the experimental observation of a
“critical voltage” results from the strongly nonlinear auto-regulation
processes involved in pore formation [7-9]. One important effect is the
voltage drop in the external medium for the current flowing through the
pore. This voltage drop increases with pore size, leading to a down-
regulation of A¢. Nevertheless, the assumption of a “critical voltage” is
feasible for practical reasons and we will use the term in the following.

EP of cells depends on several electric parameters, e.g. field
strength, pulse duration, number of pulses [6,10-17] and pulse shape
[18-20]. Cell size, shape and orientation, medium conductivity and
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E-mail address: jan.gimsa@uni-rostock.de (J. Gimsa).
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temperature are also important [6,21-23]. A¢ is proportional to the
length of the axis oriented in the field direction and a shape factor that
is related to the depolarizing factors [24-25]. Chang et al. [26]
described how AC-fields are more effective in EP than DC fields, and
result in an increased cell viability. The frequency dependence of A¢
in AC-fields depends on medium conductivity [22]. Capacitive
membrane bridging causes the A¢ to decrease with increasing field
frequency [4,22,27-34]. Clearly, rotating AC-fields generated by the
superposition of two perpendicularly oriented fields are even more
effective than the linear AC-fields [28,35,36].

New developments focus on EP in microfluidic devices with an EP
process controlled at the single cell level [37,38]. The aims are to
achieve high effectiveness in the genetic manipulation of cells [39-43]
and effective cell lysis prior to subcellular analysis [44].

Gimsa and Wachner [25,45] have derived analytical expressions of
A¢ for both orientations of the symmetry axis of spheroidal cells,
assuming a low conductive membrane and a highly polarizable
cytoplasm. The same ansatz could be extended to arbitrarily oriented
cells of the general ellipsoidal shape, including all electrical para-
meters [30]. Recently, we derived simplified expressions avoiding the
complex depolarizing factors for spheroidal cells [46].

In this work, we analyze the A¢ induced by AC field pulses in
arbitrarily oriented ellipsoidal cells. The theoretical description is
compared to experimental results obtained from the EP of the roughly
ellipsoidal chicken red blood cells (CRBCs). Experiments were conducted
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in a chip chamber with two comb-shaped electrodes. Each comb had three
interdigitating fingers, allowing for five different inter-electrode distances.
The EP of the cells was determined from the two criteria, propidium iodide
(PI) permeabilization detected by fluorescence-staining of the cell nuclei
and cell lysis, respectively. We considered the effects of field strength,
pulse field frequency, pulse duration and cell orientation.

2. Theory
2.1. A for general orientation of ellipsoidal cells

2.1.1. A finite element ansatz for A¢ of the oriented single shell model

Gimsa and Wachner [30] have presented a simplified finite element
ansatz for the A¢ of a single shell ellipsoidal model. The model consists
of the internal, membrane and external media, designated by the indices
i, m and e, respectively. Each medium is presented by a prismatic
element (see [30]). The impedance Z* of each element is given by the
geometry (cross-sectional area A and length [):

z*:%% with 0" = 0 +jweeg 1)
0%, &, & and j stand for the complex specific conductivity of the considered
medium, relative permittivity, permittivity of vacuum and v/-1, respectively.
Eq. (1) is equivalent to a resistor capacitor- (RC-) pair (see lump model in [30]).
The length I in Eq. (1) is given by the dimensions. The cross-sectional areas A
of each element are assumed to be equal and infinitely small. They are
oriented perpendicular to the field. Starting from this “finite element model”,
for an ellipsoidal cell with semiaxis a oriented in parallel to the field direction
Ad¢ at pole a can be expressed by the voltage divider properties of the lump
model (see [30] for details):
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Ex, Eioca and E;, stand for the external field in x-direction, the effective
internal local field of the body and the cytoplasmic field, respectively. Please
note that A¢yg, Ejocq and E;, are complex terms. Nevertheless, for simplicity
we only mark the impedances Z* of the prismatic elements by asterisks. gg'**
stands for the maximum of &jo, determined by the influential radius ging
along axis a. Index a refers to the geometry along semiaxis a. No axis index is
required for the membrane impedance because the membrane elements are
assumed to possess the same geometry along each principal axis. Please note
that the model is largely consistent with (or even superior over) the Laplace-
description for reasonable cell properties [30].

2.1.2. A¢ for arbitrarily oriented cells of the general ellipsoidal shape
The general ellipsoidal model is described by three principal semi-
axes a, b, and c of different length. Special cases are spheroidal models

Pix.y,2)

Fig. 1. Sketch of a cell of the general ellipsoidal shape. The components of P and E are
given in spherical coordinates. The principal semiaxes a, b and ¢ define the orthonormal
coordinate system, x, y and z. P (x, y, z) is the local vector of a membrane surface point
defined by the angles « and (. The external electric field E has an arbitrary orientation,
determined by the angles 6 and .

with a=b and spherical ones with a=b=c. The semi-axes can be used
to determine a Cartesian, orthonormal coordinate system x, y, and z
where x, y, and z are parallel to a, b, and c, respectively (Fig. 1). The
homogeneous external field E is oriented arbitrarily within this
coordinate system. Its orientation is determined by the angles 6 and .
The local vector P of the membrane point under consideration is
determined by the angles « and (. The induced transmembrane
potential (A¢p) at a membrane point (index p) is:

Zn, Ginfl ; F J
w P - OxEx
Ziy+Zn+Z,, 4 EXA@*]
—Z* b; fl d
Apy = | =——2 " AE, | = | Yas 3
@p Zib+Zm+Zeb b " bA¢b ( )
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for an arbitrary orientation of the inducing field (see [30] for details).
Qinfl, bing and cing stand for the influential radii of the ellipsoidal cell
along the three semiaxes. Again, all A¢-terms are complex. The
influential radius along each semiaxis refers to a certain distance from
the center of the cell [45]. In the center, a symmetry plane can be
defined for each semiaxis that is oriented perpendicular to the
semiaxis. Field components (E,, E,, E;) parallel to a semiaxis will not
change the potential in the respective symmetry plane for symmetry
reasons. The A¢-components at the three poles a, b, and c are solely
induced by the respective field components (E,, E,, E;) along the
semiaxes. dy, dy, and d, denote the distance of the membrane point to
the three symmetry planes. At the poles dy=a, d,=b, and d,=c. For a
cytoplasmic conductivity much higher than the membrane conduc-
tivity and a very thin membrane, A¢,, is given by the sum of the vector
components of Eq. (3) (see [30] for a detailed consideration).
Neglecting the permittivities of the cytoplasm and the external
medium, from Eq. (3) we obtain [30]:

~GinnExdy/a
A% = (1+ agm(1/0; + (ainn=0)/a0e)) /1 + f2/f2, (4)
N =binnEydy /b
(1+bgm(1/0i + (bina=b) /boe)), /1 +f2/fZ,
N —CinnEzdz/C
(1+cgm(1/0; + (Cinn=C)/cOe)) /1 + f2/f2
with
Jea = 2111Cm (aoe ;ZZ:;—a)oi +gm> )

Cnand g, stand for the area-specific membrane capacitance in Fm™2

and the area-specific membrane conductance in Sm™ 2, respectively.
They are given by C,,=€y &p,/d and g, = 0,,/d with d being the membrane
thickness. f, f.q, i, and o, stand for the external field frequency, the
characteristic frequency of membrane polarization along semiaxis a,
and the internal and external conductivities, respectively. Expressions
analogous to Eq. (5) hold along the other two semiaxes.

2.1.3. Maximum of A¢y, for semiaxis b being oriented perpendicular to
the external field

The field vector is parallel to the x-z plane for semiaxis b being
orientated perpendicular to the external field (6=0°, Fig. 2A). A new
analytical expression can be derived from Eq. (3) for the membrane
surface point reaching the maximum Ad if only peripheral points in
the a-c plane (8=0°) are considered. The angle o gm) determining
this point can be obtained considering the a-dependence of the sum
of the x- and z-components of Eq. (3) (compare to Eq. (4)). The a-
dependence of Eq. (3) is obtained after introduction of angular
coordinates for the distances dy, d,, and d, (see [30] and compare to
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Fig. 2. Two-dimensional sketches of the ellipsoidal CRBC model compared to microscopic
images of CRBCs in the measuring solution. The sketches resemble a situation of a 45° field
orientation in the a-c (A) and a-b (B) planes (6=7y=45°). a and 3 determine the theoretical
membrane points of A¢p™. (A) field orientation perpendicular to semiaxis b (6=0°).
(B) experimental standard situation, field orientation perpendicular to the shortest semiaxis
¢ (y=0°, compare to Fig. 10).

Eq. (9)). Assuming the first derivative of the obtained function to be

zero for |E,|=|E;| and |E,|=0, i.e. y=45° and 6=0° we obtain:

‘A‘ﬁz:c tanv) (©)
a

a

O pgmy = arctaﬂ(

Introducing oy aemsx) into Eq. (3) leads to the maximum of A¢:

A6™ =\ /| Ay Peos?y + |Ag; Psin’y @)

Analogous expressions hold for fields oriented in the x-y and y-z
planes. In these cases, the field orientation and the membrane point
under consideration will be defined by the angles 6 and (3, respectively
(Fig. 2B). Similarly, also other field orientations can be considered. An
interesting consideration is the frequency dependence of the A¢p™**
point for y=56=45°. In this case, the site of Ap™* will exhibit a complex
frequency-dependent trajectory at the membrane surface.

2.2. DC-limit of A¢y, for oriented ellipsoidal cells with zero membrane
conductance

2.2.1. General orientation of a cell of the general ellipsoidal shape
For zero membrane conductance and at very low frequency or DC
fields, Eq. (3) can be reduced to:

%A¢Z _dx;inﬂ Ey

86, = | D agy | = | “bung, (8)
d;, , . -d,¢;
?ZA¢C zcmﬂ E,

After introduction of angular coordinates for the distances dy, d,,
and d, (see [30]) into Eq. (3) we obtain:

-E abc
Ad, = :
\/(azsinzﬁ + b2 cos? L%) c2cos o+ a2b2sin’a
;1 COSQLCOSB/a €0SyCos & (9)
X | by cosasinB/b cosysin &

Cinpl SINQX/C siny

2.2.2. Ad, for a perpendicular orientation of semiaxis b to the external field
For semiaxis b being oriented perpendicular to the external field,
Eq. (9) can be reduced to:

—E(ajp € COS7Y COS + Cipg asiny sin )

[ 2
a2sin® & + 2 cos” @

considering only peripheral points in the a-c plane (Fig. 2A). The angle
O apmaxy determining A¢p™* is given by (compare to Eq. (6)):

Agy = (10)

CinfIC
Qpgmery = arctan <—tany> (11)
(A inn @

and after introducing q(a4m= into Eq. (10) we obtain (compare to
Eq. (7)):

A — —E\/ @ cos’y + c2,sin’y (12)

Egs. (11) and (12) indicate that the A¢™* of ellipsoidal cells for the
above simplifications depends on field orientation (7y ) and cell shape,
i.e. the influential radii along semiaxes a and c (Fig. 2A). Analogous
expressions hold for the peripheral points of the a-b (Fig. 2B) and b-c
planes.

2.3. DC-limit of A¢, for spheroidal cells with zero membrane
conductance

2.3.1. General orientation of a spheroidal cell

Spheroidal models are oblate and prolate when their symmetry
axes are shorter (c<a=b) and longer (c>a=b) than the semiaxes a and
b, respectively. For arbitrarily oriented spheroidal cells A, is given by
[45]:

_Cinflp g, (13)

4
A, = - (E.dy + Eydy) .

a

From Eq. (9) we obtain:

Aby = -E ac (14)
\/(a2 sin?c + ¢ cos? a)
Qipf COSQL COSP3/a COSy COSO
Qipp COSL SINf3/a €osysing
Cinp SINQY/C siny

2.3.2. A¢p, at peripheral membrane points with a perpendicular
orientation of semiaxes b to the external field for a spheroidal cell

For 6=0° the field vector lies in x-z plane. If we further assume
B=0°, Adp, in Eq. (9) can be reduced to Eq. (10). Nevertheless, a;,n and
cinp are based on complex expressions for the depolarizing factors
[45]. Recently, we derived simple approximating equations for aj,q
and c;q of spheroids avoiding complex expressions (see Appendix A).
Introducing Eqgs. (A.1) and (A.2) into Eq. (10) leads to:

aE(a+ 2c)(2ccosycosa + (a+ c)siny sina)

. 2
2(a + c)\/ a2sin’a + ¢ cos «

The same expressions can be introduced into Egs. (11) and (12) to
determine the A¢™® and the angle o a4m=) under which it occurs.
Furthermore, limiting cases of the shape can be considered. For a thin
disk (c<a) Eq. (15) reduces to:

Ay = - (15)

aE(2ccosy cos o + asiny sinc)

[ 2
2¢/ a2sina + ¢ cos” «

Ay = -
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Table 1
CRBC parameters for model calculations [47]

Parameter Value

Infl. radius/semiaxis=max. ampl. factor

in [ @ 7.49 1m/6.66 pm=1.125

binn [ b 5.28 pm/4.17 pm=1.266

Cinfl [ € 4.43 pm/1.43 pm=3.098
Membrane thickness (d) 8 nm

Conductivity/relative permittivity
Internal: o; /g
Membrane: Op,/&m
External: o,/e.
Area specific membrane conductance (g;,)
Area specific membrane capacitance (Cy,)

0.36 Sm™ /50
28 uS m™'/22.59
012 Sm /785
3500 S m™?2
0.025 Fm™2

The influential radii were calculated from the depolarizing factors of general ellipsoids
[30]. The quotient of influential radius and semiaxes length is the maximal
amplification factor for the induced A¢.

For long cylindrical cells (c>>a), A$, becomes:

A __acE(2cosycosa+ siny sinw)
’ 25in? 2 o5’
Va?sina+c? cos

2.3.3. Ad, for peripheral membrane points of a spheroidal cell for a
perpendicular orientation of symmetry axis c to the field

6 is equal to Bapma for any 7y because of the axis-symmetry of
spheroids. For y=0°, the field vector is parallel to the x-y plane. The
peripheral points of spheroids (a=b) form circles in this plane, i.e. for
a=0° Apg™ is always given by a;,q E. Using Eq. (A.1) we obtain [46]:

a+2c)

17)

a+c (18)

a0 a

For the limiting case of a very thin disk (c<a), Eq. (18) becomes |
Apy'*¥|=aE. For an extreme prolate shape (c>a), the geometry
approaches a cylinder and |A¢pZ | =2aE.

3. Experimental
3.1. Theoretical analysis of the model behavior

We used Maple 9.5 (Maplesoft, Waterloo Maple Inc., Canada) for
calculations. Curves were plotted with SigmaPlot 9.0 (Systat Software
GmbH, Germany). The cells were modeled as general single shell
ellipsoids (a>b>c), spheres (a=b=c) and oblate (c<a=b) or prolate
(c>a=Db) spheroids. An electric field strength of 100 kV m™ ! was
assumed for theoretical considerations. Electric CRBC parameters are
given in Table 1. In experiments, a sufficient number of cells could only
be found with the orientation y=0°, a=0° (Fig. 2B). The orientation
6=0°, B=0° was not stable enough for reliable data analysis (Fig. 2A).

3.2. Electropermeabilization (EP) experiments

3.2.1. EP chip chamber and instrumentation

A glass chip with two comb-shaped platinum electrodes with three
fingers was used for EP experiments. Our new design allowed for five
different inter-electrode gaps of 80 pm, 100 pm, 150 pm, 300 pm and
450 pm generating five electric field strengths from the same supply
voltage (Fig. 3). The chips were fabricated by GeSiM GmbH,
Grosserkmannsdorf, Germany (www.gesim.de). Only the three short-
est distances (80 pm, 100 pm and 150 pm) were used in the CRBC
experiments. The AC fields were generated by two 180°-phase shifted
square-topped signals with a key ratio of 1:1 from a function
generator HP 8130A (Hewlett Packard GmbH, Germany). The para-
meters of the generator were controlled by a computer program. The
output voltage could be amplified up to 20 V,, at frequencies up to
60 MHz by a home made amplifier. A pulse generator HP 8116A
(Hewlett Packard GmbH, Germany) was used to generate the gating

signal for the HP 8130A function generator. Waveform and amplitude
of the AC-fields were monitored with an oscilloscope HP 54610B
(Hewlett Packard GmbH, Germany). The resistances of the on-chip
temperature sensors were calibrated for their temperature depen-
dencies and measured before and after pulse application by a
multimeter (model 2000, Keithley Instruments Inc., USA).

After the EP pulse, a short temperature increase has been observed
with a maximum of 0.9 degrees for the longest pulse duration of
200 ms. The temperature peak was observed approx. 50 s after the
pulse. The main reason for this behavior was the heat dissipation by
the terminating resistors. The temperature approached room tem-
perature approx. one minute after the peak.

3.2.2. Electric field in the chamber
The electric field strength (E) is given by a Fourier series for a
square-wave AC-pulse with a key ratio of 1:1 [36]:

A

E= md

[exp(jwt)-exp(-j3wt)/3 + exp(j5wt)/5-... + ..] (19)

d, Vss,j, @ and t stand for the distance of a pair of plane-parallel electrodes,
the voltage difference between the electrodes, /-1, the circular frequency,
and time, respectively. The Fourier series contains only odd harmonics.
While the effective field of the full series is Vi/d, the effective field
generated by the sinusoidal first harmonic is 2v/2Vis/(nd) leaving a
missing 9.94% contribution for all other harmonics of the series. The
missing contribution decreases to 5.05% and 3.36% when the third and
fifth harmonics are included in the series. This consideration might be
interesting in the frequency range of membrane dispersion when
capacitive membrane bridging reduces the induced transmembrane
potential with increasing frequency, i.e. membrane dispersion leads to a
relatively stronger decrease in the contributions of the higher harmonics.

3.2.3. Cells and sample preparations

CRBCs were chosen because of their 3-axial ellipsoidal shape. Fig. 4
presents micrographs of the cells (Scanning Electron Microscope, DSM
960A, Carl Zeiss, Oberkochen, Germany).

The cells were obtained from the BfR (Bundesinsitut fiir Risikobe-
wertung, Berlin, Germany). Fresh blood samples taken from the wing
vein of Italian cocks were preserved at a 1:1 dilution in Alsever's solution
(18.66 g dextrose, 4.18 g NaCl and 8.0 g tri-Na-citrate-2-hydrate
dissolved in 1 liter distilled water, pH 6.1) as an anticoagulant. This
suspension had a cell concentration of approx. 19% v/v. It was stored no
longer than three days. Cells were suspended in a mixture of a sucrose
and a NaCl solution for experiments. Both solutions had an osmolarity of
300 mOsm and contained 1 mM phosphate buffer solution, pH 6.8. The
mixture was adjusted to a medium conductivity of 0.12 S/m. The

Photoresist

!!.l

Bond pad
Electrode

P

Temperature Sample volume
sensor :

Fig. 3. Electrode glass chip (7x7 mm?) for EP experiments. The temperature sensor was
a platinum meander-structure. A plastic ring in the center of the chamber was fitted to
the circular opening in the photoresist to confine the sample volume (7 nl). The
chamber was sealed by a cover slip during measurements.
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Fig. 4. SEM-micrographs of slightly shrunken CRBCs. (A) and (B) show different
orientations of the cells. The semiaxes are denoted (scale bar 2 pm).

conductivity was controlled by a conductometer (inoLab, WTW GmbH,
Weilheim, Germany) in the temperature compensation mode (20 °C).

3.2.4. EP experiments

PI (Fluka, Switzerland, molecular weight 668.39) binds to DNA and is
used as a fluorescence marker of cell nuclei [48]. Cells were suspended in
5 ml measuring solution containing 10 uM PI[36]. 7 ul of this suspension
with a cell concentration of 0.03% v/v were transferred to the measuring
chamber that was sealed by a cover slip. EP experiments were conducted
with sedimented cells a few minutes after transfer. The uptake of PI by
single cells was observed with a fluorescence microscope (Olympus
[X71, Japan). The images were recorded on hard disk and monitored by a
computer interface using the Cell-P program of our imaging system (Soft
Imaging System GmbH, Germany). Cells already stained before pulse
application were excluded from interpretation. EP was judged 3 min
after pulse application. Non-lysed cells did not lose their hemoglobin
content. PI permeabilized cells detected by fluorescence-staining of
their nuclei and non-permeabilized cells were distinguished amongst
the non-lysed cells. Data were obtained for 10-15 cells collected in 4-5
repeats for each experimental condition.

4. Results and discussions
4.1. Theoretical analysis

4.1.1. DC-limit of Ad, for cells of the general ellipsoidal shape with zero
membrane conductance

The following analysis is based on the theoretical descriptions
introduced above. Table 1 presents the CRBC parameters used. In the
experiments, cells were oriented with semiaxes b or ¢ perpendicular

Agy IV

-
~
=, LAY ! r f
=Y
< 024 45 90\133\ 180, 225/270 515 360
\ K 7/ 3
_ Y /
-0.4 \ \/__/-_./.
-0.6 - %
0.8 -

Fig. 5. Angle dependence of A¢, for the CRBC model with zero membrane conductance
(DC-limit). (A) Dependence of « for peripheral points (3=0°) for a field orientation
perpendicular to semiaxis b (6=0°). Three field orientations (y=0°, y=45° and y=90°)
are considered in the a-c plane. (B) Dependence of 3 for peripheral points (a=0°) for a
field orientation perpendicular to semiaxis ¢ (y=0°). Three field orientations (6=0°,
6=45° and 6=90°) are considered in the a-b plane.

to the external field (Fig. 2A and B). For the first orientation, 6=0° and
B=0° for peripheral points in the a-c plane (see Figs. 1 and 2A). The
Ay of any point depends on the field angle y. Maxima at the poles are
special cases of Eq. (3) and given for a parallel orientation of the field
and semiaxes a (JAdy' | =aina E) and ¢ (|AG*|=cing E), respectively.
At a field angle of y=45° (Fig. 2A) Eq. (12) becomes:

407) = (V2/2)E\Jag + g (20)

Analogous expressions are obtained for cell orientations in the a-b
and b-c planes. It can be shown that the equation holds for cell models
with a very thin membrane, zero membrane conductance, and a highly
conductive cytoplasm at low frequencies. Under these conditions, the
membrane point of Ap™* is solely determined by the object geometry

Table 2
Shape parameters of a spheroidal model for theoretical considerations

Semiaxes Influential radii calculated from

Depolarizing factors Simplified equations (Appendix A)

Spherical model

a=b=c=3.5 ym 5.25 pm 5.25 pm
Spheroidal model
c:a=1:3.5 (oblate)
ina=bina 418 pm 4.28 pm
Cinfl 3.06 pm 2.75 nm
c:a=2:1 (prolate)
ina=bina 5.96 pm 5.83 pm
Cinfl 8.47 pm 8.75 nm
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Fig. 6. Comparison of the DC-limits of A¢, for the full (Eq. (10), solid lines) and simplified (Eq. (15), dashed lines) spheroidal models. Zero membrane conductance was assumed. (A-C): A,
dependence on « for peripheral membrane points in a-c plane (3=0°) for semiaxis b perpendicular to the field (6=0°). The field orientations is y=0° (A), y=45° (B) and y=90° (C). (D):
trivial case of a field orientation perpendicular to the symmetry axis ¢ (y=0°, 6=0°). The A, dependence on f3is a cosine function for peripheral membrane points in the a-b plane (@=0°).

The Ad, magnitude is higher for prolate than for oblate cells.

(see Eq. (11)). We therefore designated the angle of this membrane point
“geometry-determined limiting angle”. o Agmax)= 7.2° is obtained for the
geometric parameters of Table 1 (Fig. 5A). Qapmax) is 23.78° in the a-b
plane (Fig. 5B).

4.1.2. DC-limit of A, of oriented spheroidal cells with zero membrane
conductance

We consider the spheroidal shape in the following for the sake of
completeness. Semiaxes a and b were fixed to a typical cell value of

12 2,,7=5000 Sm’
10 1 8m2=3500 Sm*
gm0 Sm?

6-:_'_""'""1_‘_""'""_'_""'""l_"""“’|_'_""'“l_""r"“'1

4 5 o6 7 8

3.5 pm. Semiaxis ¢ was varied. Three axes ratios were considered, c:
a=1:1 (spherical), c:a=1:3.5 (oblate), and c:a=2:1 (prolate). A field
orientation perpendicular to semiaxis b (6=0°) can be assumed without
limitation in generality. A, of the peripheral membrane points (3=0°)
was calculated either by the full model (Eq. (10)) using exact influential
radii (Table 2) or by the simplified Eq. (15) (Fig. 6). The Ad™** values
were found at the poles of semiaxis a (¢=0°) and ¢ (x=90°) for field
orientations in parallel (7y=0° Fig. 6A) and perpendicular (y=90°,
Fig. 6C) to semiaxis a. For y=45°, Ap™* can be expressed in analogy to

iC,,/=0.004 Fm*
1C,5=0.012 Fm™

9 4 5 6 7 8 9

log (frequency / Hz)

Fig. 7. Frequency dependence of the angle « of the Ap™* membrane point on cell parameters for a field orientation of y=45° in the a-c plane. (A) internal conductivity, o;; (B)
external conductivity, o,; (C) membrane conductance, g,; (D) area specific membrane capacitance, Cy,.
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Fig. 8. Frequency dependence of the angle 3 of the A¢p™** membrane point on cell parameters for a field orientation of =45° in the a-b plane. (A) internal conductivity, o;; (B)
external conductivity, o,; (C) membrane conductance, g,,; (D) area specific membrane capacitance, G,.

Eq. (20) (Fig. 6B). For a field orientation perpendicular to semiaxis ¢
(y=0°), Ap™™ == ajnqE for all angles in the a-b plane (Fig. 6D). The errors
of the simplified equations for prolate and oblate shapes are usually
much smaller than 10% compared to the full model (Fig. 6).

4.1.3. Dependence of the angle of A¢™™ on cell parameters and
frequency for tilted cells of the general ellipsoidal shape

The site of Ap™* depends on cell and medium parameters when the
object is exposed to the field under a certain angle. For a qualitative
consideration we used two different field orientations 6=45° (y=0°:
field in a-b plane), as well as y=45° (6=0°: field in a—c plane). The effect
of cell parameters on the location of A¢p™* is considered a function of
frequency in Figs. 7 and 8. @ and B3 of the A¢™™* membrane points were
calculated by Eq. (6). For the iteration of one parameter (e, 03, &, O Cpy),
all other parameters were kept at their standard values (Table 1). As
expected, the angles robustly approaches the geometry-determined
limiting angles of 7.2° (a—c plane, Fig. 7) and 23.78° (a-b plane, Fig. 8) at
low frequencies for a low membrane conductance.

Generally, three frequency plateaus are obtained for the angles. The
first and second plateaus occur at frequencies from 0-10* Hz and 10°-
107 Hz, respectively. While deviations of the first plateau from the
geometry-determined limiting angle depend on membrane conductance,
especially at low external conductivities, the third (permittivity) plateau is
largely independent from the cell parameter variations considered. Only
membrane permittivity variations have a slight effect (Figs. 7D and 8D). In
contrast, the second plateaus of « and 3 are strongly affected by the cell
parameters. It is interesting, that o and 3 may be higher or lower than the
geometry-determined limiting angle. The reason is that the polarizability
balance along the two semiaxes in the field plane may be deflected either
to the shorter or the longer semiaxis, i.e. the shorter or the longer semiaxis
may be higher polarizable [49]. The plateau levels of o and (3 are
independent of G,, variations. Nevertheless, higher G,, values shift the
transition frequency from the first to the second plateaus toward lower
frequencies (Figs. 7D and 8D). Please note that the assumption of cell
properties varying along the three axis, e.g. of different cytoplasmic
permittivities, results in a more complex behavior of the angle of A¢™.
Additional transitions and frequency plateaus are obtained for such

assumptions (data not shown). Nevertheless, such a situation is realistic
for biological cells with non-confocal membranes [47].

The A¢ balance along the three semiaxes is plotted in Fig. 9 to consider
the physical background of the angle transitions in Figs. 7 and 8. Fig. 9A
shows that the frequency dependence of A is qualitatively very similar
along the three semiaxis. At low frequency (< 10° Hz) the amplitude of A¢
is frequency independent. The amplitude of A¢ is highest for the longest
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Fig. 9. Frequency dependence of the absolute values of A¢ according to the full model
(Eq. (2), Table 1). (A) Frequency dependence of A¢ at the poles for a field orientation
along the semiaxes a, b and c, respectively. Insert: curves cross one another at around
100 MHz. (B) amplitudes of A¢ at the poles relative to A¢,. Please compare to the
transitions of ¢ agmax and Bagmy in Figs. 7 and 8, respectively.
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semiaxis (Adq> Adp> Ady, Fig. 9A). Transitions of the relative values occur
at frequencies above 100 kHz (Fig. 9A). Above 100 MHz the sequence of
the magnitudes even reverses (Ag.> Ady>Adg; Fig. 9A insert, Fig. 9B). The
transitions in the relative magnitudes are identical to the transitions of &
(compare dashed lines in Fig. 9B to dashed line in Fig. 7) and 3 (compare
dotted lines in Fig. 9B to dashed line in Fig. 8).

4.14. Electric field distribution in the EP chamber

We used COMSOL 3.3A Multiphysics program (Comsol AB, Stock-
holm, Sweden) to consider the three-dimensional electric field
distribution in the inter-electrode space of the chip chamber for an
electrode height of 100 nm, i.e. the thickness of the platinum layer
(Fig. 3). Aqueous solution was assumed to cover both electrodes by 5 pm,
the approximate filling height in the EP experiments. The constant field
strength found in the center between the electrodes is altered at
distances lower than 10 pm to the electrodes. While the field strength is
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increased close to the chamber bottom (z<1 pum) it is decreased for
heights of z=3 pm and z=5 pm at short distances to the electrodes. This
is the reason for an increased number of lysed cells in the immediate
vicinity of the electrode edges (see cell number 6 in Fig. 10E).

4.2. EP results

4.2.1. Dependence of PI permeabilization and cell lysis of oriented CRBCs
on electric field strength, frequency and pulse duration

CRBCs are nucleated and have a three-axial ellipsoidal shape. The
nuclei are clearly visible (Figs. 4 and 10). The semiaxes measures obtained
from 60 cells were a:b:c=6.66+0.19 pm: 4.17+0.26 ym:1.43+0.08 pm.
Experimental considerations were restricted to the case of semiaxis ¢
being perpendicularly oriented to the external field E (y=a=0°; see also
Fig. 2B). Fig. 10 presents examples of phase-contrast and fluorescence
micrographs of CRBCs immediately and 3 min after the pulse. Three

F
* 1/90°
) #2/45°

H

1/90°
®2/45° #43/45°

¥

Fig. 10. EP of oriented CRBCs suspended in 10 pM PI solution (0,=0.12 S m™!). Left column (A, C, E and G): phase contrast micrographs immediately after the pulse. Right column (B, D, Fand
H): fluorescence micrographs 3 min after pulses of E=200 kV m™" (16 V,,, electrode distance 80 pum). Different pulse durations of 1 ms (E), 10 ms (A and C) and 100 ms (G) as well as different field
frequencies of 1 kHz (A, E and G) and 150 kHz (C) were used. Cell numbers and the orientation angles of their semiaxes a with respect to the field are indicated. Pl permeabilized (small fluorescent
spots, normal nucleus size) and lyzed (E: number 6, G: numbers 3 and 4, swollen nuclei) cells were distinguished from the appearance of their nuclei.
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Fig. 11. Field strength dependence of PI permeabilization and survival (non-lysis) of CRBCs for selected field frequencies (A-C) and pulse durations (D-F) at 0.=0.12 S m™ . Pulse
duration was 10 ms (A-C). Field frequency was 1 kHz (D-F). Cell orientations of 6=0° (triangles), 45° (circles), and 90° (squares) were considered. Hollow and filled symbols indicate
the percentages of PI permeabilization and non-lysis, respectively. Sigmoidal curves (Eq. (21)) were fitted to the measuring points.

angle-classes of cell orientation were considered as indicated in Fig. 10
(6=0° 45° and 90°).

Frequency dependence of EP: the pulse duration was kept constant
at 10 ms to consider the frequency dependence. Examples are shown
in Fig. 10A-D. Cells of all orientations were permeabilized for PI at
1 kHz (Fig. 10A and B). Only cells oriented parallel to the field (cells 1
and 2) were permeabilized for PI at 150 kHz, while cells oriented at
45° and 90° (cells 5 and 6) were not permeabilized (Fig. 10C and D).
Detailed results on the frequency dependence are given in Fig. 11A-C.

Pulse duration dependence of EP: the frequency was kept constant at
1 kHz to consider the pulse duration dependence. Examples are shown in
Fig. 10E-H. Four out of six cells were permeabilized for PI at 1 ms (Fig. 10E
and F). All cells were permeabilized for PI by the longer 100 ms pulse.
Two cells even lysed (cells 3 and 4 in Fig. 10G and H). Lysed cells lost their
hemoglobin content after pulse application, their nuclei swelled. An
example is cell number 6 in Fig. 10E. For its location close to the electrode,
it is the only lysed cell, even though it is oriented at 72°. Detailed results
of the pulse duration dependence are given in Fig. 11D-F.

The percentages of PI permeabilized and non-lysed cells were
plotted over field strength for different pulse durations and field
frequencies to analyze the electroporation properties of CRBCs.
Sigmoidal curves were fitted to the experimental data (Fig. 11):

a
" 1+ exp((EsonE) /D)

Where y, a, and b denote the percentages of cells complying with
one of the two criteria (PI permeabilization or non-lysis), the final (b

y (21)

negative) or starting (b positive) percentage of cells for zero-field
strength and the slope of the sigmoidal curve. E is the electric field
strength of a data point and E5gy determines the electric field strength
corresponding to the 50% criterion [13,50]. All curves were fitted using
a nonlinear least-square regression program (SigmaPlot 9.5). Fig. 11
show results of the frequency, pulse length, field strength and
orientation dependencies for the two criteria [11-15,17].

Fig. 11A-C present selected results for the frequency dependence
for a constant pulse duration of 10 ms. The figure shows a higher EP
efficiency at lower frequencies (compare to Gimsa and Wachner [29]).

Fig. 11D-F present selected results for the effect of pulse duration
for a constant frequency of 1 kHz. This frequency is low enough to be
still in the plateau range of the DC-limit (Fig. 9) and high enough to
avoid electrode effects. Higher field strengths are required for an
effective EP at shorter pulse durations and higher numbers of lysed
cells are found at longer pulse durations [14,15]. Clearly, EP efficiency
is higher at a cell orientation of 6=0° than at 6=45° and 90° [23].

4.2.2. Critical field strength for oriented cells in dependence of field
frequency and pulse duration

We defined critical field strengths E; for PI permeabilization and cell
lysis from the 50%-values of the fitted curves in Fig. 11, i.e. 50% of the cells
comply with one of the criteria at E.; [1]. The E; for PI permeabilization
was always lower than for cell lysis independent of cell orientation.

Fig. 12 presents the frequency and pulse duration dependence of
the two Ej parameters. The parameters increase for higher
frequencies (Fig. 12A) and shorter pulses (Fig. 12B). Below 100 kHz
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Fig. 12. Comparison of E.; for PI permeabilization and non-lysis for various field
frequencies (A, const. pulse duration of 10 ms) and pulse durations (B, const. field
frequency of 1 kHz). Three cell orientations are considered. Dashed lines in (B) denote
the average of the orientations for the two E;, criteria. The dotted vertical line marks
the optimal frequency for differentiation of PI permeabilization and non-lysis.

the Ej for PI permeabilization was independent of frequency,
whereas it is increasing at higher frequencies [22]. This behavior is
in accordance with Egs. (4) and (5). Nevertheless, E.;, for cell non-lysis
increases linearly with frequency also below 100 kHz (Fig. 12A). The
reason may be that the nonlinear processes related to the formation of
large aqueous pores, membrane rupture, and cell lysis are much
stronger than those resulting in PI permeabilization [7-9]. Further, the
different relations of the E;; values for PI permeabilization and cell
non-lysis (Table 3) at the different angles of cell orientation are most
probably resulting from these properties. Our model does not describe
complex changes of the membrane properties during the process of
pore formation and membrane rupture. For these reasons, no Adcit
values were derived from the cell lysis data.

A field frequency of 10 kHz was chosen to search for the optimal
pulse duration. This frequency is high enough to exclude electrode

Table 3
Comparison of critical field strengths (E. ) and critical A¢ (Adc) for PI
permeabilization for different orientations of semiaxis a with respect to the field

Parameter Cell orientations
0° 45° 90°
Ecri/kV m™ ! (PI permeabilization, 141.89+7.53 158.07+7.59 179.34+4.88

1 kHz, 10 ms)
Eic relative to Egc at 0° 1 111 1.26

Eerie/kV m™! (non-lysed cells, 208.29+3.93 218.59+4.89 233.59+2.16
1 kHz, 10 ms)

Eric relative to Egc at 0° 1 1.05 112

Aderit/V (theoretical analysis 0.99 0.94 0.89

of data in Fig. 13)

Adperir Telative to Adric at 0° 1 0.95 0.89

Please note that E; for Pl permeabilization for a field rotating in the a-b plane was
approx. 115 kV m™! corresponding to a Adeic of 0.79 V at 0°.

processes and at the same time still below the membrane dispersion.
Averaging over all cell orientations led to mean values of E;, for the
two parameters PI permeabilization and cell lysis in dependence on
frequency (dashed lines in Fig. 12A). The criterion for the optimal pulse
duration was high PI permeabilization at low cell lysis. The distances
between the average lines are frequency dependent, suggesting an
optimal differentiation of the two criteria at a pulse duration of 10 ms
(dotted vertical line in Fig. 12A). The field oscillates 100 times at this
relatively short pulse duration.

Adie values could be obtained from E. by fitting the respective
summands of Eq. (4) using the parameters of Table 1 (Fig. 13; see also
Marszalek et al. [22]). Field orientations of 6=0° (first summand of Eq.
(4) for dy=a), 6=90° (second summand of Eq. (4), d,=b) and 6=45°
(both summands of Eq. (4)) were considered. While the angles of
Ap™* are frequency independent for 6=0° and 90° (3 equal to 6),
Ap™ ™ shows a complex behavior for 6=45° (Fig. 8). Nevertheless, this
complex behavior appears beyond our experimental frequency range
(Fig. 13). For this reason, we neglected the membrane conductance
and used the geometry determined limiting angle (compare to
Eq. (11)) to calculate Acyic from the determined E. values (Fig. 12A).
The obtained Adi; values for PI permeabilization are given in Table 3.
Theoretical A, values were only calculated for PI permeabilization for
the reasons discussed above.

Fig. 13 presents the frequency dependence of PI permeabilization.
The low deviation of the curves from the data points indicates that the
cell parameters of Table 1 are reasonable assumptions for CRBCs.
The assumption of a specific membrane capacitance even higher
than 0.025 F m™2 (Table 1) would probably result in a theoretical
E.i; increase already at lower frequencies and improved fits at
higher frequencies (see also [47]). Nevertheless, other probe
molecules may yield different values.

Our results confirm that the membrane sensitivity toward the field
depends on membrane curvature. Three factors may be important for
this effect: i) the larger the area oriented perpendicularly to the field (low
curvature) the larger the area experiencing a high A¢ and the higher the
probability of pore formation. As a result the membrane sensitivity for
the induced A¢ will be higher along the two shorter semiaxes; ii) the
surface tension generates forces attracting membrane molecules from
other membrane areas. These forces are stronger in areas of higher
curvature around the poles of the longer axis, i.e. when molecules are
becoming available by the growth of pores they are faster collected in
areas of high curvature leading to a facilitated pore growth in areas of low
curvature. Nevertheless, such a global effect may require a membrane
property that provides argument iii): areas of higher curvature may be
stabilized by molecular structures near the poles of the longer semiaxis.
As a result, the membrane will be less sensitive toward field-induced
distortions in these areas. In practice, a combination of the above and

270

240

120 +—r-rrrm
2 3 4 5 6

log (frequency / Hz)

T T T T

Fig. 13. Fitted frequency dependencies of E. of Pl permeabilization for three cell
orientations over frequency (data of Fig. 12A). Egs. (4) and (5) and the parameters of
Table 1 were used. The fits yielded the A i-values of Table 3.
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other unknown effects may explain our findings. Please also note, that
the actual curvatures in CRBCs are different from those of a general
ellipsoid of the same axis-lengths (Fig. 4).

5. Conclusions

We developed a model for the A¢ induced in three-axial ellipsoidal
and spheroidal cells with an arbitrary orientation within the field in
order to analyze the effects of cell orientation, field strength and
frequency. The model was tested in EP experiments on ellipsoidal
CRBCs of different orientations in a glass chip chamber. The chamber
provided homogeneous fields in large areas between the electrodes.
The permeabilization and lysis rates were only increased for cells
sedimented in the immediate vicinity of the electrodes due to the
strongly inhomogeneous fields at these sites. Integrated temperature
sensors allowed us to prove that the EP pulse did not induce a strong
temperature increase in the chamber.

The percentages of PI permeabilized and lysed cells increased with
pulse duration and decreased with field frequency. The optimal pulse
duration and field frequency, i.e. a high percentage of PI permeabiliza-
tion at a low lysis rate, were approx. 10 ms and 10 kHz for CRBCs at an
external conductivity of 0.12 S m™ .. Theoretical analysis showed that A¢
is highest when the longest semiaxis is oriented in parallel to the field.
This is expressed in the lowest E; values for Pl permeabilization
(142kVm™')and cell lysis (208 kV m™!) at this orientation. Nevertheless,
model analysis revealed that A¢;; for PI permeabization was different
along the a- (6=0° 0.99 V) and c-axes (6=90°, 0.89 V) and for the
intermediate orientation (6=45°, 0.94 V) [22]. Possible reasons for this
higher field sensitivity of membrane areas with lower curvature are
discussed. Comparison of the lowest E; for PI staining in a linear field
(142 kV m™ ') and a field rotating in the a-b plane (115 kV m™!) revealed
the higher EP efficiency of rotating fields.

Theoretically, the location of the Ap™* membrane pointin DC or low
frequency fields depends on cell parameters in the event that the field is
not oriented parallel to one of the axes. Its location changes with
frequency in the dispersion ranges of cell polarization. For an arbitrary
field angle, the A¢™** point will exhibit a complex frequency-dependent
trajectory at the membrane surface.
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Appendix A
Simplified equations of the influential radius for spheroidal cells

The plot of the relative influential radius aj,n/a compared to the
logarithm of the axis ratio exhibits a sigmoidal shape for spheroids

(see [46] for more details). This behavior can be approximated by:

Ging A+ 2¢ 1
Znfl _ =2-
a a+c 1+ (c/a) (A1)

The limiting values for infinitely thin disks, spheres and infinitely long
cylinders 1, 1.5, and 2 are correctly reflected by Eq. (A1). Since the sum of
the depolarizing factors (n,+n,+n.) along the three principal axes of a

general ellipsoid is always unity [51,52] it follows that a/a,a+b/bina+c/
Cina=2 [49] and for the relative influential radius c;q/c along the symmetry
axis c:

Cpn O+ 2c _ 1
© 2c T2 (A2)

References

[1] E. Neumann, A. Sprafke, E. Boldt, H. Wolf, Biophysical considerations of membrane
electroporation, in: D.C. Chang, B.M. Chassy, ].A. Saunders, A.E. Sowers (Eds.), Guide to
electroporation and electrofusion, Academic Press, San Diego, 1992, pp. 77-90.

[2] K.Kinosita]r., T.Y. Tsong, Voltage-induced pore formation and hemolysis of human
Erythrocytes, Biochim. Biophys. Acta 471 (1977) 227-242.

[3] AJ.H.Sale, W.A. Hamilton, Effects of high electric fields on microorganisms III. Lysis
of erythrocytes and protoplasts, Biochim. Biophys. Acta 163 (1968) 37-43.

[4] U.Zimmermann, The effect of high intensity electric field pulses on eukaryotic cell
membranes: fundamentals and applications, in: U. Zimmermann, G.A. Neil (Eds.),
Electromanipulation of Cells, CRC, Boca Raton, FL, 1996, pp. 1-106.

[5] J. Teissie, M.P. Rols, An experimental evaluation of the critical potential difference
inducing cell membrane electropermeabilization, Biophys. J. 65 (1993) 409-413.

[6] U.Zimmermann, R. Benz, Dependence of the electrical breakdown voltage on the
charging time in Valonia utricularis, J. Memb. Biol. 53 (1980) 33-43.

[7] RW. Glaser, S.L. Leikin, L.V. Chernomordik, V.F. Pastushenko, A.l. Sokirko,
Reversible electrical breakdown of lipid bilayers: formation and evolution of
pores, Biochim. Biophys. Acta 940 (1988) 275-287.

[8] RW. Glaser, J. Gimsa, Gradual changes of membrane properties at high
transmembrane electric potential simulate a breakdown threshold, in: M. Blank
(Ed.), Electricity and magnetism in biology and medicine, San Francisco Press, Inc.,
San Francisco, 1993, pp. 135-137.

[9] LV. Chernomordik, S.I. Sukharev, S.V. Popov, V.F. Pastushenko, A.V. Sokirko, 1.G.
Abidor, Y.A. Chizmadzhev, The electrical breakdown of cell and lipid membranes:
the similarity of phenomenologies, Biochim. Biophys. Acta 902 (1987) 360-373.

[10] R. Benz, U. Zimmermann, High electric field effects on the cell membranes of
Halicystis parvula: A charge pulse study, Planta 152 (1981) 314-318.

[11] A.M. Lebar, D. Miklavcic, Cell electropermeabilization to small molecules in vitro:
control by pulse parametes, Radiol. Oncol. 35 (2001) 193-202.

[12] K. Miiller, V.L. Sukhorukov, U. Zimmermann, Reversible electropermeabilization
of mammalian cells by high-intensity, ultra-short pulses of submicrosecond
duration, J. Membr. Biol. 184 (2001) 161-170.

[13] M. Puc, T. Kotnik, L.M. Mir, D. Miklavcic, Quantitative model of small molecules
uptake after in vitro cell electropermeabilization, Bioelectrochemistry 60 (2003)
1-10.

[14] M.P. Rols, ]. Teissie, Electropermeabilization of mammalian cells: quantitative
analysis of the phenomenon, Biophys. J. 58 (1990) 1089-1098.

[15] M.P. Rols, ]. Teissie, Electropermeabilization of mammalian cells to macromole-
cules: Control by pulse duration, Biophys. J. 75 (1998) 1415-1423.

[16] J. Teissie, C. Ramos, Correlation between electric field pulse induced long-lived
permeabilization and fusogenicity in cell membranes, Biophys. J. 74 (1998) 1889-1898.

[17] H. Wolf, M.P. Rols, E. Boldt, E. Neumann, ]. Teissie, Control by pulse parameters of
electric field-mediated gene transfer in mammalian cells, Biophys. J. 66 (1994)
524-531.

[18] D. Fologea, T.V. Dimov, . Stoica, O. Csutak, M. Radu, Increase of Saccharomyces
cerevisiae plating efficiency after treatment with bipolar electric pulses,
Bioelectrochem. Bioenerg. 46 (1998) 285-287.

[19] T. Kotnik, L.M. Mir, K. Flisar, M. Puc, D. Miklavcic, Cell membrane electropermea-
bilization by symmetrical bipolar rectangular pulses: Part L. Increased efficiency of
permeabilization, Bioelectrochemistry 54 (2001) 83-90.

[20] T. Kotnik, G. Pucihar, M. Rebersek, D. Miklavcic, L.M. Mir, Role of pulse shape in cell
membrane electropermeabilization, Biochim. Biophys. Acta 1614 (2003) 193-200.

[21] H.G.L. Coster, U. Zimmermann, The mechanism of electrical breakdown in the
membranes of Valonia utricularis, ]. Memb. Biol. 22 (1975) 73-90.

[22] P. Marszalek, D.S. Liu, T.Y. Tsong, Schwan equation and transmembrane potential
induced by alternating electric field, Biophys. J. 58 (1990) 1053-1058.

[23] B. Valic, M. Golzio, M. Pavlin, A. Schatz, C. Faurie, B. Gabriel, ]. Teissie, M.P. Rols, D.
Miklavcic, Effect of electric field induced transmembrane potential on spheroidal
cells: theory and experiment, Eur. Biophys. J. 32 (2003) 519-528.

[24] H. Fricke, The electric permittivity of a dilute suspension of membrane-covered
ellipsoids, J. Appl. Phys. 24 (1953) 644-646.

[25] ]. Gimsa, D. Wachner, On the analytical description of transmembrane voltage
induced on spheroidal cells with zero membrane conductance, Eur. Biophys. J. 30
(2001) 463-466.

[26] D.C. Chang, J.R. Hunt, Q. Zheng, P.Q. Gao, Electroporation and electrofusion using a
pulsed radio-frequency electric field, in: D.C. Chang, B.M. Chassy, J.A. Saunders, A.E.
Sowers (Eds.), Guide to electroporation and electrofusion, Academic Press, San
Diego, 1992, pp. 303-326.

[27] ]J. Bernhardt, H. Pauly, On the generation of potential differences across the
membranes of ellipsoidal cells in an alternating electrical field, Biophysik 10 (1973)
89-98.

[28] G. Fuhr, R. Hagedorn, R. Glaser, J. Gimsa, T. Miiller, Membrane potentials induced
by external rotating electrical fields, J. Bioelectr. 6 (1987) 49-69.

[29] J. Gimsa, D. Wachner, A unified resistor-capacitor model for impedance,
dielectrophoresis, electrorotation, and induced transmembrane potential, Bio-
phys. J. 75 (1998) 1107-1116.





K. Maswiwat et al. / Bioelectrochemistry 74 (2008) 130-141 141

[30] J. Gimsa, D. Wachner, Analytical description of the transmembrane voltage
induced on arbitrarily oriented ellipsoidal and cylindrical cells, Biophys. J. 81
(2001) 1888-1896.

[31] C.Grosse, H.P. Schwan, Cellular membrane potentials induced by alternating fields,
Biophys. J. 63 (1992) 1632-1642.

[32] E. Neumann, The relaxation hysteresis of membrane electroporation, in: E.
Neumann, A.E. Sowers, C.A. Jordan (Eds.), Electroporation and electrofusion in cell
biology, Plenum Press, New York, 1989, pp. 61-82.

[33] H.P. Schwan, Biophysics of the interaction of electromagnetic energy with cells and
membranes, in: M. Grandolfo, S.M. Michaelson, A. Rindi (Eds.), Biological effects and
dosimetry of nonionizing radiation, Plenum Press, New York, 1983, pp. 213-231.

[34] T.Y. Tsong, Electroporation of cell membranes: mechanism and applications, in: E.
Neumann, A.E. Sowers, C.A. Jordan (Eds.), Electroporation and electrofusion in cell
biology, Plenum Press, New York, 1989, pp. 149-163.

[35] J. Gimsa, E. Donath, R. Glaser, Evaluation of the data of simple cells by electrorotation
using square-topped fields, Bioelectrochem. Bioenerg. 19 (1988) 389-396.

[36] J. Gimsa, P. Marszalek, U. Loewe, T.Y. Tsong, Electroporation in rotating electric
fields, Bioelectrochem. Bioenerg. 29 (1992) 81-89.

[37] Y. Huang, B. Rubinsky, Micro-electroporation: improving the efficiency and
understanding of electrical permeabilization of cells, Biomed. Microdevices 2
(1999) 145-150.

[38] Y. Huang, B. Rubinsky, Microfabricated electroporation chip for single cell
membrane permeabilization, Sens. Actuator A 89 (2001) 242-249.

[39] Y.Huang, B. Rubinsky, Flow-through micro-electroporation chip for high efficiency
single-cell genetic manipulation, Sens. Actuator A 104 (2003) 205-212.

[40] Y.C. Lin, M.Y. Huang, Electroporation microchips for in vitro gene transfection,
J- Micromech. Microeng. 11 (2001) 542-547.

[41] Y.C. Lin, M. Li, C.S. Fan, LW. Wu, A microchip for electroporation of primary
endothelial cells, Sens. Actuator A 108 (2003) 12-19.

[42] Y.C.Lin, M. Li, C.C. Wy, Simulation and experimental demonstration of the electric
field assisted electroporation microchip for in vitro gene delivery enhancement,
Lab Chip 4 (2004) 104-108.

[43] J.A. Kim, K. Cho, Y.S. Shin, N. Jung, C. Chung, J.K. Chang, A multi-channel
electroporation microchip for gene transfection in mammalian cells, Biosens.
Bioelectron. 22 (2007) 3273-3277.

[44] H.Lu, M.A. Schmidt, K.F. Jensen, A microfluidic electroporation device for cell lysis,
Lab Chip 5 (2005) 23-29.

[45] J. Gimsa, D. Wachner, A polarization model overcoming the geometric restrictions
of the Laplace solution for spheroidal cells: obtaining new equations for field-
induced forces and transmembrane potential, Biophys. J. 77 (1999) 1316-1326.

[46] K. Maswiwat, D. Wachner, R. Warnke, ]. Gimsa, Simplified equations for the
transmembrane potential induced in ellipsoidal cells of rotational symmetry,
J. Phys. D: Appl. Phys. 40 (2007) 914-923.

[47] S. Lippert, J. Gimsa, High resolution measurements of dielectric cell properties by a
combination of AC-electrokinetic effects, in: P. Kostarakis (Ed.), Proc. 2nd Inernational
Workshop on Biological Effects of EMFs, Rhodes, Greece, 2002, pp. 830-836.

[48] CJ.G. Yeh, B.L. His, W.P. Faulk, Propidium iodide as a nuclear marker inimmuno-
fluorescence. II. Use with cellular identification and viability studies, J. Immunol.
Methods 43 (1981) 269-275.

[49] J. Gimsa, A comprehensive approach to electro-orientation, electrodeformation,
dielectrophoresis, and electrorotation of ellipsoidal particles and biological cells,
Bioelectrochemistry 54 (2001) 23-31.

[50] G. Pucihar, T. Kotnik, M. Kanduser, D. Miklavcic, The influence of medium
conductivity on electropermeabilization and survival of cells in vitro, Bioelec-
trochemistry 54 (2001) 107-115.

[51] J.A. Stratton, Electromagnetic theory, McGraw-Hill, New York, 1941.

[52] U. Stille, Der Entmagnetisierungsfaktor und Entelektrisierungsfaktor fiir Rotation-
sellipsoide, Archiv Elektrotechnik 38 (1944) 91-101 (in German).





		Effects of cell orientation and electric field frequency on the transmembrane potential induced.....

		Introduction

		Theory

		Δϕ for general orientation of ellipsoidal cells

		A finite element ansatz for Δϕ of the oriented single shell model

		Δϕ for arbitrarily oriented cells of the general ellipsoidal shape

		Maximum of Δϕp for semiaxis b being oriented perpendicular to the external field



		DC-limit of Δϕp for oriented ellipsoidal cells with zero membrane conductance

		General orientation of a cell of the general ellipsoidal shape

		Δϕp for a perpendicular orientation of semiaxis b to the external field



		DC-limit of Δϕp for spheroidal cells with zero membrane conductance

		General orientation of a spheroidal cell

		Δϕp at peripheral membrane points with a perpendicular orientation of semiaxes b to the externa.....

		Δϕp for peripheral membrane points of a spheroidal cell for a perpendicular orientation of symm.....





		Experimental

		Theoretical analysis of the model behavior

		Electropermeabilization (EP) experiments

		EP chip chamber and instrumentation

		Electric field in the chamber

		Cells and sample preparations

		EP experiments





		Results and discussions

		Theoretical analysis

		DC-limit of Δϕp for cells of the general ellipsoidal shape with zero membrane conductance

		DC-limit of Δϕp of oriented spheroidal cells with zero membrane conductance

		Dependence of the angle of Δϕmax on cell parameters and frequency for tilted cells of the gener.....

		Electric field distribution in the EP chamber



		EP results

		Dependence of PI permeabilization and cell lysis of oriented CRBCs on electric field strength, .....

		Critical field strength for oriented cells in dependence of field frequency and pulse duration





		Conclusions

		Acknowledgements

		app1

		Simplified equations of the influential radius for spheroidal cells



		References










Bioelectrochemistry 74 (2008) 142-148

journal homepage: www.elsevier.com/locate/bioelechem e

Contents lists available at ScienceDirect

Bioelectrochemistry

x

BIDEIECITOCHEM ISty

Interfacial electron transfer on cytochrome-c sensitised conformally coated

mesoporous TiO, films

Emmanuel Topoglidis **, Thierry Lutz *!, James R. Durrant ¢, Emilio Palomares ><*

@ Center of Electronic Materials and Devices, Department of Chemistry, Imperial College, Exhibition Road, London SW7 2AY, United Kingdom
b Institute of Chemical Research of Catalonia (ICIQ), Avda. Paisos Catalans, 16. Tarragona, C.P. 43007 Tarragona, Spain
¢ Institucio Catalana de Recerva i Estudis Avancats (ICREA). Passeig Lluis Companys, 23. E-08010 Barcelona, Spain

ARTICLE INFO ABSTRACT

Article history:

Received 13 February 2008

Received in revised form 14 May 2008
Accepted 11 June 2008

Available online 21 June 2008

Keywords:
Cytochrome-c

Metal oxide coatings
Bioelectrochemistry
Conductivity

TiO, films
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1. Introduction

Mesoporous nanocrystalline TiO, electrode is a wide-band-gap
(~3 eV) semiconductor and therefore optically transparent for wave-
lengths <390 nm. The thin transparent films comprise a rigid, porous
network of 10-20 nm nanocrystalline TiO, nanoparticles with pore
sizes between 5 and 20 nm, sufficiently large for proteins to diffuse
throughout the porous structure. The surface area of such films is
greatly enhanced over flat electrode surfaces (up to 1000 fold for an
8-um-thick film). In addition to their optical transparency and high
surface area, these films exhibit good stability, and electrochemical
activity at potentials above the conduction band edge.

We have previously demonstrated that protein adsorption can be
readily achieved on mesoporous TiO, electrodes from aqueous
solutions at 4 °C with high binding stability and undetectable protein
denaturation [1-5]. We have characterized the properties of such
protein/TiO, electrodes by cyclic voltammetry and UV-visible spectro-
scopy and demonstrated that the immobilized proteins can be reduced
by the application of an electrical potential to the film without the
addition of any electron-transfer mediators [1-5]. Moreover, other
groups have also shown the adsorption of a range of biomolecules on
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1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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mesoporous metal oxide electrodes as working electrodes for sensing
devices [6-15].

In this paper we aim to examine further the conductivity and
electrochemical properties of these electrodes as a function of pH
and scan rate by using a simple solution phase redox system such as
Fe(CN)s. Both cyclic voltammetry (CV) and spectroelectrochemistry
will be used. In addition, the electrochemical behaviour of Cyt-c will
be studied on TiO, films with a thin conformally deposited overlayer
of a second metal oxide such as SiO,, Al,03, ZrO,, and Mg0,. The effect
on the interfacial electron-transfer process between the electrode and
the biomolecules is studied.

2. Experimental section
2.1. Reagents

Horse-heart cytochrome-c was purchased from Sigma Chemical Co
and Carbowax 20,000 from Fluka. Silicon Methoxide (99.9%), Alumina
tri-sec-butoxide (99.9%), Zirconia iso-butoxide (99.9%), Magnesium
ethoxide (99.9%), and the remaining chemicals were purchased from
Aldrich Chemical Co. and used as received. Sodium dihydrogen
orthophosphate (0.01 M) was used to prepare the supporting electrolyte,
and its pH was adjusted to 7 using NaOH. Distilled water was
demineralised to a resistivity of 10 MW cm™'. Fluorine-doped tin
oxide-coated glass slides (conductivity of 15 W cm™2) were purchased
from Hartford Glass (Hartford City, Indiana, U.S.A.), cleaned with water,
rinsed with ethanol, dried at 100 °C and heated at 450 °C prior to film
deposition.
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2.2. Preparation of electrodes

The TiO, paste, consisting of 15 nm sized particles was prepared
from a sol-gel colloidal suspension containing 12.5 wt.% TiO, particles
and 6.2 wt.% Carbowax 20,000 as reported previously [16]. The TiO,
suspension was then applied to the surface of the conducting glass
using the “doctor blade” technique. Masking the glass slide with
Scotch tape controlled the thickness and the width of the area spread,
with one layer of tape being employed to yield a final film thickness of
4 um. The spread suspension was then allowed to dry before being
sintered for 20 min at 450 °C. The thickness of the nanocrystalline TiO,
films was measured with a DEKTAK profilometer. The TiO, films were
cut in 1 cm? pieces. Immediately prior to Cyt-c immobilization, the
films were heated to 450 °C for 15 min and then allowed to cool down
to room temperature before being immersed in the protein solution.

2.3. Coating procedure

To achieve uniform coating of the preformed nanocrystalline
mesoporous TiO, thin film we have used a previously described
method [17]. In brief, the conformally coating of the different metal
oxides were obtained by in-situ hydrolysis of the alkoxide precursors
over the nanoparticles. The highly hydroxilated surface of the
mesoporous thin films induces the formation of nanoscopic thin
uniform layers of the corresponding metal oxide on the surface of the
nanocrystalline particle. The precursor solutions concentrations used
were 0.15 M for aluminium tri-sec-butoxide in dry 2-propanol, 0.15 M
for silicon methoxide in dry methanol, 0.15 M for zirconium iso-
butoxide in dry methanol and 0.15 M for magnesium ethoxide in dry
methanol. These non-scattering precursor solutions were prepared
under anaerobic conditions in a glovebox; however, once prepared the
solutions were not air sensitive, allowing dipping to be conducted in
ambient conditions.

After their initial sintering, the TiO, films were coated with metal
oxides overlayers by dipping each film in a solution of the suitable
precursor pre-heated to 60-70 °C, for 20 min, followed by heating at
435 °C for 20 min [17]. To keep similar conditions between the
standard and coated electrodes, the mesoporous TiO, films without
coatings were sintered at the same time as coated ones.

Experiments were conducted as a function of precursor concen-
tration, dipping time and temperature and number of dipping/
sintering cycles. The overlayer growth was found to be insensitive to
dipping time or temperature, but dependent upon precursor con-
centration and the number of repeat cycles, consistent with previous
observations [17]. For convenience, the precursor concentration was
maintained at 0.15 M for all studies reported in this paper, with the
overlayer thickness being controlled only by repeating the dipping/
sintering cycle up to 4 times.

2.4. Protein immobilization

The protein immobilization was achieved by the immersion of
1 cm? pieces of TiO, (coated or uncoated) films in 2 ml of the protein
solution (20 uM Cyt-c in a 10 mM phosphate buffer) at 4 °C for at least
1 to 2 days. Cyt-c adsorption onto the films was monitored by
recording the UV-Vis absorption spectra of the films at room
temperature.

2.5. Optical measurements

All absorption spectra were measured using a Shimadzu UV-2401
spectrophotometer with a sampling interval of 1 nm. Protein solutions
were measured in the appropriate buffered solution, that was also
used for the blank spectra, using plastic rather than quartz cuvettes in
order to prevent the binding of protein molecules during the
acquisition. During the Cyt-c/TiO, film analysis, the sensitised films

were submerged in the buffer solution. Prior to all spectroscopic
measurements, the films were removed from the immobilization
solution and rinsed in a buffer solution to remove non-immobilized
protein. Contributions to the spectra from scatter and absorption by
the TiO, film were subtracted by using protein-free reference films.

2.6. Electrochemical measurements

The electrochemistry and spectroelectrochemical experiments
were carried out using an Autolab PGStat12 potentiostat and a
three-electrode cell with quartz windows, a platinum mesh flag as the
counter electrode, a Ag/AgCl in 3.5 M KCl reference electrode, and the
TiO, or Cyt-c/TiO, film on conducting glass as the working electrode.
The electrolyte, an aqueous solution of 10 mM sodium phosphate
(pH 7), was thoroughly degassed by bubbling argon prior to the
experiments. For the spectroelectrochemical experiments, the above
cell was incorporated as a sample in the Shimadzu UV-1601 spectro-
photometer, and the absorption changes were monitored as a func-
tion of the applied potential. All potentials are reported against the Ag/
AgCl electrode and an argon blanket was maintained during all
measurements.

3. Results
3.1. Electrochemical studies

We have previously demonstrated that CV can be used to study the
electrochemical behaviour of immobilized proteins such as Cyt-c on
the mesoporous TiO; films [1-5]. CV is a useful technique to examine
the redox electrochemistry between the TiO, electrode and the im-
mobilized Cyt-c. From these studies, we concluded that the negative
shift between the observed reduction peaks from the CVs of the
immobilized Cyt-c on mesoporous TiO, films and the ones observed in
solution can be attributed to the low conductivity of TiO, films [18] at
moderate potentials or due to a shift in the redox potential of Cyt-c
induced by its immobilization [3-5].

To lift this uncertainty, a number of control experiments have been
conducted in this paper to further understand the interfacial electron-
transfer reactions between the mesoporous semiconductor film and
the Cyt-c. Using a simple solution phase redox couple such as
potassium ferricyanide, K3[Fe(CN)g] and an unmodified mesoporous
TiO, film as a working electrode we obtained the CV shown in Fig. 1A.
Although potassium ferricyanide is not immobilized on the TiO; film, a
negative shift in its reduction peak, identical to the one observed with
the Cyt-c, occurs. This was also confirmed by a control experiment in
which a TiO, film is dipped into a K3[Fe(CN)g] solution, taken out and
washed thoroughly, and then subjected to CV in pure phosphate buffer
solution and no characteristic Fe redox peak was obtained (results
not shown here). Thus we can conclude that the voltammetry is
dominated by the conductive properties of the TiO, film.

We did also examine the effect of the scan rate on the CV. Slower
scan rates were applied to the Cyt-c/TiO, electrode in order to try to
obtain a reversible peak shaped CV. Fig. 2 illustrates that even at slow
scan rates no simple reversible behaviour for the Cyt-c/TiO, film was
observed, consistent with the currents being limited by the low TiO,
conductivity at moderate potentials.

It is known that the pH of the electrolyte solution affects the
conductivity of the TiO, films. Indeed, the change in pH, by simply
altering the HPO3 /H,PO; ratio but keeping the ionic strength
constant, has a significant effect on the potential of the reduction
peak for the immobilized Cyt-c as can be seen in Fig. 3. The CVs of this
figure show that by lowering the pH by 1 unit, the potential of the
reduction peak of Cyt-c changes by 64.5 mV due to the change in the
conductivity of the TiO- films. These results are in agreement with the
fact that a blank nanocrystalline TiO, film in an aqueous electrolyte
shows an expected Nernstian shift of ~59.1 mV on increasing the pH of
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Fig. 1. (A) CV for a blank TiO, film in Fe(CN)s solution. (B) The normal behaviour of Fe(CN)g
in solution.

the electrolyte by a single unit [19-20]. This supports the assignment
of the shift of the reduction peak of the immobilized proteins to the
conductivity of the TiO, film.

3.2. Spectroelectrochemical studies of blank TiO, films

In order to further examine the conductivity of the TiO, films
spectroelectrochemical techniques were used. These techniques take
advantage of the facts that thin nanostructured TiO, films may be
deposited on conducting glass supports to yield transparent electro-
des and that electrons present in these electrodes have an optical
spectroscopy characteristic of their local environment. Following the
procedure of [18] spectroelectrochemical data was collected using
10 mM NaH,PO4 (pH 7) as the electrolyte for blank TiO, films. The
results are shown in Fig. 4A: at low and moderate negative applied
potentials the measured absorption spectra is pretty much the same
as the one for which no potential is applied. At still more negative
potentials, however, a broad absorption maximum is observed at
about 750 nm.

Fig. 4B follows the absorption increase at a single wavelength
(750 nm) as a function of the applied bias. Although the increase in
absorbance is higher the more negative the potential applied, the
kinetics of these increases are the same (10-15 s).

It has been suggested that the coloration (blue/black) of the TiO,
film under negative applies bias is due to the filling of the trap/
conduction band states [18,19]. Therefore the change in absorbance at
750 nm can be related to the electron density per nanoparticle, n. The
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Fig. 2. Cyclic voltammograms for a Cyt-c/TiO, film in a pH 7, 10 mM NaH,PO, buffer at
different scan rates (V/s).

electron density can thus be determined from the spectroelectro-
chemical data by monitoring the increase in absorption at 750 nm as a
function of externally applied bias. The change in absorbance A is
defined by the Beer-Lambert law:

A= ecl 1)

Where ¢ is the extinction coefficient of an electron at 800 nm,
1.3x1072! m? [18], c is the concentration and [ the path length. Eq. (1)
can be used to derive the electron density n per nanoparticle by
substituting ¢ with n/V. This is given by the Eq. (2).

AV
n= o (2)

where V is the volume of the TiO, film, 8x107'° m> and ! is the
thickness of the TiO- film, 8x107® m and n is the electron density. It is
estimated that there are 2.25x10' nanoparticles in a film volume of
8x107'° m? assuming 15 nm sized particles in an 8 um thick film. The
results are shown in Fig. 5.

From this graph, it is obvious that the data exhibit an approxi-
mately exponential tail towards the more positive biases. It has been
suggested that this tail may be due to the presence of sub-band gap
defect states [18]. At -0.3 V the electrons start filling the trap/
conduction band states of the blank TiO, film at a rate of 0.1 e~ per
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Fig. 3. CVs for Cyt-c/TiO; at different pHs, at scan rate 0.1 V/s.
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nanoparticle. This rate increases as the negative applied potential is
increased reaching a value of 17.5 e” per nanoparticle at -1 V.
Therefore, these results confirm the limited conductivity through the
TiO, films at low potentials.

The same spectroelectrochemical experiments were performed on
Cyt-c/TiO, films. From Fig. 6 it is obvious that the reduction rate of the
adsorbed Cyt-c is consistent with the conduction these films show. At
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Fig. 5. Electron density in a blank TiO, electrode as a function of bias.
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Fig. 6. Optical absorbance at 550 nm for Cyt-c/TiO, measured as a function of the
applied potential. Each potential step was applied for 15 min before the absorbance was
recorded.

low biases (0 to —0.3 V) there is no conduction occurring and therefore
the adsorbed Cyt-c remains in its Fe>* oxidation state. At biases higher
than -0.3 V Cyt-c starts getting reduced to its Fe?" state and the
amount of Cyt-c reduction increases as the negative applied bias is
increased reaching saturation (all the adsorbed Cyt-c is reduced) at
-0.7 V. Therefore it is concluded that the reduction kinetics of the
adsorbed Cyt-c pretty much matches the increase in Ti>* absorbance
measured with no protein molecules adsorbed on the films.

3.3. Effect of coatings on the conductivity of the TiO, films

The electrochemical properties of Cyt-c on TiO, electrodes coated
with an overlayer of either SiO, ZrO,, Al,03 or MgO, was investigated,
as for an unmodified TiO, electrode, by incorporating the films as the
working electrode of a three-electrode photoelectrochemical cell. The
fraction (%) of the immobilized Cyt-c reduced as a function of the
applied bias on each coated film was determined by potential step
chronoamperometry as shown in Fig. 7A and B. An example of these
measurements is given in Fig. 8 for Cyt-c immobilized on TiO, film
coated with SiO,. As the applied potential increases, a clear shift in the
Soret band from 410 to 416 nm and an increase in the sharp o and 3
bands at 550 and 520 nm are observed, in good accordance with the
solution spectrum of the reduced Cyt-c [22]. Each UV-vis spectrum
was taken 15 min after applying a step potential to ensure the redox
couple reach equilibrium. For all overlayers, complete (90%) reduction
of the immobilized Cyt-c is observed, indicating that all of the
adsorbed protein is electroactive.

The fraction of Cyt-c reduced as a function of potential and oxide
overlayer, determined from the relevant spectroelectrochemical data
(as shown for Cyt-c/SiO,-TiO, in Fig. 8), is shown in Fig. 7B. It is
apparent that the bias dependence of the amount of protein reduced is
strongly dependent upon nature of the overlayer.

Thus, our spectroscopic studies confirmed that the application of a
potential more negative than -0.1 and -0.3 V vs Ag/AgCl to the
conducting glass substrate of the Cyt-c/TiO, and Cyt-c/SiO,-TiO,
electrodes, respectively, resulted in the reduction of the Fe(Ill) heme
moiety of Cyt-c to Fe(II). Similarly, potentials more negative than -0.3,
-0.5 and -1 V were necessary for the reduction of Cyt-c on TiO; films
coated with either ZrO,, Al,03 or MgO, respectively.

According to Fig. 8 the half wave potential (E; ;) for the Cyt-c/TiO,
and Cyt-c/SiO,-TiO, films are -0.46 and -0.33 V vs Ag/AgCl,
respectively. The mid-point potentials of Cyt-c for the rest of the
ovelayers are shown on Table 1. For all the TiO, coated with overlayers,
re-oxidation of the immobilized Cyt-c could be achieved by bubbling
the buffer solution with oxygen, by adding a chemical oxidant such as
potassium ferricyanide or by the prolonged application of a positive
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potential (e.g. 0.6 V vs Ag/AgCl) whilst bubbling with argon. However,
the latter, electrochemical reoxidiation was relatively slow (1, ~4 to
120 min depending on the film, fastest for the SiO, overlayer and
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Fig. 8. UV-vis absorption spectra for electrochemical reduction of the oxidised Fe(III)

Cyt-c immobilised on a mesoporous TiO, coated with silica at increasing negative
potentials (0 to —=0.7 V vs Ag/AgCl).

Table 1
Characteristics of the metal oxide overlayers [23] employed in this study compared with
uncoated TiO, films

Metal oxide Band gap PzZC E;j> of immobilized
overlayer [eV] (pH units) Cyt-c [V]

Sio, 8.0-8.90 2.10 -0.33

Zr0, 5.0 5.10 -0.46

Al,03 8.45-9.90 9.20 -0.62

MgO, 7.6-7.75 8.90 -2.20

TiO, 3.0-3.30 5.50 -0.45

slowest for the Au overlayer), consistent with the very low
conductivity of all films at such positive potentials.

The spectroelectrochemical studies reported in Figs. 7 and 8 were
further supported by CV studies of these coated and uncoated TiO,
films. All cyclic voltammetry experiments were carried out in a
protein-free, anaerobic 0.01 M phosphate buffer solution of pH 7. As
stated previously and in other papers [4,14], control cyclic voltammo-
grams (CVs) of protein-free 4-um thick coated and uncoated TiO- films
show the characteristic charging/decharging currents assigned to
electron injection into sub-band gap/conduction band states of the
TiO, films. In all cases the CVs integrate to approximately 0, indicating
negligible Faradic currents. The charging of the TiO, film coated with a
SiO, overlayer starts earlier than the one of the uncoated TiO, film as
shown in Fig. 9 whilst in the case of zirconia, the film charging starts
almost at the same bias as in the uncoated case. Finally, it is worth
noting that the amount of charge one can inject into the film in our
experiments was observed to be less for the Al,05 coated films and
least for the MgO, coated films.

Fig. 10 shows the CVs of Cyt-c immobilized on uncoated and SiO,
coated TiO, films. These CVs show, in addition to the charging/
discharging currents observed for the bare films, reduction peaks for
Cyt-c at —0.58 and -0.48 V, respectively. These reduction peaks are in
reasonable agreement with the mid-point redox potentials of the
spectroelectrochemical data (shown in Figs. 7 and 8) supporting the
assignment of these peaks specifically to Cyt-c reduction.

No additional oxidative peaks in the reverse scans can be observed
for either Cyt-c/TiO, or Cyt-c/ SiO,-TiO, films. The solution phase
oxidation potential for Cyt-c is 38 mV vs Ag/AgCl [24]. The absence of
any Cyt-c oxidation peak in the voltammograms is consistent with the
very limited conductivity of either film for potentials greater than
38 mV. The negative shift of the reduction peaks relative to the
solution mid-point potential is attributed to the limited conductivity
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of the metal oxide films over this potential range. The 100 mV positive
shift of the reduction peak observed for the Cyt-c/SiO,-TiO, film
relative to the Cyt-c/TiO, film is consistent with the greater
conductivity of the SiO,-TiO, films, as indicated by the 200 mV shift
in the control voltammograms shown in Fig. 9.

4. Discussion

The voltammogram of a Cyt-c/TiO, film shows irreversible electron
transfer from the TiO, film to the protein above a threshold of ~-0.3 V
[4]. This is a substantially more negative value for Cyt-c reduction than
would be expected on the basis of its solution redox potential. Indeed,
under a low negative applied bias (>-0.3 V) the immobilized Cyt-c
remains in the oxidised state (there is no absorption increase of the
reduction bands) although its redox potential in solution is +38 mV
vs Ag/AgCl. As the applied negative bias is further increased from
-0.3 V Cyt-c is gradually reduced.

The fact that sometimes the commercial Cyt-c is significantly
impure is not sufficient to explain the high negative potential required
for its electrochemical reduction as similar reduction potentials were
observed for immobilized Cyt-c whether commercial or purified.

Furthermore, the suggestion by some authors [25], that the
electron transfer between the TiO, film and the immobilized proteins
when applying a high negative potential (-0.7 V) is not direct due to
reduction of hydrogen or oxygen at the TiO, electrode, is in this case
contradicted by experimental evidence. In the course of the charging
behaviour seen for blank TiO, films in the range of potentials
investigated, very little current flows through the solution as is seen
from the ratio of the integrated anodic and cathodic currents (minimal
Faradic current) [26]. This is attributed to the fact that the buffer used
is thoroughly purged of oxygen and it is not until significantly more
negative potentials than those applied that reduction of protons
occurs at TiO, [25]. This is strong evidence that the reduction of Cyt-c
that is observed on the TiO, electrodes is the result of direct electron
transfer from the TiO, electrode to the protein and not through the
generation of either hydrogen peroxide or hydrogen at the electrode
or because mediators or promoters were added.

The reduction potential for the immobilized Cyt-c on the TiO, films
(=0.7V)is thus due to the low conductivity of the TiO, electrode below
its conduction band edge and at more positive potentials. This value
can be tentatively attributed to the influence of the electrostatic
charges at the TiO,/solution interface. At the solution pH employed
(pH 7), the surface of the TiO, is expected to be negatively charged
[3,12], consistent with a negative shift of the protein reduction
potential. Indeed, the change in pH of the electrolyte solution induces

a ~-64 mV per pH unit shift on the potential of the reduction peak of
the immobilized proteins and therefore the well-known dependence
of the conduction band edge of TiO, films on pH (shifts of approxi-
mately -60 mV per pH unit [21]) was confirmed. The insulating region
which results (at potentials positive of -0.3 V) because of the large
band gap of the TiO, films also explains why scanning in the positive
direction results in no peak due to protein re-oxidation.

Thus, at potentials at which Cyt-c would be expected to be oxidised
it is well insulated by the TiO, film because the Fermi level of the film
lies well within its bandgap and its conductivity is therefore very low.
When the applied biases are in the range of -0.3 to -0.6 V, the
adsorbed Cyt-c is getting reduced and the reduction kinetics are faster
the higher the applied bias. Reduction should still in theory reach
completion for potentials <E, (E;,, defined as the mid-point potential)
of the adsorbed protein. However it is noticed that this completion is
not reached. The reasons could be that Cyt-c behaves differently due to
either different conformation it takes after it is adsorbed, how exposed
and in direct contact with the electrode the heme is, or be linked to
variations in potential felt by the TiO, electrode. Indeed, how fast the
electrons travel in the electrode and if they get trapped or not depends
on the applied bias and therefore, if the applied bias is lower than
-0.7 'V, they are able to reduce some of the adsorbed Cyt-c molecules
but not all of them.

This hypothesis is supported by the spectroelectrochemical
experiments: the potential induced optical changes in nanostructured
TiO, films are mainly due to the accumulation of electrons in
conduction band states. Using this band filling model, it is possible
to explain the observed spectra. At low negative applied potentials, up
to -0.3 V, the optical absorption spectrum of a nanostructured TiO,
film is the same as the one of an unbiased one. At more negative
potentials a pronounced absorption maximum develops at 750 nm.
This absorbance increase at 750 nm is assigned to intra- and interband
transitions by electrons accumulated in conduction band states. When
high negative potentials are applied to the TiO, electrodes electron
accumulation and H* intercalation is accompanied by band filling
according to the following equation:

Ti0, + e (external) + H* (solution)—Ti"O(OH)

That is, electrons occupy conduction band states with the accumu-
lated charge being compensated by adsorption of a proton from the
aqueous electrolyte [19,20].

Previous work [21] in addition to our own studies has shown that
in aqueous buffer at pH 7 trap filling effects and electron accumulation
in TiO5 films takes place above -0.3 V. This is due to the large band gap
(3.2 eV) for this material and explains why both of the proteins studied
are reduced at more negative potentials than might be expected.

Spectroelectrochemical studies indicate that for all the coated and
uncoated TiO, films, nearly all (>90%) of the immobilized Cyt-c is
electrochemically reducible. However electrochemical reduction of
the immobilized Cyt-c is observed only for potentials significantly
negative of its solution phase mid-point potential of +0.038 V vs Ag/
AgCl. Reduction peaks in the CVs are observed at —0.58 and -0.48 V for
TiO, and SiO,-TiO,, respectively.

The use of TiO, films coated with silica rather than uncoated TiO,
electrodes allows reduction of Cyt-c at less negative potentials,
because of the greater conductivity when TiO, is coated with SiO,.
As described before [17], the TiO, conduction band can be shifted
upwards when acidic species are adsorbed onto the nanoparticles.
This shift increases the mesoporous TiO, film conductivity. On the
other hand, basic coatings such as Al,03 or MgO, do have the opposite
effect and lower drastically the TiO, conductivity, which impedes the
reduction of Cyt-c as illustrated in Fig. 7. In good agreement with this
hypothesis are the results obtained for the zirconia coating (ZrO, is
considered an acidic metal oxide, those PZC is very close to the one of
TiO,): the same negative potentials as for uncoated TiO, films lead to
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the reduction of the adsorbed Cyt-c. On the other hand for all the other
coatings more negative potentials (than for uncoated TiO, films) are
necessary for the reduction of the immobilized protein. One can thus
see a clear correlation between the Cyt-c reduction potential and the
PZC of the coating of the titania electrode.

No protein oxidation peaks are observed in the CVs for all the
coated or uncoated TiO, films. Re-oxidation of Cyt-c immobilized on
all films, monitored spectroelectrochemically, is achieved only by the
prolonged application of positive potentials (4-120 min). This is
consistent with the essentially insulating behaviour of all materials for
potentials positive of the protein mid-point potential, where the
semiconductor Fermi level lies deep within the materials bandgap. We
note that the prolonged application of moderate negative potentials
to the coated or uncoated/Cyt-c does not result in complete reduction
of the adsorbed protein, as monitored spectroelectrochemically (Figs.
7 and 8). This indicates that the influence of the coating overlayer on
conductivity upon the protein reduction cannot be considered in
terms of the macroscopic film conductivity alone. We note that for the
potential range under consideration, charging of the coated or
uncoated TiO, films, and, therefore, their electrical conductivity, are
most probably dominated by sub-bandgap trap states. The spatial
distribution of such states is likely to be microscopically hetero-
geneous, and may result in, at moderate applied potentials, only a sub-
population of the immobilized proteins being electrically accessible.
However, at more negative potentials all of the film becomes
effectively conductive and all of the adsorbed proteins may be
reduced electrochemically, as is observed in Fig. 7.

5. Conclusions

In this paper the electrochemical properties of the mesoporous
TiO, films were characterised. It is clearly demonstrated that the
immobilized protein studied here retains its electrochemical activity,
characterised by both UV/Vis spectroelectrochemistry and cyclic
voltammetry. However, the TiO, films have an insulating region at
low negative potentials and this is attributed to their limited
conductivity at such potentials. Conformal overlayers of a range of
metal oxides can be grown on porous nanocrystalline TiO, films by a
solution chemistry approach under aerobic conditions. Our studies
have investigated four different metal oxide overlayers on TiO,:Al,03,
Si0O,, ZrO, and MgO,. However, their influence on the reduction of the
immobilized protein under applied biases is remarkably different, and
can be linked to the PZC, and thus the surface charge, of the corre-
sponding metal oxide. This pinpoints the influence of the surface
charge as well as its structure on the design of new biosensors.
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The dependence of membrane properties on their composition was studied by following the adhesion and
spreading of unilamellar and multilamellar liposomes on static mercury electrodes with the help of
chronoamperometry. The analysis of the peak-shaped signals allows determining the kinetic parameters of the
three-step adhesion-spreading process. The presence of cholesterol in the membrane stabilizes the bilayer in
the liquid-crystalline phase, and destabilizes the gel phase. The kinetic parameters also show the effect of
superlattice formation in the DMPC-cholesterol system. The detergent triton X-100 is only incorporated in the
liquid-crystalline DMPC membranes, and it is expelled to the solution when the membrane is transformed to
the gel phase. In the liquid-crystalline membrane, it enhances the adhesion-spreading of liposomes on
mercury. The lytic peptides mastoparan X and melittin affect the adhesion-spreading in a similar manner. For
the rupture-spreading step, their effect is explained by pore formation. The results obtained with lecithins of
different length suggest that the bilayer opening process has much in common with flip-flop translocations. For
this process the activation energies were found to be independent of the chain length of the lecithin molecules,

while the preexponential factor in the Arrhenius equation decreases drastically for longer chains.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Liposomes are highly interesting and useful models for biological
cell membranes. In previous studies [1-3] we could show that
chronoamperometry can be used to monitor the adhesion and
spreading of liposomes on a mercury electrode. These measurements
are helpful to investigate the properties of liposome membranes. In
the present work, we have expanded these studies to liposomes with
deliberately modified membranes, especially those in which choles-
terol and DPPC have been incorporated in DMPC-based liposomes.
Additionally, the effect of triton X-100, mastoparan X, and melittin
which were dissolved in the aqueous phase, were elucidated with
respect to the liposome adhesion and spreading behavior.

Cholesterol is an extraordinarily important constituent of biologi-
cal membranes. Occasionally, in mammalian cells, it can reach
concentrations as high as 30-50 mol%. In phospholipid bilayers it
acts as a crystal breaker, disturbing the translational order of the lipid
molecules in the gel state [4,5] and thus making the membrane fluid
even at low temperatures. On the other hand, in the liquid-like phases,
cholesterol causes a straightening of the disordered phospholipid acyl
chains and reduces the mean headgroup area. This property is known
as the stabilizing effect of cholesterol [4,6]. Cholesterol embedded in

* Corresponding author. Tel.: +49 3834 86 4450; fax: +49 3834 86 4451.
E-mail address: fscholz@uni-greifswald.de (F. Scholz).
! Present address: Uppsala University, Department of Physical and Analytical
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lipid bilayers can form different phase domains (rafts) in which the gel
or the liquid-crystalline phases (depending on the temperature)
coexists with the liquid ordered phase [7]. The geometry of the
vesicles containing such domains can be theoretically modeled by
minimizing an energy functional that includes the bending resistance,
lateral tensions, line tension and normal pressure difference [8,9].
Interestingly, cholesterol has been shown to affect also lipid mono-
layers [10], in which case critical upper miscibility points appear.

Many studies have been focused on elucidating the role played by
cholesterol in membranes, e.g., its effect under the action of osmotic
stress [4], the effects on the uptake of drugs [11,12], etc. The formation
of superlattices in lipid—cholesterol bilayers has been demonstrated to
occur at certain molar fractions of cholesterol (e.g., at 0.154, 0.20, 0.25,
0.333, 0.40) [13-17].

Like cholesterol, also the presence of other lipids in the membrane
can prompt the formation of phase domains. Thus, in certain
temperature and composition ranges, the presence of DPPC in DMPC
membranes can act in a similar way [18]. This led us to perform also
experiments with mixed DMPC-DPPC liposomes.

2. Experimental

2.1. Outline of the chronoamperometric measurements and the applied
data analysis

The adhesion and spreading of liposomes on a static mercury
electrode causes capacitive spikes (peaks) in chronoamperometry
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because the capacity of the double layer changes due to the adsorption
of lecithin on the electrode surface. By counting the number of peaks
within a given time interval, i.e., their frequency, at different
temperatures, it is possible to calculate the activation energy of the
overall process. Integrating the individual peaks, i.e., integrating the
current over time curves of each peak, yields charge (Q) transients for
the single adhesion-spreading events. These transients can be fitted
by the empirical equation

Qip=Q + Q& (1—et/"') +Q (1—et/rz) "

where t is the time, Qp, Q;, and Q, are amplitudes of the three
respective normal modes, and 7, and T, are the time constants of the
two time-resolvable kinetic modes. The first term on the right side
stands for the very fast “docking” of the liposome on the mercury
surface, the second term reflects the rearrangement of the molecules
in initial contact with the electrode (called the “opening” process and
controlled by the turning around of the lecithin molecules in the
membrane), and the third term results from the spreading of the
lecithin island on the mercury surface (controlled by the formation of
pores in the liposome membrane to release the inner solution) (Fig. 1).
A more detailed elaboration of the adhesion-spreading model led us to
suggest more precise terms for the different steps: the first step will
now be called “interaction-docking”, the second and third steps will
be described by the terms “bilayer opening”, and “rupture-spreading”.

The goodness of fit of the charge transients by Eq. (1) was
estimated by the chi-square-based probability as described in [19].
Data series from liposomes in the liquid-crystalline phase were taken.
Since the liposomes differ in size, the data series were normalized
with respect to their global maximum. The average relative standard
deviation of the series was evaluated. The product from the relative
average standard deviation and the global maximum of any of the data
series should be an estimate for the average standard deviation of a
single point within a series, i.e., the standard deviation that would be
observed for that point if the adhesion-spreading of that same
liposome could be recorded several times. The Q-probabilities
estimated from these standard deviations and from the chi-square
values of the nonlinear regression are in any case larger than 0.001,
and in many cases larger than 0.9, showing that the fitting of the
model to the data is reasonable.

The empirical Eq. (1) has the same structure as the following
equation

YLy YL

Qup = Qo+ (150 ) 1 o1/ @)
which can be theoretically derived based on the following scheme of
reaction steps of the adhesion-spreading process [see also references
[3.4]]:

k k k
L L'—>Lp% Lpr—>Lok Lor—>Lgk La 1)

In this scheme the symbols have the following meaning: L: the free
liposome, L': the liposome in contact with the mercury surface, Lp: the
docked liposome, Lp+: the adsorbed docked liposome in a deformed state,
Lo: the opened liposome, Lo« the adsorbed opened liposome, Lg: the
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“deconvoluted” liposome i.e., lecithin island that is not yet adsorbed, and
La: the island of adsorbed lecithin molecules. K3, K, and K3 are adsorption
equilibrium constants, and ko, k; and k, are the rate constants of the
interaction-docking, the bilayer opening and the rupture-spreading
steps respectively. Ko represents the equilibrium between liposomes
in the bulk and intact liposomes on the mercury surface, and does not
generate any charge response. Solving the appropriate kinetic equations
starting from Lp (as the interaction-docking reaction is too fast to be
detected), considering the fast adsorption equilibria following each step,
and expressing each of the species in terms of the response factor
(charge), Eq. (2) has been derived previously [2]. The above described
model has been commented by Zuti¢ et al. [20], and the misunderstand-
ings of these authors have been explained in our response [21]. Our
previously proposed model (Scheme I, and the corresponding Egs. (1)
and (2)) allow a consistent interpretation of experimental results [1-3],
and the kinetic model is similar to those proposed by other authors to
explain the interaction of liposomes with various interfaces [22,23], and
it is also similar to models of liposome fusion [24,25]. Here, we shall
report new experimental results which are in accordance with our
previously developed model.

Chronopotentiometric measurements of liposome adhesion events
with concomitant oxygen reduction have been used recently to study
the potential dependence of liposome adhesion in air saturated
suspensions, the reduction of oxygen helping to improve the signals at
potentials near the potential of zero charge (pzc) [26]. Such
experiments are useful to characterize the suspension in terms of
concentration, polydispersity and potential range of adhesion, but do
not provide any deeper insight into the kinetics and the actual
mechanism of the adhesion-spreading of vesicles at the electrode
surface, which is needed in order to extract information about the
properties of the membrane.

2.2. Chemicals and electrochemical measurements

High-purity 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were
donated by Lipoid GmbH, Ludwigshafen, Germany, and they were
used without further purification. The electrolyte potassium chloride
(Suprapur®) was obtained from Merck (Darmstadt, Germany).
Cholesterol was purchased from Fluka (Deisenhofen, Germany).
Mastoparan X and melittin were purchased from Bachem (Bubendorf,
Switzerland) and triton X-100 was a product of Sigma-Aldrich
(Steinheim, Germany). The water used was prepared from deionised
water by distilling it once with an addition of alkaline permanganate
solution to oxidize traces of organic compounds, followed by a second
distillation. Before measuring, the suspensions were deaerated for
20 min with high-purity nitrogen. Electrochemical measurements
were performed with an AUTOLAB PGSTAT 12 (Eco Chemie, Utrecht,
Netherlands) interfaced to a P4 PC in conjunction with an electrode
stand VA 663 (Metrohm, Herisau, Switzerland). A multimode mercury
electrode was used as working electrode, a platinum rod served as
auxiliary electrode and an Ag|AgCl (3 M KCl, E=0.208 V vs. SHE)
electrode was used as reference electrode. The surface area of the
mercury drop was 0.48 mm?, as determined by weighting 50 drops.
The chronoamperometric measurements were performed at—0.9 V vs.

........................................................................................

Fig. 1. Mechanism of adhesion of a single liposome on a mercury electrode, according to Scheme I. Q; and Q, are functions of time, as depicted in Eq. (1).
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Ag|AgCl within 1 s with sampling each 50 ps or within 40 ms with
sampling each microsecond for high resolution measurements.
Previous experiments have shown that the chronoamperometric
peak-like signals obtained at this potential are not different from those
obtained at potentials near to the pzc [3], meaning that under the
studied conditions the adsorbed monolayers are stable and, as far as
from chronoamperometry can be judged, are also of similar structure.
Of course, it cannot be ruled out that, depending on the potential, the
adsorbed lipid layer contains defects as has been described by other
authors [see, e.g., [27-30]].

The program “Signal Counter” [31] was used to determine the
frequency of peaks (number of adhesion-spreading peaks per time
interval). The solutions were thermostated with an accuracy of +0.1 K.
The distribution of liposome diameters was controlled by light-
scattering measurements with a Zetasizer 3000 HS (Malvern Instru-
ments, Herrenberg, Germany).

In the cases where the changes in the kinetic parameters are
reported as significant, such claim is supported by a t-test, with a
confidence level of at least 95% for all cases and higher than 99.99% for
certain data sets. In the cases where it is claimed that no significant
change of the kinetic parameters is observed, the statement is
supported also by the t-test with confidence levels of at least 95%.

2.3. Giant unilamellar vesicles (GUV)

The technique of preparation of GUVs reported by Moscho et al. [32]
was slightly modified: 3 mg of lecithin (DMPC, DPPC or a mixture of
both) were dissolved in 2.2 mL of a 1:10 mixture of methanol:
chloroform. Then 30 mL of 0.1 M KCI solution were added carefully by
pouring along the flask walls and the organic solvent was rapidly
removed with the help of a rotary evaporator (Laborota 4000, Heidolph,
Niirnberg, Germany) using a Rotavac control pump (Heidolph, Niirn-
berg, Germany) at 40 °C (45 °C for pure DPPC liposomes) and a final
pressure of 10 mbar. The rotation speed was 30 rpm. That procedure
allowed obtaining a clear suspension containing a high yield of GUVs.
Formation of GUVs was confirmed by comparing the size distribution
derived from light-scattering measurements with the size distribution
of the chronoamperometric peaks, which changes according to the
lamellarity. In case of MLVs (multilamellar vesicles) and GUVs of the
same size, the MLVs give larger signals of adhesion as they contain a
significantly larger amount of lecithin molecules than the GUVs [3,4]. To
study of the influence of mastoparan X and melittin on the adhesion-
spreading kinetics of liposomes, the peptides were added from a stock
solution to the electrochemical cell. The concentrations of mastoparan X
and melittin in the stock solutions were determined by means of the
optical absorption of tryptophan (absorption coefficient: 5570 Lmol ™! at
the wavelength of 280 nm). The liposome suspensions with the addition
of mastoparan X and melittin were stirred for 30 min to ensure that the
peptides can interact with the liposome membrane. In the experiments
with triton X-100, a concentrated solution was prepared and for each
experiment the amount necessary for a final concentration of 0.15 pM
was added to the suspension. Temperature variation experiments (with
1 K increments) were performed by slowly cooling down the freshly
prepared liposomes. After reaching the phase transition temperature,
the suspension was cooled to 2 °C and the temperature was then slowly
risen in 1 Kincrements and the measurements of adhesion events were
performed at each temperature. This temperature program had the
objective to minimize shape changes [33,34], esp. when the liposomes
were in the liquid-crystalline phase.

2.4. Multilamellar vesicles containing cholesterol

The above described technique does not allow preparing uni-
lamellar vesicles with cholesterol, as this molecule is too lipophilic
with its very small hydrophilic end and it thus will remain completely
dissolved in the organic phase until that is completely evaporated.

Therefore, measurements had to be performed with multilamellar
vesicles. Multilamellar DMPC vesicles with different cholesterol
contents (from 1 to 40%) were prepared by the thin film hydration
method. DMPC and cholesterol were separately dissolved in chloro-
form. For each composition both components were mixed in such way
as to ensure a total lipid concentration of 0.1 g L™, The mixed solution
of DMPC and cholesterol was diluted with chloroform in a 50 mL
round bottom flask and the solvent was then removed with a Laborota
4000 (Heidolph, Niirnberg, Germany) using a Rotavac control pump
(Heidolph, Niirnberg, Germany) at 45 °C and a final pressure
440 mbar. Rotation speed was 180 rpm. After solvent evaporation,
50 mL of 0.1 M KCl solution in bidistillated water were added, as well
as small glass pearls, and the flask was shaken vigorously until all
lipids were suspended. The suspension was then extruded through a
450 nm filter to obtain MLVs.

3. Results
3.1. Lipid mixtures: MLVs containing cholesterol

Fig. 2 depicts a plot of activation energies of the steps of
liposome adhesion-spreading as a function of cholesterol content
for both the gel and the liquid-crystalline phases. At low tempera-
tures (Fig. 2-a), it can be seen that the effect of cholesterol is
stronger for the microscopical processes, whose activation energies
decrease with increasing cholesterol content. That observation is
related to the well known crystal breaker property of cholesterol and
to the increasing fluidity of the membrane with increasing
cholesterol content at temperatures below the phase transition
temperature (PTT) [16,35]. When the cholesterol content is
increased, the activation energies of all processes follow a similar
trend like the elastic properties of the membrane [35-37]. This is
pointing to a relationship between elastic properties and adhesion-
spreading kinetics. As stated before, the microscopical processes
involve a deformation and a rupture of the membrane, thus making
understandable such relationship. The overall activation energy
increases steadily with increasing cholesterol content, with the
exception of vesicles with 25% cholesterol, where the energy barrier
of the process is unusually high; and for 40% cholesterol, where it
decreases to a value near that of pure DMPC MLVs. At concentrations
above x.=0.333 (x. is the molar ratio of cholesterol), the membrane
forms a liquid ordered phase in the entire temperature range, and
the phase transition disappears. This phenomenon is caused by the
rigid nature of cholesterol, which prevents the cooperative ordering
of the long hydrocarbon chains of the lipids [38]. At 40% cholesterol
it is therefore understandable that the behavior is different as the
membrane of the MLVs is liquid.

On the other hand, at high temperatures it can be clearly seen that
the activation energies of all processes increase with cholesterol
concentration, with the exception of the overall activation energy at
30% cholesterol and the energy barriers of the microscopical process
at 40% cholesterol, which are lower than expected according to the
observed tendency. The overall activation energy at 20% cholesterol is
too high and also outside the trend observed for the rest of the MLVs.
Contrary to what happens in the gel phase, above the PTT, cholesterol
embedded in membranes contracts the membrane laterally and
causes an increase in the compressibility and bending modulus, i.e.,
increases the membrane rigidity and diminishes its fluidity [35,36].
Here again, we observed a correlation between kinetic and elastic
parameters.

As discussed above, Fig. 2 shows that the overall activation energies
forx.=0.20 and 0.25 do not follow the trend observed for other cholesterol
concentrations. At high temperatures, the vesicles with 20% cholesterol
behave differently than the others, while at low temperatures the same
can be said about MLVs with 25% cholesterol. For vesicles with x.=0.4,
at high temperatures, the sudden decrease of the activation energy of the





152 V. Agmo Herndndez, E. Scholz / Bioelectrochemistry 74 (2008) 149-156

a)
300 1 Gel Gel +L,, Lo
225 -
150 -
. 75 —i ¢ s ‘% ?
% % $ P & 5
O i T L3 T ? T L ?
0.0 0.1 0.2 0.3 0.4
X
&3
b)
ch(d) L (d) & Lru(O) % La(O)
80 - 5 i
s ]
£
& i L 3
w® 3 =
01 g g O d
¢
-40 i T i} T L T L T d T
0.0 0.1 0.2 0.3 0.4

X

[

Fig. 2. Activation energies of the adhesion-spreading step as function of the molar
fraction x. of cholesterol in multilamellar DMPC liposomes a) at low (2-23 °C), and b) at
high temperatures (24-45 °C): [J overall process, A bilayer opening process, < rupture-
spreading process. The vertical bars indicate the standard deviations of measurements.

microscopic process is also outside the trend. For these compositions,
the formation of superlattices has been reported [13,14,16,17]. At these
compositions the different phase domains disappear and the membrane
acquires a homogeneous composition with highly ordered lecithin
molecules surrounding the cholesterol molecules. This is the reason
for the observed differences in behavior. Remarkably, the slope of
the Arrhenius plot for the superlattice compositions in the phase
coexistence range (x.=0.20 and 0.25) changes near the pretransition
temperature (T"'=0.0035317 K'!) of pure DMPC (Fig. 3) and not at
the main phase transition at T-'=0.003371 K™% For pure lecithin
liposomes, the phase above the pretransition temperature has already
the characteristics of a superlattice, ie., a high degree of local order.
The fact that no main phase transition is observable in our measurements
(see the straight line between T"1=0.003193 K™ ! and T '=0.0035193 K1)
indicates that once a DMPC-cholesterol superlattice is formed, it is stable
even at temperatures above the PTT of pure DMPC. Interestingly, the
overall activation energy for the liposome adhesion-spreading process for
this superlattice is positive, whereas that of pure DMPC liposomes in the
pretransition state is negative. That means that the adsorption equilibrium
at the beginning of the liposome adhesion is still favored in spite of the
increasing temperature.

In the case of x.=0.30 and high temperatures, the determined
activation energies are also outside the general trend described above.
These liposomes almost exactly correspond to the line in the phase
diagram dividing the coexistence region and the pure liquid ordered
region. The phase in which such vesicles are found is then unclear, and
small changes in the temperature may give rise not only to changes in
the kinetic parameters of adhesion-spreading, but also to the phase
composition of the vesicles. Therefore, to be on the safe side, for the
analysis of the results, these data were not considered.

The time constants of the microscopical (bilayer opening and
rupture-spreading) processes are depicted in Fig. 4 as a function of the
cholesterol content. An important observation is that the rupture-
spreading process is much slower for the liquid ordered phase (Ly(o))
than for the phase coexistence range (Gel+Ly()). The large time
constant of rupture-spreading at x.=0.25 is certainly caused by the
existence of a superlattice structure at that cholesterol content.
According to Vanderlick and coworkers [39], the critical tension of the
membrane decreases, compared to the liquid ordered phase, when
there are phase domains; meaning that the membrane is more easily
ruptured when phase domains are present in the membrane. For our
model [4] it has been assumed that the rupture-spreading rate is
controlled by the formation of pores which allow the inner solution to
flow out. This idea is supported by experimental findings which show
that a destabilizing of the membrane, i.e,, in the (Gel+Ly(o))-range;
leads to a faster rupture-spreading. This can also be deduced from the
experiments performed at 30 °C, i.e., for the phase coexistence range
(Ledy *Laoy) in comparison to the liquid ordered phase range Loo).

3.2. Lipid mixtures: DMPC-DPPC GUVs

Fig. 5 shows how the DMPC-DPPC membrane composition affects
the time constants of the rupture-spreading step in case of GUVs. For
liposomes in the gel phase, large experimental errors happen to occur,
most likely because of the known size dependence of the rate constant
of the rupture-spreading step [3]. Despite the rather large scattering of
data, the average time constants are smallest for liposomes in the
phase coexistence region, i.e., for that region the rupture-spreading
step is faster than for liposomes with membranes made up of the pure
gel and fluid phases. This is in accordance with reports of Bizotto and
Nelson who have found that liposomes rupture more easily when the
membrane is in the gel-fluid phase coexistence region than for fluid
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Fig. 3. Arrhenius plot for multilamellar DMPC liposomes containing 25 mol% of
cholesterol. The natural logarithm of J, the number (in mol) of adhesion-spreading
events per second and per square centimeter, is plotted versus the reciprocal
temperature. Error bars were calculated from the standard deviation of the peak
frequency.
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Fig. 4. Time constants at a) 288 K and b) 303 K as a function of the cholesterol content of
multilamellar DMPC liposomes: A bilayer opening (i=1), () rupture-spreading (i=2).
The vertical bars indicate the standard deviations of measurements.

membrane vesicles [39]. The results shown in Fig. 5 are in agreement
with our assumption that pore formation is the limiting step of the
rupture-spreading step. Determining the time constants at different
temperatures within the range where the phase coexistence at Xpypc=0.5
is observed (30-35 °C), the activation energy of the rupture-
spreading step of vesicles with phase domains is found to have an
apparent value of -37.4+9.6 kJ mol~! which is much more negative than
the -9+4.9 k] mol™' determined for pure DMPC vesicles in the liquid-
crystalline phase, showing that the apparent energy barrier of the
rupture-spreading decreases when there are coexisting phases. For the
case of bilayer opening, Fig. 6 (T=45 °C; i.e., conditions where only the
liquid-crystalline phase exists) shows that the bilayer opening is always
faster when DMPC is present in the DPPC membrane. The decrease of 74
occurs already at rather small DMPC concentrations and remains almost
constant above Xpypc=0.3. In Table 1 the activation energies and
preexponential factors are listed for the bilayer opening process and
different vesicle compositions. Obviously, the effect of the composition on
the activation energy is rather small, especially when considering the
error margins and the fact that the liquid-crystalline phase of pure DPPC
vesicles is found in a different temperature range than that of DMPC.
However, the preexponential factor decreases by four orders of
magnitude when comparing DMPC with DPPC, meaning that the bilayer
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Fig. 5. Time constant of the rupture-spreading step of unilamellar liposomes at 306 K as
a function of the DMPC fraction (xpmpc) on the total lipid content (DMPC+DPPC) and the
phase composition.

opening is much slower for the latter. For mixed DMPC-DPPC vesicles
(molar ratio 1:1), the value of the preexponential factor is intermediate to
those of the individual components. According to our model, the bilayer
opening step involves the turning around of lecithin molecules. Indeed,
from the experimental results it can be concluded that this is easier for
shorter molecules like DMPC compared to DPPC. A similar process
controls also the flip-flop translocation of lipids in membranes, as they
have to turn around before crossing the transmembrane space [40]. Liu
and Conboy [41] demonstrated that the rate constant of that process
depends on the chain length of the lipids. That dependence results from
changes in the preexponential factor, which decreases by several orders of
magnitude with increasing chain length, while the activation energy of
the process remains constant since the polar headgroups are the same.
The rate constant of the bilayer opening step as determined by our
measurements follows the same trend, and it is therefore tempting to
assume that the turning around of molecules controls the bilayer opening
process. Furthermore, previously [3] we have shown for vesicles in the gel
phase that the time constant of bilayer opening can be extrapolated to the
turning around of a single lecithin molecule in a lipid membrane. For
DMPC the activation energy of bilayer opening of such system, i.e., the
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Fig. 6. Time constant of the bilayer opening step of unilamellar liposomes at 318 K as a
function of the DMPC fraction on the total lecithin content (DMPC+DPPC) in liposomes
with just one phase. The vertical bars indicate the standard deviations of
measurements.
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Table 1
Preexponential factors A and activation energies E, of the bilayer opening step of liquid-
crystalline GUVs of different lecithin compositions

A(opening)/57 ! Ea(opening)/kj mol” h

DMPC 11x10'% 34745
DMPC:DPPC 1:1 12x10%° 25.5+73
DPPC 4.7x10% 17.2+2.7

2 In A(upening) =231+2.
" In A(opening)=18.6£2.7.
€ 1In Afopening)= 154 1.

energy barrier for turning around one DMPC molecule, was found to be
93+19 k] mol . Applying the same extrapolation to the data obtained for
DPPC GUVs in the gel phase, the activation energy is 67.1+31.1 k] mol ™},
which is clearly in the same range. Both values are in agreement with the
flip-flop activation energy of 81 kj mol™! determined by Kornberg and
McConnell [42] for the flip-flop of molecules in liposomes composed of
DPPC and egg PC and also with the 85 k] mol™ ! determined by Abreu et al.
[43] for the flip-flop of labelled DMPE in a POPC matrix. The
preexponential factors determined in our experiments are 7.1x10% 5!
and 2.6x10"™ s~ for DMPC and DPPC respectively, a five orders of
magnitude decrease that corresponds well to the behavior reported in the
literature. Thus, the analysis of chronoamperometric peaks caused by
liposome adhesion-spreading on a mercury electrode seems to be a useful
tool also for determining the activation energy of flip-flop translocation.

3.3. Effect of triton X-100

To asses the effect caused by the detergent triton X-100 on
liposome adhesion-spreading, the rather low concentration of
0.15 pmol L' of triton X-100 has been used because higher
concentrations cause the immediate and complete disintegration of
the liposomes before measurements. The data in Table 2 show that an
effect of triton X-100 on the time constant of the two microscopical
processes can be observed when the membrane is in the gel phase.
Triton X-100 was added to the liposome suspension at 35 °C, i.e., above
the PTT, and after about 30 min the temperature was slowly decreased
below the PTT (23.5 °C). This means that the triton molecules had the
chance to dissolve in the liposome membrane. However, we observed
that the capacitive background current at the beginning of the life
time of the static mercury drops was remarkably decreased when the
liposomes were in the gel phase. This is a strong indication of the
presence of triton molecules in the aqueous phase surrounding the gel
phase liposomes. Triton is known to strongly adsorb on mercury and
thus it decreases the capacitive background current. Very interest-
ingly, when the liposomes are kept above the PTT, i.e., when they are
in the liquid-crystalline phase, the background current does not
change in the presence of triton. This shows that the triton molecules
are no longer dissolved in the aqueous phase, but they are mainly
present in the liposome membrane. The concentration of free triton in

Table 2

Comparison of the time constants of the bilayer opening and the rupture-spreading
steps of pure unilamellar DMPC liposomes with unilamellar liposomes treated with
0.15 pM of triton X-100

71/ms T,/ms
T/K  Only DMPC With 0.15 uM  Only DMPC  With 0.15 uM
triton X-100 triton X-100
e e 284 0.23+0.082 0.18£0.1 0.91+£0.45 0.75+0.14
(ave[:a 2 vl 287 0.19+0.06 0.14£0.08 0.78+0.23 0.59+0.25
s 290 0.15+0.054 0.12£0.023 0.68+0.11 0.46+0.13
Liquid 297 0.088x0.043 0.075+0.022 0.56x0.17 0.27+0.06
L qstalline 300 0.081+0.028 0.067%0.02 0.56+0.14 0.26+0.027
Ty 303 0.075%0.017 0.059+0.016 0.56+0.11 0.25+0.085

the aqueous phase must be very small so that it does not affect the
capacitive background. This understanding of the experimental
results is also in agreement with the observation that triton affects
the time constants of the bilayer opening and rupture-spreading steps
under these conditions: Both the bilayer opening and the rupture-
spreading processes are faster when the membrane is in the liquid-
crystalline phase and triton X-100 is present. Takiguchi et al. [44] have
shown earlier that triton X-100 causes the formation of large holes in
zwitterionic membranes. These holes appear and disappear in cycles
in which the membrane changes from a tense to a quaking structure.
Takiguchi et al. used triton X-100 concentrations above the critical
micellar concentration (CMC). Our results show that the same effect
seems to be operative also at concentrations below the CMC; however,
not accompanied by the disintegration of the vesicle. Triton X-100 is
incorporated in the liquid-crystalline phase membranes, and it is
obviously expelled when the temperature drops below the PTT. At
these lower temperatures the triton is in the aqueous phase, and it is
obviously quickly adsorbed on the mercury electrode. However, the
adhesion and spreading of the gel phase liposomes on the triton
loaded mercury electrode is not altered. These findings are of great
interest, as the interaction mechanism between membranes and
different detergents and surfactants is still a matter of debate, and our
results show that triton X-100 is not soluble in the gel phase of DMPC,
or only to a very small extend.

3.4. Effect of pore forming peptides

Previously [4] we have shown that the activation energy of the
rupture-spreading step decreased remarkably when a small amount
of mastoparan X, a peptide component of the wasp venom of Vespa
xanthoptera, was added to the liposome suspension. Mastoparan X is
known to form pores in membranes or at least to diminish their
resistance for pore formation [45-47]. Here we can show that
increasing the concentration of mastoparan X remarkably decreases
the activation energy of the rupture-spreading step (Fig. 7),
confirming that pore formation is the limiting factor during the
rupture-spreading step. The addition of melittin (the major protein
component of the venom of the honey bee Apis mellifera), which is
also known to create pores in the membrane [48-51], also
accelerates the rupture-spreading step (cf. Table 3). A very interest-
ing observation is that for a given concentration of either peptide,
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Fig. 7. Activation energy of the rupture-spreading step as a function of the total charge
displaced by the unilamellar DMPC liposomes and of the concentration of mastoparan X
added to the suspension. Solid line: only DMPC, dashed line (squares): 0.01 pM
mastoparan X, punctured line (triangles): 0.1 uM mastoparan X.
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Table 3
Time constants 7, and 7, for the adhesion-spreading of unilamellar liposomes on a mercury electrode when lytic peptides (mastoparan X or melittin) are added to the suspension
Parameter Pure DMPC Mastoparan X Melittin
0.01 pM 0.1 uM 0.5 pM 0.01 pM 0.1 uM 0.5 pM
T1/ms at 290 K* 0.15+0.05 0.14+0.04 0.10+0.02 0.084+0.013 0.19+0.07 0.11+0.04 0.095+0.023
T,/ms at 290 K* 0.68+0.11 0.48+0.11 0.43+0.10 0.36+0.06 0.73+0.18 0.41+0.14 0.36+0.07
T1/ms at 303 K 0.075+0.017 0.13+0.03 0.068+0.026 0.057+0.022 0.13+0.04 0.066+0.022 0.065+0.027
T,/ms at 303 K 0.56+0.11 0.41+0.16 0.28+0.09 0.27+0.09 0.49+0.16 0.25+0.06 0.26+0.04
2 Average values.
References

the time constants are very similar, independent of the type of
peptide. In the liquid-crystalline phase this effect is even more
pronounced. These results suggest that the action of melittin is very
similar to that of mastoparan X.

4. Conclusions

Chronoamperometry proved to be a valuable tool to study
membranes of liposomes: The mechanism of adhesion and spreading
of liposomes on a mercury electrode can be described as a three step
process. Each of the steps is clearly identified and the activation
parameters can be determined for the bilayer opening and rupture-
spreading steps. The experiments allow studying the effect of foreign
molecules which are present in the membrane on the membrane
properties. As expected, the presence of cholesterol was found to have
a strong effect on the activation energy of the overall macroscopical
process. The stabilizing effect at temperatures above the PTT, as well as
the role of cholesterol as crystal breaker below the PTT was clearly
detectable in the kinetic parameters of liposome adhesion and
spreading. Further, the formation of superlattices clearly affects the
kinetic parameters of the adhesion-spreading process. Thus chron-
oamperometric measurements can be easily used for an accurate
determination of the temperature of superlattice formation, without
using complex microscopic techniques.

The results obtained with mastoparan X, melittin, and triton X-100,
which obviously interact with the membrane, give new insight into
the way in which such substances affect the membrane. The obtained
kinetic parameters of the adhesion and spreading suggest that triton
X-100 is only incorporated in the membrane when the lipids are in the
liquid-crystalline phase. The results obtained with the pore forming
peptides (melittin and mastoparan X) point to a very similar effect of
both peptides in the membrane, as a certain amount of melittin has
the same effect as the same molar amount of mastoparan X even
though the primary structures of both peptides are quite different.

The chronoamperometric technique also allows to access informa-
tion on the different steps of liposome adhesion. The dependence of
the rupture-spreading rate on the pore forming capabilities of the
membrane could be demonstrated as well as the relationship between
the bilayer opening step and the ability of lecithin molecules to turn
around within the lipid membrane. The energy barrier of flip-flop
translocation is related to the latter process and is accessible by
extrapolating the kinetic data determined for the bilayer opening of
liposomes in the gel phase to the case of the turning around of a single
lecithin molecule. The fact that these processes, i.e., bilayer opening
and rupture-spreading steps are analogous to those involved in cell
fusion (hemifusion stalk=bilayer opening, fusion pore=rupture-
spreading), will help in understanding better the role played by
several molecules in the process of cell fusion.
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TiO, nanoparticles were homogeneously coated on multiwalled carbon nanotubes (MWCNTs) by
hydrothermal deposition, and this nanocomposite might be a promising material for myoglobin (Mb)
immobilization in view of its high biocompatibility and large surface. The glassy carbon (GC) electrode
modified with Mb-TiO,/MWCNTSs films exhibited a pair of well-defined, stable and nearly reversible cycle
voltammetric peaks. The formal potential of Mb in TiO,/MWCNTs film was linearly varied in the range of
pH 3-10 with a slope of 48.65 mV/pH, indicating that the electron transfer was accompanied by single proton
Myoglobin transportation. The electron transfer between Mb and electrode surface, ks of 3.08 s™', was greatly facilitated
Multiwalled carbon nanotubes in the TiO,/MWCNTs film. The electrocatalytic reductions of hydrogen peroxide were also studied, and the
TiO, apparent Michaelis-Menten constant is calculated to be 83.10 uM, which shows a large catalytic activity of
Electrocatalysis Mb in the TiO,/MWCNTs film to H,0,. The modified GC electrode shows good analytical performance for
Electrochemistry amperometric determination of hydrogen peroxide. The resultant Mb-TiO,/MWCNTs modified glassy carbon
electrode exhibited fast amperometric response to hydrogen peroxide reduction, long term life and excellent
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stability. Finally the activity of the sensor for nitric oxide reduction was also investigated.

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

There has been increasing interest in studying protein in order to
prepare the third generation biosensors. It is difficult for proteins to
exchange electrons with electrode surfaces directly, because they
usually have large and complex structure, where the redox centers are
deeply immersed in the bodies, and three-dimensional structures
hinder interaction with the electrode, the adsorptive denaturation of
proteins onto electrodes and the unfavorable orientations at the
electrode. An approach to realize direct electrochemistry of proteins
and enzymes is to incorporate them into films to fabricate a modified
electrode surface. Thin films may provide a well-defined microenvir-
onment for proteins, and enhance the direct electron transfer between
proteins and electrodes.

Myoglobin (Mb) is a single-chain hemeprotein whose physiologi-
cal importance is principally related to its ability to bind molecular
oxygen. It is found mainly in muscle tissue where it serves as an
intracellular storage site for oxygen. Mb contains an iron-containing
porphyrin in the center, the electroactive group in Mb is buried within
the overall structure, and its interaction with the electrode surface is
hindered [1]. To explore the methods of increasing the electron
transfer between Mb and the electrode, great efforts have been
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devoted to the characterization of the electrochemistry of Mb using
electrodes modified with films such as surfactants [2-5], polymers
[6,7], and distal histidine [8].

Carbon nanotubes (CNTs) have gained considerable attention in
recent years for their remarkable electronic and mechanical proper-
ties. The closed topology and the tubular structure of CNTs make them
unique among different carbon forms and provide useful pathways for
chemical studies. The immobilization of proteins on carbon nanotubes
has been proved to be an effective method for biosensing applications.
Dekker et al. [9] successfully fabricated enzyme-coated carbon
nanotubes as a single-molecule sensitive pH biosensor. On the other
hand, TiO, nanoparticles were used as a film-forming material since
they have high surface area, optical transparency, good biocompat-
ibility, and relatively good conductivity. Various TiO- films were also
used to immobilize proteins or enzymes on electrode surface for
either mechanistic study of the proteins or fabricating electrochemical
biosensors [10,11]. After being immobilized on nanoscale TiO,
matrices, the proteins show enhanced electrochemical activity,
which allows the electrochemical measurements of their substrates
with high sensitivity and improved selectivity [10]. These new hybrid
carbon nanotubes with immobilized anatase TiO, on the sidewalls
may have more interesting biosensor applications that are now under
investigation. Taking advantage of the unique electronic properties
of the MWCNTs, we expect that the combination of MWCNTSs with
TiO, may induce interesting charge transfer and thus enhance the
electrocatalytic activity of enzymatic bioelectrodes.
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Herein, a novel Mb-TiO,/MWCNTs film biosensor was fabricated
to improve their electroactivity for H,O, and NO. The anatase TiO,
nanoparticles were coupled with MWCNTs successfully via the vapor
phase transfer method, and Mb could be immobilized on the surface
of TiO,/MWCNTs film by adsorption. Electrochemical behavior of the
sensor was studied in detail. Direct electron transfer between Mb and
GC electrode and the electrocatalytic reduction of H,O, and NO at
biosensor was observed. This Mb-TiO,/MWCNT biosensor responded
more sensitively to H,O, and NO than those modified by TiO, nano-
particles alone.

2. Experimental
2.1. Reagents

MWCNTs with diameters ranging from 20-50 nm and lengths
ranging from 0.5 to 500 um, were provided by Shenzhen Nanotech
Port Co. Ltd. Myoglobin (equine heart) was obtained from Sigma and
used as received without further purification. The 0.1 mol/L phosphate
buffer solution (PBS) of various pHs was prepared by mixing the stock
solutions of Na,HPO4 and NaH,PO4 and adjusted by 0.1 M NaOH and
0.1 M H3POy4 solutions. H,0, (30% w/v solution) was purchased from
Shanghai Chemical Reagent Company. The concentration of the more
diluted hydrogen peroxide solutions prepared was determined by
titration with cerium (IV) to a ferroin endpoint. All other chemicals
were of analytical grade and used without further purification. All
solutions were prepared with redistilled water.

2.2. Synthesis of the TiO,-coated MWCNTs

The vapor phase transfer (VPT) instrument was used to synthesize
TiO,/MWCNTs, which could reduce the organic template waste by
recycling use of the liquid phase consisting of organic template and
water [12]. 100 mg of MWCNTs was oxidized in 45 ml of concentrated
HNO; by refluxing for 6 h in a silicone oil bath at 140 °C. The acid
treatment not only shortened MWCNTSs but also made the inert tube
wall active by grafting ~-COOH and —OH groups.

Acid-treated MWCNTs (5 mg) and tetrabutyltitanate (100 pL) were
added into 4 mL of anhydrous ethanol, after sonicating for 10 min, this
solution was transferred into the VPT instrument as a solid phase. The
liquid phase at the bottom of the VPT instrument consisted of 4 mL
distilled water. Heat treatment on the sealed VPT instrument was
conducted at 80 °C for 2.5 h in an oven, and then the solid phase
was washed with distilled water three times. The precipitated solid
collected by centrifugation, dried at 60 °C in vacuum for 6 h.

2.3. Fabrication of Mb-TiO,/MW(CNTs film modified glassy carbon
electrode

Prior to coating, the basal GC electrode (3 mm diameter) was first
polished with 0.05 um alumina slurry, then sonicated in nitric acid
(1:1), ethanol and redistilled water in turn. The mixture containing
2 mg/mL Mb and 1 mg/mLTiO,/MWCNTs was mixed round for 15 min,
and then a 10 pL aliquot of the thus-prepared Mb-TiO,/MWCNTSs
composite was uniformly cast onto the inverted GC electrode. These
as-modified electrodes were dried under ambient conditions.

2.4. Electrochemical measurements

The electrochemical response was measured in a conventional
three-electrode system using a modified GC electrode as working
electrode, a platinum wire as counter electrode, and a SCE (3.5 M KCl)
electrode as reference electrode. All potentials were reported in this
context with respect to this reference. Prior to the electrochemical
experiments, all PBS was in thoroughly anaerobic conditions by
bubbling with high-purity nitrogen. Cyclic voltammetry was carried

out in the scan range from 0.2 to -0.8 V. All the experiments were
performed at room temperature with a CHI660a workstation
(Shanghai Chenhua Co. Ltd., Shanghai, China).

2.5. Spectroscopic analysis and Morphology characterization

The products were characterized by using an X-ray powder
diffractometer (XRD, D/max 2550 V) with Cu-Ka radiation. Fourier
transform infra (FTIR) spectra were obtained on a NEXUS 670 (Nicolet)
FTIR instrument at room temperature. Transmission electron micro-
graphs (TEM) were recorded on a JEOL JEM 200CX transmission
electron microscope, using an accelerating voltage of 200 KeV.

3. Results and discussion
3.1. TEM and XRD measurement of TiO;/MWCNTs

Fig. 1 shows the TEM images of MWCNTs with TiO, nanoparticles
formed on their outer shell. The size of TiO, nanoparticles is in the
range of 2-10 nm. The interface between MWCNTSs and TiO; can clearly
be observed, indicating that TiO, nanoparticles are well attached on
the outermost shell of MWCNTSs. XRD patterns of the MWCNTSs coated
with TiO, nanoparticles (a) and the acid-treated MWCNTs (b) are
presented in Fig. 2. The peaks from anatase phase of TiO, nanoparticles
locate at 26° (26). The crystal structure of MWCNTs may suffer some
damage during the refluxing process in concentrated nitric acid to
functionalize and shorten the MWCNTs. It is hard to elicit the charac-
teristic peaks of MWCNTSs from the spectrum of TiO, coated MWCNTs,
that shows the good crystallization of anatase TiO, and their fine
coating on the MWCNTs. It is shown that anatase TiO, nanoparticles
have been formed on the surface of MWCNTSs. It is also shown that
MWCNTs can be used as a support material for anatase TiO, for
electrochemically beneficial applications.

Fig. 1. TEM images of A-MWCNTs (a) and TiO,/MWCNTs composites (b).
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Fig. 2. XRD pattern of TiO,/MWCNTs (a), acid-treated MWCNTSs (b).

3.2. FTIR measurement of conformational change

FTIR spectroscopic technique is employed to study the conforma-
tional change of Mb on the surface of TiO,/MWCNTSs, since FTIR is very
sensitive to the conformational changes of the protein [13-16], and
the conformational changes will affect the electron transfer reactivity.
It has been known that the shapes of amide I and amide II infrared
absorption band of Mb can provide detailed information about the
secondary structure of the polypeptide chain [17]. The amide I band
(1700-1600 cm™ ') is caused by C=0 stretching vibrations of peptide
linkages in the protein's backbone and the amide II band (1620-
1500 cm™ ') is attributed to the combination of N-H bending and C-N
stretching. In our measurement, the absorption bands of Mb (Fig. 3b)
are located at 1654 and 1540 cm™!, which reflect the situation of &
helix [18,19] and anti (3 sheet [20] in the protein, respectively.

Fig. 3a shows the FTIR spectrum of TiO,/MWCNTs. The oxygen-
containing group might be introduced during MWCNTs purification
using HNO3. For MWCNTSs coated TiO,, the absorption bands located at
1037 cm™ ! are contributed by C-C/C-0 stretching vibrations, 1581 cm™!
by oxygen-containing groups near C=C,and 1625 cm™ ! by C=0 stretching
vibrations as shown in the Fig. 3c. Yates et al. have reported the existence
of carboxylic acid and quinone groups on the nanotubes surface after
heat treatment by FTIR [21,22]. The peaks of C-C, C=C and oxygen-
containing groups also appeared in the FTIR spectrum of Mb-TiO,/
MWCNTSs with a slight shift (Fig. 3¢). In Fig. 3a, the band about 1641 cm ™!
in Mb-TiO,/MWCNTs composite maybe caused by the overlap of
the amide I band and the C=0 stretching vibration of -COOH (about
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Fig. 3. FTIR spectra of Mb-TiO,/MWCNTs (a), free Mb (b), TiO,/MWCNTSs (c) film.
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Fig. 4. CVs obtained with Mb-TiO,/MWCNTs film modified GC electrodes (a), TiO,/
MWOCNTs film modified GC electrodes (b) and bare GC electrodes (c) in 0.1 M PBS
(pH 7.0) at 100 mV/s.

1625 cm™!) group in MWCNTSs. For amide I, the bands of Mb on the
surface of TiO,/MWCNTs (Fig. 3a) had the similar shapes to that of the
free Mb (Fig. 3b), except that the bands had a slight shift (1540 to
1541 cm™!). The above results verified that Mb was adsorbed on the
surface of MWCNTs and also indicated that Mb retained its original
structure after adsorption [23].

3.3. Direct electrochemistry of Mb-TiO,/MWCNTs film modified
electrode

TiO,/MWCNTs may provide a desirable microenvironment for Mb
to undergo facile electron-transfer reactions. Fig. 4 shows the cyclic
voltammograms of the Mb-TiO,/MWCNTs GC electrode (a), TiO,/
MWCNTs GC electrode (b) and bare GC electrode (c). A wide peak
(Fig. 4b) is observed, it maybe caused by the redox of the carboxylic
acid group of MWCNTSs [24,25]. In addition, a pair of well-defined and
nearly symmetrical redox peaks is obtained in curve Fig. 4a, this
suggest that the redox peaks are ascribed to the electrochemical
reaction of Mb immobilized on the surface of TiO,/MWCNTs. The
anodic (Ep,) and cathodic (E,c) peak potential are detected at -0.355 V
and -0.395 V, respectively, at a scan rate of 100 mV/s. The ratio of
anodic to cathodic peak currents is about 0.89, and this indicates that
Mb undergoes a quasi-reversible redox process (Fe'/Fe!' redox couple)
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Fig. 5. CVs of Mb-TiO,/MWCNTs film modified GC electrodes in 0.1 M pH 7.0 PBS at
different scan rates. The scan rate from inner to outer are 25, 50, 75, 100, 150, 200, 300,
400 mV/s respectively. Inset: plot of peak currents vs. scan rates.
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at the GC electrode modified with TiO,/MWCNTs film. The separation
of peak potentials (AEp) is 40 mV, indicating that Mb immobilized on
the surface of TiO,/MWCNTs display a quasi-reversible electrochemi-
cal reaction despite its large molecular structure. Its formal potential
(E®), which is defined as average of anodic and cathodic peak
potentials, was —0.370 V (at 100 mV/s). It was similar to those of
other heme-containing proteins (enzymes) including hemoglobin and
horseradish peroxidase [26-29].

Fig. 5 shows CVs of Mb-TiO,/MWCNTs film modified GC electrodes
at different scan rate (25-200 mV). With the increase of the scan rate,
the redox peak currents (ip) and the peak separation (AE,) increase
simultaneously. The peak currents increase linearly in the range from
25 to 200 mV/s, characteristic of a thin layer electrochemical behavior.

2R2
Iy =" vare (1)

Where A is the effective surface area (7.1 x 10~ m?) of the modified
electrode, I'* is the surface mole density and v is the scan rates, n is the
charge transfer number, T=298 K, and the other symbols have their
usual meaning. From the integration of the reduction peaks at
scan rates less than 200 mV/s, and the surface coverage of Mb on
TiO,/MWCNT GC electrodes is calculated with the following equation
to be 8.35x1077 mol/m? The value of I* is much greater than
theoretical monolayer coverage (counting in one heme-containing
chain) of 1.58x 10”7 mol/m? for Mb [27], this value shows the proteins
participated in the electron-transfer process in the three-dimensional
composite. According to the addition of Mb on GC, the fraction of
electroactive Mb is about 7.10% at a rough estimate. This may suggest
that only those Mb molecules in the inner layers of the films closest to
the electrodes and with a suitable orientation can exchange electrons
with the electrode and contribute to the observed redox reaction.

Furthermore, the kinetics of the direct electron transfer is analysed
using Laviron model [30]. An estimation of the rate constant (ks) has
been made from the peak potential separation value using the relation
given for thin-layer voltammetry [30], a value of 3.08 s”' has been
obtained, it also indicates reasonable fast electron transfers between
the immobilized Mb molecules and TiO,/MWCNTSs composite.

3.4. Effect of pH

The effect of pH on the potential of the Mb immobilized on TiO,/
MWCNTs film modified GC electrode was studied in different PBS.
Cyclic voltammograms of Mb-TiO,/MWCNTs films show a strong
dependence on pH of PBS (Fig. 6). Both reduction and oxidation peak
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Fig. 7. CVs at 100 mV/s in pH 7.0 PBS for TiO,/MWCNTs GC electrodes in PBS containing
no H,0; (a), as (a) in the presence 0.2 mM of H,0, (b), (¢) and (d) as (a) and (b) for
Mb-TiO,/MWCNTs modified GC electrodes.

potentials of the Fe'/Fe!' redox couple of Mb-TiO,/MWCNTs GC
electrode shift negatively with an increase in pH. The pH dependences
of the peak potentials (E,=(E,+E.)/2) are expressed as follows: E,=
-48.65-pH+3.61 (R*=0.9993). This value is a little smaller than that
of —=57.8 mV/pH at 18 °C for a reversible one-proton-coupled single-
electron transfer during electrochemical reduction [31,32], and this
may be due to the effect of the protonation states of ligands trans to
the heme iron and amino acids around the heme or to the protonation
of the water molecules coordinated to the center [32].

3.5. Electrocatalysis of Mb-TiOo/MWCNTs GC electrode to reduction of
H202

It was reported that enzymes and proteins containing heme groups
were able to reduce hydrogen peroxide electrocatalytically. In order to
verify whether the Mb immobilized on TiO,/MWCNTs was denatured
or not, the electrochemical experiments in the presence of hydrogen
peroxide were carried out. Fig. 7 shows cyclic voltammograms of
modified electrode in the absence and presence of H,0,. As shown in
Fig. 7 for bare TiO,/MWCNTs modified GC electrode, no redox re-
sponse of H,0, can be seen in the potential range from 0.2 to -0.8 V.
However, at the Mb-TiO,/MWCNTs film modified GC electrode, the
reduction current is greatly increased due to catalytic reduction of
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Fig. 6. (A) CVs of Mb-TiO,/MWCNTs film modified GC electrodes in 0.1 M PBS at various pH values: 5.0 (b), 7.0 (d), 9.0 (f) at scan rate of 100 mV/s. (B) Effect of pH on formal potential of

Mb-TiO,/MWCNTs film modified GC electrodes in 0.1 M PBS.
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Fig. 8. CVs of Mb-TiO,/MWCNTSs GC electrode in the presence different concentration of
H,0, in PBS (pH 7.0) at 100 mV/s, from inner to outer 0, 4, 10, 20, 40, 80,120 and 160 uM.
Inset: the catalytic response vs. hydrogen peroxide concentrations.

hydrogen peroxide, while the oxidation peak has largely disappeared.
The decreased overvoltage and increased peak current of hydrogen
peroxide reduction confirm that Mb has high catalytic ability for H,0,
reduction. Therefore, Mb-TiO,/MWCNTs composites are suitable for
use as mediatorless biosensors.

In order to evaluate the activity of Mb immobilized on TiO,/
MWCNTs film, the cyclic voltammograms of the modified electrode in
the presence of different concentrations of hydrogen peroxide were
recorded. Fig. 8 shows the cyclic voltammograms for the reduction of
hydrogen peroxide on Mb-TiO,/MWCNTs GC electrode at different
concentration range. The catalytic peak currents are proportional to
the concentration of H,0, with a linear range from 1 to 160 pM. The
linear regression equation for the concentration range from 1-160 pM
was [=0.0164-C-0.0598, r=0.9995. The detection limit is estimated
to be 0.41 uM when the signal to noise ratio is 3. At higher hydrogen
peroxide concentration, the CV response shows a leveling-off
tendency, including a typical Michaelis-Menten process.

The electrocatalytic reduction of hydrogen peroxide at Mb-TiO,/
MWCNTs film modified GC electrode was also studied by hydrodynamic
amperometry, which is one of the most widely employed techniques for
biosensors. The constant potential of the rotating modified electrode
(rotation speed 2000 rpm) was set at —0.4 V after optimization, and the
catalytic reduction current was monitored while aliquots of hydrogen
peroxide were added. The stepped increase of H,O, concentration in PBS
caused the corresponding growth of catalytic reduction currents. As

Table 1

Peroxidase-like activity of some protein films

Film Detection Detection Ki/uM
range/uM limit/uM

Mb-TiO,/MWCNTs® 1-42 041 83

Mb-titanate nanotubes [36] 2-160 0.6 140

Mb-nanocrystalline TiO,[36] 6-80 3.0 1300

Mb-zirconium phosphonates[37] —na -na 440

Mb-CaCO5 multilayer[38] 5-80 2.0 56

Mb-magadiite nanocomposite[39] —na -na 350

na, not available.
¢ This work.

shown in Fig. 9 during the successive addition of 1 puM, 2 pM and 3 uM
hydrogen peroxide, a well-defined response is observed (Fig. 9). The plot
of response current vs. H,O, concentration is linear over the wide
concentration range from 1 to 42 puM. The calibration plot over the
concentration range of 1-10 pM has a slope of 17.52 nA/uM (sensitivity),
a correlation coefficient of 0.9994 and a detection limit of 0.41 UM, and
its response time less than 5 s. When the concentration of hydrogen
peroxide is higher than 42 puM, a response plateau was observed,
showing the characteristics of the Michaelis-Menten kinetic mechan-
ism. The apparent Michaelis-Menten constant (Ky), which gives an
indication of the enzyme-substrate kinetics, can be obtained from the
Lineweaver-Burk equation [33]:

1/155 = 1/Imax + KM/Imax' 1/CH202- (2)

Here, I is the steady-state current after the addition of substrate,
Ci,02 is the bulk concentration of substrate and I, is the maximum
current measured under saturated substrate solution. Ky can be
obtained by the analysis of slope and intercept of the plot of the
reciprocals of the steady-state current versus H,O, concentration. The
Michaelis-Menten constant of the system (Ky;) in this work was found
to be 83.10 uMV, implying that the Mb-TiO,/MWCNTs modified GC
electrode exhibits a higher affinity for hydrogen peroxide. For com-
parison, other reported protein films were also listed in Table 1. The
Mb-TiO,/MWCNTs film presents excellent analytical performance in
the determination of H,0,.

3.6. Electrocatalysis of Mb-TiOo/MWCNTs GC electrode toward nitric
oxide reduction

Catalytic reduction of NO was studied at the Mb-TiO,/MWCNTs
electrode. As shown in Fig. 10, a new reduction peak appeared at about
-0.85 V when NO solution (about 1.6 mM) was added into pH 7.0 PBS,
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Fig. 9. Amperometric response of Mb-TiO,/MWCNTs GC electrode with successive addition of H,0, to the 0.1 M pH 7.0 PBS under stirring. The applied potential was -0.4 V.
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Fig.10. CVs at 100 mV/s in pH 7.0 PBS for Mb-TiO,/MWCNTs modified GC electrode in PBS
containing no NO (a), as (a) in the presence 0.1, 0.2, 0.4 and 0.8 mM of NO (b, ¢, d and d).

and the peak current increased with a further addition of NO solution.
According to the previous report, this peak correspond to the reduc-
tion of NO [35,36], which may be facilitated by electroactive Mb. The
possible electrode reaction process can be described as following [34]:

Mb(Fe"") + NO—Mb(Fe")NO

2Mb(Fe)NO 4 2H™ + 2e—Mb(Fe') + N,0 + H,0

Noticeably, no corresponding electrochemical signal is observable
either at a bare GC electrode or GC electrode modified with TiO,
nanoparticles (free of Mb) in the same NO solution until -1.1 V.
Therefore the catalytic process comes from the specific enzyme
catalytic reaction between Mb and NO, which indicates a large
decrease in activation energy for the reduction of NO in the presence
of Mb.

3.7. Stability of the biosensor

Long-term stability is one of the most important properties for
biosensors and bioreactors. The stability of Mb-TiO,/MWCNTs films
modified electrode was investigated by cyclic voltammetry. The direct
electrochemistry of the Mb-TiO,/MWCNTs modified electrode can
retain constant current values upon continuous 200 cyclic sweep over
the potential range from -0.8 to 0.2 V at 100 mV/s. After storing it in
refrigerator (0 °C) for 30 days, the CV peak potentials remain at the
same positions and the reduction peak currents decreased by only
about 6.3% of its initial current response. Thus, high stability of modi-
fied electrode is related to the chemical stability of TiO,/MWCNTs film
and strong adsorption of Mb on TiO,/MWCNTs nanoscale islands.

4. Conclusions

A stable Mb-TiO,/MWCNTs modified electrode was fabricated.
Direct electrochemistry of myoglobin was performed at this modified
electrode. The modified electrode exhibited a low detection limit of
0.41 uM, a high and reproducible sensitivity of 17.52 nA/uM, a linear
range from 1 to 42 pM, and an apparent Ky of 83.10 uM. These
parameters demonstrate that TiO,/MWCNTs provided a favorable
microenvironment for direct electron transfer of Mb. The immobilized
Mb retained their biological activity and showed a good electrocatalytic
response to hydrogen peroxide and nitric oxide reduction. Immobiliza-
tion of Mb onto TiO,/MWCNTs film could combine advantages such
as high biocompatibility of TiO, nanoparticles, large specific surface
area for enzyme loading, promoting effect for electron transfer between

electrode and Mb, and excellent biocatalytic activity toward hydrogen
peroxide and nitric oxide reduction. Finally these nanocomposites were
strongly recommended for immobilization of many other enzymes or
proteins in fabricating third generation biosensors.

Acknowledgment

We greatly appreciate the support of the National Natural Science
Foundation of China (20635020, 90606016).

References

[1] Earle Stellwagen, Haem exposure as the determinate of oxidation-reduction
potential of haem proteins, Nature 275 (1978) 73-74.

[2] R. Lin, M. Bayachou, ]. Greaves, PJ. Farmer, Nitrite reduction by myoglobin in
surfactant films, J. Am. Chem. Soc. 119 (1997) 12689-12690.

[3] N. Hu, J.E. Rusling, Electrochemistry and catalysis with myoglobin in hydrated poly
(ester sulfonic acid) ionomer films, Langmuir 13 (1997) 4119-4125.

[4] M. Bayachou, R. Lin, W. Cho, PJ. Farmer, Electrochemical reduction of NO by
myoglobin in surfactant film: characterization and reactivity of the nitroxyl (NO-)
adduct, J. Am. Chem. Soc. 120 (1998) 9888-9893.

[5] C.E. Immoos, ]. Chou, M. Bayachou, E. Blair, J. Greaves, P.J. Farmer, Electrocatalytic
reductions of nitrite, nitric oxide, and nitrous oxide by thermophilic cytochrome
P450 CYP119 in film-modified electrodes and an analytical comparison of its
catalytic activities with myoglobin, J. Am. Chem. Soc. 126 (2004) 4934-4942.

[6] N.Y. Kawahara, W. Ohkubo, H. Ohno, Effect of cast solvent on the electron transfer
reaction for poly(ethylene oxide)-modified myoglobin on the electrode in poly
(ethylene oxide) oligomers, Bioconjug. Chem. 8 (1997) 244-248.

[7] Y.M. Lvov, Z. Lu, J.B. Schenkman, X. Zu, J.E. Rusling, Direct electrochemistry of
myoglobin and cytochrome P450cam in alternate layer-by-layer films with DNA
and other polyions, . Am. Chem. Soc. 120 (1998) 4073-4080.

[8] B.R.VanDyke, P.Saltman, F.A. Armstrong, Control of myoglobin electron-transfer rates
by the distal (nonbound) histidine residue, ]. Am. Chem. Soc. 118 (1996) 3490-3492.

[9] K. Besteman, J.0. Lee, F.G.M. Wiertz, H.A. Heering, C. Dekker, Enzyme-coated
carbon nanotubes as single-molecule biosensors, Nano Lett. 3 (2003) 727-730.

[10] Y.Zhang, P.L. He, N.F. Hu, Horseradish peroxidase immobilized in TiO, nanoparticle
films on pyrolytic graphite electrodes: direct electrochemistry and bioelectroca-
talysis, Electrochim. Acta 49 (2004) 1981-1988.

[11] AH. Liu, M.D. Wei, I. Honma, H.S. Zhou, Direct electrochemistry of myoglobin in
titanate nanotubes film, Anal. Chem. 77 (2005) 8068-8074.

[12] W. Fan, L. Gao, Silica nanobeads-decorated multi-walled carbon nanotubes by
vapor-phase method, Chem. Lett. 34 (2005) 954-955.

[13] H.S., D. Michael Byler, Examination of the secondary structure of proteins by
deconvolved FTIR spectra, Biopolymers 25 (1986) 469-487.

[14] W.K. Surewicz, H.H. Mantsch, New insight into protein secondary structure from
resolution-enhanced infrared spectra, Biochim. Biophys. Acta 952 (1988) 115-130.

[15] J.K. Koening, D.L. Tabb, Analytical Applications of FTIR to Molecular and Biological
Systems, Reidel, Boston MA, 1980, p. 241.

[16] Ronald W. Sarver, William C. Krueger, An infrared and circular dichroism combined
approach to the analysis of protein secondary structure, Anal. Biochem. 199 (1991)
61-67.

[17] ].E. Rusling, T.F. Kumosinski, New advances in computer modeling of chemical and
biochemical data, Intell. Instrum. Comput. 10 (1992) 139-145.

[18] A. Dong, P. Huang, W.S. Caughey, Protein secondary structures in water from
second-derivative amide I infrared spectra, Biochemistry 29 (1990) 3303-3308.

[19] A. Dong, P. Huang, W.S. Caughey, Redox-dependent changes in 3-extended chain
and turn structures of cytochrome c in water solution determined by second
derivative amide I infrared spectra, Biochemistry 31 (1992) 182-189.

[20] S. Krimm, ]. Bandekar, Vibrational spectroscopy and conformation of peptides,
polypeptides, and proteins, Adv. Protein Chem. 38 (1986) 364.

[21] A. Kuznetsova, D.B. Mawhinney, V. Naumenko, J.T. Yates, ]. Liu, RE. Smalley,
Enhancement of adsorption inside of single-walled nanotubes: opening the entry
ports, Chem. Phys. Lett. 321 (2000) 292-296.

[22] D.B. Mawhinney, V. Naumenko, A. Kuznetsova, J.T. Yates, J. Liu, RE. Smalley,
Infrared spectral evidence for the etching of carbon nanotubes: ozone oxidation at
298 K, J. Am. Chem. Soc. 122 (2000) 2383-2384.

[23] A.H. Liu, M.D. Wei, I. Honma, H.S. Zhou, Direct electrochemistry of myoglobin in
titanate nanotubes film, Anal. Chem. 77 (2005) 8068-8074.

[24] H. Luo, Z. Shi, N. Li, Z. Gu, Q. Zhuang, Investigation of the electrochemical and
electrocatalytic behavior of single-wall carbon nanotube film on a glassy carbon
electrode, Anal. Chem. 73 (2001) 915-920.

[25] H.X. Luo, ZJ. Shi, N.Q. Li, Z.N. Gu, Q.K. Zhuang, Investigation on the electrochemical
and electrocatalytic behavior of chemically modified electrode of single wall
carbon nanotube functionalized with carboxylic acid group, Chem. J. Chin. Univ.
21 (2000) 1372-1374.

[26] Q. Lu, T. Zhou, S.S. Hu, Direct electrochemistry of hemoglobin in PHEA and its
catalysis to H,0,, Biosens. Bioelectron. 22 (2007) 899-904.

[27] H.H. Liu, Z.Q. Tian, Z.X. Lu, Z.L. Zhang, M. Zhang, D.W. Pang, Direct electrochemistry
and electrocatalysis of heme-proteins entrapped in agarose hydrogel films,
Biosens. Bioelectron. 20 (2004) 294-304.

[28] H.H. Liu, H.Q. Wan, G.L. Zou, Direct electrochemistry and electrochemical catalysis
of immobilized hemoglobin in an ethanol-water mixture, Anal. Bioanal. Chem.
385 (2006) 1470-1476.





L. Zhang et al. / Bioelectrochemistry 74 (2008) 157-163 163

[29] Q. Xu, C. Mao, N.N. Liu, JJ. Zhu, J. Sheng, Direct electrochemistry of horseradish
peroxidase based on biocompatible carboxymethyl chitosan-gold nanoparticle
nanocomposite, Biosens. Bioelectron. 22 (2006) 768-773.

[30] E. Laviron, General expression of the linear potential sweep voltammogram in the
case of diffusionless electrochemical systems, J. Electroanal. Chem. 101 (1979)
19-28.

[31] 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.

[32] H. Huang, P. He, N. Hu, Y. Zeng, Electrochemical and electrocatalytic properties of
myoglobin and hemoglobin incorporated in carboxymethyl cellulose films,
Bioelectrochemistry 61 (2003) 29-38.

[33] RA. 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.

[34] LB. Shang, XJ. Liu, J. Zhong, CH. Fan, . Suzuki, G.X. Li, Fabrication of ultrathin,
protein-containing films by layer-by-layer assembly and electrochemical char-
acterization of hemoglobin entrapped in the film, Chem. Lett. 32 (2003) 296.

[35] CH. Fan, G.X. Li, J.Q. Zhu, D.X. Zhu, A reagentless nitric oxide biosensor based on
hemoglobin-DNA films, Anal. Chim. Acta 423 (2000) 95-100.

[36] C.H. Fan, ].T. Pang, P.P. Shen, G.X. Li, D.X. Zhu, Nitric oxide biosensors based on
Hb/phosphatidylcholinefilms, Anal. Sci. 18 (2002) 129-132.





		Direct electrochemistry and electrochemical catalysis of myoglobin–TiO2 coated multiwalled carb.....

		Introduction

		Experimental

		Reagents

		Synthesis of the TiO2-coated MWCNTs

		Fabrication of Mb–TiO2/MWCNTs film modified glassy carbon �electrode

		Electrochemical measurements

		Spectroscopic analysis and Morphology characterization



		Results and discussion

		TEM and XRD measurement of TiO2/MWCNTs

		FTIR measurement of conformational change

		Direct electrochemistry of Mb–TiO2/MWCNTs film modified �electrode

		Effect of pH

		Electrocatalysis of Mb–TiO2/MWCNTs GC electrode to reduction of H2O2

		Electrocatalysis of Mb–TiO2/MWCNTs GC electrode toward nitric oxide reduction

		Stability of the biosensor



		Conclusions

		Acknowledgment

		References










Bioelectrochemistry 74 (2008) 164-169

journal homepage: www.elsevier.com/locate/bioelechem e

Contents lists available at ScienceDirect

Bioelectrochemistry

x

BIDEIECITOCHEM ISty

Electrochemical and Ultraviolet-visible spectroscopic studies on the interaction of

deoxyribonucleic acid with vitamin Bg

Shou-Qing Liu **, Mei-Ling Cao ®, Shu-Ling Dong ?

@ College of Chemistry and Bioengineering, Suzhou University of Science and Technology, Suzhou 215009, China

b Department of Chemistry, East China Normal University, Shanghai 200062, China

ARTICLE INFO ABSTRACT

Article history:

Received 7 October 2007

Received in revised form 16 July 2008
Accepted 17 July 2008

Available online 24 July 2008

Keywords: vitamin Bg was explored.

Vitamin Bg

DNA
Supra-molecule
Interaction

Cyclic voltammetry

Studies on the interaction of DNA with vitamin Bg were carried out with a DNA-modified electrode by
electrochemistry and Ultraviolet-visible spectroscopy. The results showed that there exists the supra-
molecule interaction between base groups on DNA and vitamin Bg by forming hydrogen binding, the binding
equilibrium constant of the interaction is equal to 115.3 M, the binding ratio of nucleotide to vitamin Bg is
5:1. Based on the electrochemical and Ultraviolet-visible spectrum studies the interaction mode of DNA with

Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

1. Introduction

Much attention was paid to the interaction of deoxyribonucleic
acid (DNA) with small molecules, especially drug molecules owing to
the importance for the rational design and construction of new and
more efficient drugs targeted to DNA [1,2]. It is known that the inter-
actions of DNA with small molecules have three models: (I) Electro-
static interaction, which is from the negative-charged nucleic sugar-
phosphate structure; (II)binding hydrophobically against the minor
groove; and (IIl) intercalation between the stacked base pairs of native
DNA [3,4]. Vitamin Bg is a water-soluble vitamin that exists in three
major chemical forms: pyridoxol, pyridoxal, and pyridoxamine. It
performs a wide variety of functions in one's body and is essential for
one's good health. For example, vitamin Bg is needed for more than
100 enzymes involved in protein metabolism. One's body needs
vitamin Bg to make hemoglobin, which carries oxygen to tissues. A
vitamin Bg deficiency can result in a form of anemia that is similar to
iron deficiency anemia. Vitamins are important to one's immune
defenses because they promote the growth of white blood cells that
directly fight infections. Animal studies showed that a vitamin Bg
deficiency can decrease the antibody production and suppress the
immune response [5]. Recent researches showed that DNA damage
from deficiencies of the micronutrient including vitamin Bg, Vitamin
B1,, etc., is likely to be a major cause of cancer [6],and vitamin Bg has a
crucial role in 1-carbon metabolism, which involves DNA synthesis

* Corresponding author. Tel.: +86 512 68418482; fax: +86 512 68418431.
E-mail addresses: shouqing_liu@hotmail.com, liusq@mail.usts.edu.cn (S.-Q. Liu).

and DNA methylation [7] and can modulate gene expression [8]. So
studies on the interaction of DNA with vitamin Bg are helpful to
understand its physiological action. To the best of our knowledge, the
electrochemical study on the interaction of DNA with vitamin Bg has
not been presented although studies on the interaction of DNA with
some drugs [9-15] have been reported.

We formerly prepared ZrO, gel-derived DNA-modified electrode
[16,17], by which the effect of lanthanide on DNA electron transfer
behavior and the interaction of DNA with 2,2'-bipyridine were studied
with the aid of electrochemical probe molecules Fe(CN)*~ and Co
(phen)3! respectively. Now we continue to study on the interaction of
DNA with small molecule. Pyridoxol, which the structure is expressed
as follows in Fig. 1, is chosen as a representative of vitamin Bg for
investigating the interaction of DNA with vitamin Bg by a DNA-
modified electrode.

2. Experimental
2.1. Chemicals

Salmon deoxyribonucleic acid (DNA) was obtained from Sigma(USA)
and used as received. Stock solutions of DNA were prepared by
dissolving an appropriate amount of DNA in distilled water and stored
at 4°C. The concentration of the stock solution of DNA was determined
by ultraviolet absorbance at 260nm using the molar extinction
coefficient = 6600M 'cm™! [18], the concentration of 2.0mg/mL dsDNA
solution is equal to 5.1 x 10~ > M denoted by nucleotide of DNA. Generally,
the stock solution of DNA is fresh for test, the storage time is not longer
than 96h. Single strand DNA (ssDNA) was obtained by heating a double-

1567-5394/$ - see front matter. Crown Copyright © 2008 Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.bioelechem.2008.07.004



mailto:shouqing_liu@hotmail.com

mailto:liusq@mail.usts.edu.cn

http://dx.doi.org/10.1016/j.bioelechem.2008.07.004

http://www.sciencedirect.com/science/journal/15675394



S.-Q. Liu et al. / Bioelectrochemistry 74 (2008) 164-169 165

HiC

N
S
OH-HCI

HO Z

OH

Fig. 1. The structure of pyridoxol.

strand DNA (dsDNA) solution to 100°C for 30min and suddenly
immersing it into a cool water. 1,10-phenanthroline monohydrate and
CoCly-6H,0, from Second Chemical Reagent Factory of Shanghai, were of
analytical reagent grade. The probe molecule tris(1,10-phenanthroline)
cobalt(Ill) perchlorate trihydrate [Co(phen);(Cl04);-3H,0] was prepared
according to previously reported procedures [19]. All other chemicals
(Tris-hydroxymethyl-aminoethane, NaCl) were of analytical reagent
grade without further purification. Vitamin B6, a medicine injection
solution, was from Jinan Limin Pharmaceuticals CO.LTD, China. The
buffer solution refers to 0.10M tris—HCl buffer solution with pH 7.20
containing 5mM NaCl supporting electrolyte.

2.2. Apparatus

The cyclic voltammetric (CV) experiments were carried out with a
CHI820B electrochemical workstation (CH Instrument Company,
Texas, USA) using a three-electrode system at room temperature
(25°C). A DNA-modified electrode was used as the working electrode,
and a platinum sheet as the counter electrode, a saturated calomel
electrode (SCE) as the reference electrode. All potentials are reported
vs SCE. Ultraviolet-visible absorbance spectra were conducted with a
double beam UV-8500 spectrophotometer, which was from Tianmei
scientific equipment limited company of Shanghai, China.

2.3. Preparation of DNA-modified electrode

A glassy carbon (GC) disk electrode of 3.0mm diameter was used as
a matrix of the working electrode. The GC electrode was polished
using a piece of 1200 diamond paper and then 0.3 to 0.05pm alumina
by turns. Finally, the GC electrode was washed with absolute alcohol
and distilled water in an ultrasonic bath for 5min, respectively. Thus a
mirror-like and shiny electrode surface was obtained.

DNA-modified electrodes were prepared like procedures described
by Oliveira Brett and Yang [20-23]. 10uL dsDNA solution (5.1x 10~ 3 M)
was dropped on the mirror-like GC electrode surface in air at 4°C for
10h for drying, the resulting electrode was denoted as a dsDNA-GC
electrode. Before use the electrodes were immersed in buffer solution
for 15min, then rinsed lightly with distilled water for the removal of
unadsorbed DNA, such the dsDNA-GC electrodes were used as
working electrode for test.

DNA on GC electrode surface was removed by means of erasure
with a sheet of velveteen and it was sonicated in distilled water with
an ultrasonic cleaner for 15min for restoration of the GC electrode.

3. Results and discussion
3.1. Electrochemical characterization of DNA-modified electrode

Transition-metal complexes are often applied to probe both
structural and functional aspects of nucleic acid chemistry [3], so
the species are called probe molecule. In order to characterize the
interaction of DNA with vitamin Bg Co(phen)3; a cobalt complex, was
used as electrochemical probe molecule [24].The above DNA working

5r-
B
4
3F
< 2r
§ 1} 4
=
o L
5 0r
O L
-1+
2
-3
-4 [ 1 " ! " 1 N 1 " ! L |
0.5 0.4 0.3 0.2 0.1 0.0

E/Vvs SCE

Fig. 2. Cyclic voltammograms of electrodes in 5.0 mM pH=7.20 tris-HCl buffer solution
containing 5.0 mM NaCl without Co(phen)3* probe molecule. A: the curve of a bare
glassy carbon electrode in the buffer solution after immersed in 5.0x10™* M Co(phen)3*
probe molecule for 15 min. B: the curve of a dsDNA-GC electrode in the same buffer
solution after immersed in 5.0x10™* M Co(phen)3* probe molecule for 15 min. Potential
range between 0.00 V and 0.50 V at a sweep rate of 20.0 mV/s.

electrode was immersed in 5.0x10™* M Co(phen)3* solution for
absorbing the probe molecule for 15min. Then the dsDNA electrode
was taken out and rinsed with distilled water. Finally, the electrode
was taken into buffer solution for electrochemical experiment. In
order to identify the dsDNA immobilized on the glassy carbon
electrode, a control electrochemical experiment was conducted with
the bare glassy electrode, which was also immersed in 5.0x 10”4 M Co
(phen)3* solution for 15min before use. The resulting voltammograms
were shown in Fig. 2.

From Fig. 2 the bare glassy electrode has no probe molecule current
in the buffer solution while the DNA-modified electrode has a couple
of clear probe molecule currents in the same buffer solution. This
showed that the dsDNA was immobilized onto the glassy carbon
electrode. Although free guanine, adenine, thymine and cytosine (DNA
base groups) can be oxidized electrochemically in solution [25], no
peak current of DNA-modified electrode was observed during
electrochemical scanning in the 0.0V-0.5V potential rang in the
buffer (see curve A in Fig. 2). The current of dsDNA electrode is
attributed to the electron transfer of the probe molecule absorbed on
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Fig. 3. A DNA-modified electrode in 0.10 M NaOH solution. Potential range between
0.00 V and 0.80 V at a sweep rate of 20.0 mV/s.
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Fig. 4. Cyclic voltammograms of GC-dsDNA electrode. A: dsSDNA-GC electrode in 5.0 mM
pH=7.20 tris-HCl buffer solution containing 5.0 mM NaCl without vitamin Bg;
B: dsDNA-GC electrode in the same buffer solution with 0.0187 M vitamin Bg. Potential
range between 0.00 V and 0.50 V at a sweep rate of 20.0 mV/s.

dsDNA, but not to redox of DNA base groups. The main reason that
dsDNA was not oxidized electrochemically in the neutral buffer
solution is as follows. First, the glassy carbon electrode has poorly
electrochemical response for the base groups of nucleic acids [26-28].
Second, the base pairs of adenine, thymine, cytosine, guanine are
packed inside the double-stranded rigid helix of DNA, so that it is
difficult to transfer electron inside to the electrode surface [21,29,30].
Only when the base pairs are exposed outside by heating DNA [31] or
treating DNA with strong acid or alkali [32], or heavy metal ions [21],
does the electro-oxidation of these base groups take place easily. It is a
fact that the DNA-modified electrode has no oxidized peak current
even if the positive potential was scanned to 1.20V in this neutral
buffer in our diagnostic experiments. However, the DNA-modified
electrode has an oxidized current at 0.58V in 0.1M NaOH solution as
shown in Fig. 3. Because guanine, the easiest oxidizable of all DNA
bases, is oxidized at 0.7V in pH 7.4 solution [33,34], and its oxidative
potential is influenced with solution pH [35], the oxidative peak at
0.58V in Fig. 3 corresponds to the electrochemical oxidization of
guanine. The alkaline solution made the DNA immobilized on GC
surface denatured [32], which caused the base group exposed to
outside and oxidized electrochemically at 0.58V. When the electro-
chemical scan was repeated a second time, the guanine on the GC
electrode was electro-oxidized again with a decline of peak current,
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Fig. 5. Cyclic voltammograms of a dsSDNA-GC electrode in 5.0% 10~ M Co(phen 3* pH=7.20
solution containing 5.0 mM NaCl supporting electrolyte without vitamin Bg (A) and with
0.0187 M vitamin Bg (B). Potential range between 0.00 V and 0.50 V at a sweep rate of
20.0 mV/s.

until the peak current disappeared the third time. That means the
guanine on GC electrode was oxidized thoroughly after the second
scan was performed.

3.2. Interaction of dsDNA with vitamin Bg

In order to investigate the interaction of DNA with vitamin Bg
molecule, a dsDNA-GC electrode was taken in buffer solution in the
present of vitamin Bg and in the absence of vitamin Bg for a voltammetric
test. The resulting volammograms are shown in Fig. 4.

No peaks can be seen during electrochemical scanning in the present
and absence of vitamin Bg as shown in Fig. 4 although the background
currents are larger in the presence of vitamin Bg than in its absence. The
increases of charged and uncharged currents in the vitamin Bg solution
suggested that vitamin Bg molecule probably interacts with DNA. In
order to confirm the interaction the DNA-modified electrode was
scanned in buffer solution containing 5.0x10” * M Co(phen)3" probe
molecule, then vitamin Bg was added into the test solution. The
experiments showed the peak current of probe molecule decreased as
vitamin Bg was added into the test solution. The more vitamin Bg was
added, the more the peak current of probe molecule decreased. Thus,
when the concentration of vitamin Bg was adjusted to 0.0187M, the peak
current decreased by 47.2% with respect to original peak current, as
showed in Fig. 5.

The phenomenon confirmed that vitamin Bg molecule interacts
with dsDNA. Since the pKa; of pyridoxol is equal to 5.0, pKa, 9.0,
pyridoxol could be protonated in pH < 5.0 acidic solution [36,37] and
charged negatively in pH > 9.0 alkaline solution. By assuming that
vitamin Bg molecule was not protonated in the mostly neutral buffer
solution of pH 7.20, the electrostatic interaction between DNA and
vitamin Bg could be ignored. Since the probe molecule Co(phen)3" gets
in double-strand of DNA [3,24], the vitamin Bg molecule competes for
sites at DNA with probe molecule, which leads to a decrease in the
peak current of the probe molecule when vitamin Bg is added to the
test solution. Thus, it can be deduced that vitamin Bg also gets in the
double-stranded DNA.

Many electrochemical studies on vitamin Bg have been performed
by using both gold [36,38] and glassy carbon electrodes [39,40] since
the determination of pyridoxine was described for the first time in
1975 [41]. In our experiments the voltammetric peaks of DNA and

Current/uA
o
1

10
5 -
0 -
54
T b T ¥ T ¥ T ¥ T
0.0 0.2 0.4 0.6 0.8
E/Vvs SCE

Fig. 6. Cyclic voltammetric curves of a DNA-modified GC electrode in 0.10 M NaOH +
0.2433 mM vitamin Bg solution (A), the DNA-modified GC electrode in 0.10 M NaOH
supporting electrolyte without vitamin Bg (B). Cyclic voltammetric curves of the bare GC
electrode in 0.10 M NaOH +0.2433 mM vitamin Bg solution (C), the bare GC electrode in
0.10 M NaOH without vitamin Bg solution (D). Potential range between 0.00 V and
0.80 V at a rate of 20.0 mV/s.
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Fig. 7. Cyclic voltammetric curves of dsDNA-GC electrode in 5.0x10"* M Co(phen)3*
pH=7.20 buffer solution with 5.0 mM NaCl supporting electrolyte in the potential range
between 0.00 V and 0.50 V at a sweep rate of 20.0 mV/s with different concentrations of
vitamin Bg A: 0.0116 M, B: 0.0221 M, C: 0.0268 M, D: 0.0317 M, E: 0.0355 M, F: 0.0405 M,
G: 0.0487 M, H: 0.060 M.

vitamin Bg were not observed in pH7.20 buffer solution even if the
sweep potential window was set up between 0.00 and 1.20V.
However, in 0.10M NaOH alkaline solution the electro-catalysis of
DNA-modified electrode on vitamin Bg was observed during the
electrochemical scanning as shown as curve A in Fig. 6, the same GC
electrode without DNA has no voltammetric peaks in this NaOH
solution containing vitamin B6. In alkaline solution both DNA and
vitamin Bg are charged negatively [42,36-38], they should have
repelled and been far away from each other, but the electro-catalysis
of DNA on vitamin Bg can take place in the alkaline solution. The
phenomena confirmed further that DNA interacts with pyridoxol. The
repetitious experiments showed after the DNA was removed from the
GC electrode surface the electrochemical signal of vitamin Bg
disappeared, and the voltammetric peak at 0.58V appeared again
when DNA was immobilized on GC electrode surface again. These
phenomena showed the method for preparation of DNA-modified
electrode described by Oliveira Brett et al. [20-23] is reliable and
resulting DNA-modified electrode is stable and reproducible.
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Fig. 8. The dependence of decrease value of the peak current on the concentration of
vitamin Bg.

1.2
i 1.0
=
o
< 0.8
™ ]

0.6 “

0.4 T T T T T T T T T T

20 25 30 35 40 45
1/Cyp (MM)
ve,(MM)

Fig. 9. The relationship between 1/Alp and 1/C.

3.3. Binding equilibrium constant

Cyclic voltammetric experiments showed that DNA-modified elec-
trode has a couple of stable voltammetric peaks from probe molecules
when it was scanned in the probe solution. Further studies showed
when vitamin Bg was added into this solution, the peak current had an
obvious decrease. And the higher the amount of vitamin Bg added, the
lower the peak current was. The curves are shown in Fig. 7.

When the concentration of vitamin Bg reached 0.060M, the peak
current no longer decreased. Fig. 8 shows the relationship between the
decrease of the peak current and the concentration of vitamin Bg added.

From Fig. 8 we can obtainan 1/ Al, - 1/ C curve (Fig. 9).Itis apparent
that a good linear relationship(R = 0.9934) exists between the reciprocal
of the current drop and that of the vitamin Bg concentration. This is in
good agreement with Langmuir equation [17] below:

1/AIP = 1/A1Pmax + 1(A1Pmaxkc)

where k is equilibrium constant of the interaction between vitamin Bg
and DNA, Cis the concentration of vitamin B6, Al, is the current drop
and A, max stands for the maximum of the current drop. According
to the above equation and the slope of the curve in Fig. 9, the binding
equilibrium constant can be estimated at 115.3 M.
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Fig. 10. Ultraviolet-visible Spectra of vitamin B6, DNA and their mixture. A: 5.0x 107> M
vitamin Bg; B: 2.5x10™% M nucleotide(DNA); C: 2.5x10"% M nucleotide+5.0x10™> M
vitamin Bg.
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Fig. 11. Ultraviolet-visible absorbance spectra of dsDNA-Vitamin Bg mixed solution. The
concentration of vitamin Bg always was 5.0x 107> M, while the concentrations of nucleotide
were8.8x107°M,1.8x107°M,3.5x107°M,8.8x107°M,1.8x10"*M,2.5x107*M,3.5x10™* M,
44x107* M, respectively.

3.4. Spectroscopic studies and binding ratio

Ultraviolet-visible absorbance spectra of vitamin Bg, dSDNA and
their mixture were measured, respectively, as shown in Fig. 10.

Vitamin Bg has three absorbance peaks at 256nm, 291nm, 323nm
(curve A). DNA has an absorption peak at 260nm, which is from
nucleotide on the DNA strands. However, after DNA and vitamin Bg
were mixed, a clear decrease of absorbance at 260nm was observed
(curve c).Meanwhile, an increase appeared at 323nm. The decrease at
260nm and increase at 323nm of the absorbance at spectra confirm
further that vitamin Bg interacts with DNA, indeed. Further studies
showed that the absorbance value of the mixture increased gradually
at first, up to a maximum value in 6min, then decreased slowly as time
went by. For example, the absorbance of the mixture of 2.5x10™* M
DNA +5.0x10™ > M vitamin B is equal to 1.60, 1.65, 1.63 at 3min, 6min,
15min, respectively. The increase of the absorbance is due to the
uncoiling of double strands of DNA when vitamin Bg was added at first,
then vitamin Bg began to bind to nucleotide on DNA strands, the
absorbance began to descend again. In order to know specifically the
ratio of nucleotide to vitamin Bg, the absorbance measurements of the
mixture of different ratio were conducted with an Ultraviolet-visible
spectrophotometer. The resulting curves are shown in Fig. 11.

In the experiments the concentration of vitamin Bg was always
kept at 5.0x10” > M while the concentrations of DNA were adjusted
according to the ratio that were needed. Then these solutions of
mixtures were kept at 4°C for 24h for full completion of binding
between nucleotide (from DNA) and vitamin Bg. The results showed
that absorbance value at 323nm increased as the concentration of
DNA increased. In the case of that the nucleotide concentration of DNA
reached to 2.5x10” # M (the molar ratio of nucleotide to vitamin Bg is
equal to 5:1), the absorbance value of the mixed solution at 323nm
increased no longer while the absorbance at 260nm continued to
increase with the addition of DNA, thus showing that the stoichio-
metric ratio between DNA and vitamin Bg had been reached. This
means that the binding ratio of nucleotide to vitamin Bg is 5:1.

3.5. Interaction mode analysis

The interaction between DNA and vitamin Bg is actually a supra-
molecular action by forming hydrogen bonds between base groups on
DNA strands and hydroxyl groups and nitrogen atom on vitamin Bg frame.
The electrochemically diagnostic experiments showed that a dsSDNA-GC
electrode surface absorbed with probe molecule Co(phen)3* has a stable
peak current in pH = 7.20 buffer solution with 5.0mM NaCl supporting

electrolyte (without Co(phen)3'in this solution), which is due to the
intercalation of aromatic heterocyclic complex probe molecule into DNA
[3,4]. Similarly, this peak current of the same electrode disappeared
gradually in the above same supporting solution as vitamin Bg was added,
which revealed that the vitamin Bg molecules substituted for the probe
molecules between double strands of DNA. Since the probe molecules
intercalated into double strands of DNA, the substitute of vitamin Bg for
probe molecules intercalated, too. The other evidence for intercalation is
that the absorbance of the solution increased when vitamin Bg was added
into dsDNA at first, then the absorbance decreased with time. The increase
of the absorbance is attributed to the uncoil of the double strands of DNA,
which leads to the exposure of the base groups on DNA to the incidence
light for absorbance. After the double strands were uncoiled, vitamin Bg
molecules intercalated into the double strands by forming hydrogen
bindings. At that time the strands started to close, the absorbance started
to decrease again. The intercalation of vitamin Bg into double-stranded
DNA is responsible for the change of absorbance.

3.6. Conclusion

From the electrochemical and spectroscopic studies it is concluded
that vitamin Bg can interact with DNA, the binding equilibrium
constantis equal to 115.3M" !, the binding ratio of nucleotide to vitamin
Bs is 5:1. The interaction will be helpful to understand the biological
functions of vitamin Bg. The electro-catalysis of DNA on vitamin Bg in
the alkaline solution lays the foundation for development of analytical
method for voltammetric determination of vitamin Bg.
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A glucose biosensor based on polyvinylpyrrolidone (PVP) protected Prussian blue nanoparticles (PBNPs)-
polyaniline/multi-walled carbon nanotubes hybrid composites was fabricated by electrochemical method. A
novel route for PBNPs preparation was applied in the fabrication with the help of PVP, and from scanning
electron microscope images, Prussian blue particles on the electrode were found nanoscaled. The biosensor
exhibits fast current response (<6 s) and a linearity in the range from 6.7x107¢ to 1.9x 10" M with a high
sensitivity of 6.28 pA mM™! and a detection limit of 6x10™7 M (S/N=3) for the detection of glucose. The
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prﬂssian blue apparent activation energy of enzyme-catalyzed reaction and the apparent Michaelis-Menten constant are
Polyaniline 23.9 k] mol™ ! and 1.9 mM respectively, which suggests a high affinity of the enzyme-substrate. This easy and

controllable construction method of glucose biosensor combines the characteristics of the components of the
hybrid composites, which favors the fast and sensitive detection of glucose with improved analytical
capabilities. In addition, the biosensor was examined in human serum samples for glucose determination
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with a recovery between 95.0 and 104.5%.
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1. Introduction

For rapid response, high sensitivity and instinctual selectivity,
enzymatic based biosensors have been studied extensively. Research
in this field is still focused on the improvement of sensor properties by
new sensing approaches. The glucose oxidase (GOD)-based biosensor
for glucose sensing continues to be the primary model system in the
development of new sensing materials and methods [1-5]. Owing to
the usefulness in diagnostic analysis of diabetes, GOD-based biosen-
sors have been studied greatly [6-8]. In this protocol, the glucose
concentration can be obtained indirectly by amperometric detection
of the oxidation current of hydrogen peroxide (H,0,), a side product
during the enzymatic reaction. However, a great drawback for the
model is represented by high over-potential (ca. 0.6 versus Ag/AgCl)
[9] required for H,0, oxidation which leads to interferences caused by
the oxidization of many electroactive substances (i.e., ascorbate, urate,
acetaminophen, etc.) in real samples. And several approaches have
been employed to solve the problem, for example, utilizing negatively
charged membranes on the electrode tip to expel the interference [10]
or electron mediators to lower the oxidation potential for H,0,, such
as horseradish peroxidase [11,12] and ferrocene [13-15].

Due to its structure, Prussian blue (PB), ferric hexacyanoferrate, has
a perfect catalytic activity for H,0, reduction with a rate constant of

* Corresponding author. Tel.: +86 29 88302077; fax: +86 29 88303448.
E-mail address: zhengjb@nwu.edu.cn (J. Zheng).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.07.006

3x10% M s . Because of this outstanding catalytic property, PB was
eulogized as an “artificial peroxidase” by Karyakin [16-18] and has
been widely used in the biosensor construction as an attractive
alternative electrocatalyst for the reduction of H,O, to suppress the
interference [19,20]. Compared to those of bulk materials, nanosized
PB with small size, large surface-to-volume ratio and the increased
surface activity qualify its use in catalysis and sensing. Recently,
several groups have reported the marvelous electrocatalytic character
of inorganic Prussian blue nanopaticles (PBNPs) towards the reduction
of H,0, compared with that of the conventional PB microparticles or
polycrystalline film [21-23]. Zhang et al. developed PB nanoclusters
from an acidic solution of ferricyanide by potentiodynamic technique
[24]. Vaucher et al. synthesized PBNPs and nanocrystal superlattices in
reverse microemulsions [25]. Zhai et al. developed a new nanocom-
posite by combination of PBNPs and multi-walled carbon nanotubes
(MWNTs) in the matrix of biopolymer chitosan (CS). The electrode
modified with this nanocomposite can extensively amplify the
response current towards H,0,. The glucose biosensor based on the
modified electrode also exhibits good analytical character [26]. On the
other hand, composite materials based on integration of carbon
nanotubes (CNTs) and some other materials to possess properties of
the individual components with a synergistic effect have gained
growing interest also. Materials for such purposes include conducting
polymers [2728], redox mediators [29], metal and metal oxide
nanoparticles [30,31]. For its facile preparation, high conductivity
and good environmental stability, polyaniline (PANI), a conducting
polymer, become the most attractive one in formation of CNTs based
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Fig. 1. Cyclic voltammograms recorded during the electropolymerization of PANI at a
MWNTs/GCE in 0.1 M aniline +0.1 M HCl by potential cycling between -0.2 and 0.7 V (vs.
SCE) at a scan rate of 0.1 V s™". Inset shows the cyclic voltammograms of PBNPs-PANI/
MWNTs/GCE (a) and PANI/MWNTSs/GCE (b) obtained in pH 7.0 0.067 M PBS+0.1 M KCl.

composites. PANI/CNTs composites synthesized chemically [28] or
electrochemically [32] have improved the electrical conductivity,
electrochemical capacitance and electrocatalytic properties of the
polymers [33,34].

In this paper, we fabricated PBNPs-PANI/MWNTs composites
modified glassy carbon electrode (GCE) electrochemically and a
glucose biosensor was prepared by immobilizing GOD in crosslinked
CS network on the modified electrode. Firstly, PANI was electropoly-
merized onto the MWNTs modified GCE. Then, a novel route for PBNPs
fabrication was employed by depositing PBNPs electrochemically onto
the surface of PANI/MWNTs/GCE from the Fey(S04)3-Ks[Fe(CN)g]
solution containing polyvinylpyrrolidone (PVP). Scanning electron
microscope (SEM) was used to characterize the surface morphology of
the modified electrode. The applied condition and performance of the
resulting biosensors were further investigated in detail. Additionally,
the resulting glucose biosensor was tested in human serum samples.

2. Experimental
2.1. Reagents

Carboxyl-functionalized MWNTs (>95 wt.%, 30-50 nm, Chengdu
Organic Chemical Research Institute, Chengdu, China), Aniline
(299.5%, Tianjin Kermel Chemical Reagents Development Centre,
Tianjin, China), GOD (>300 u/g, Aspergillus niger, Sigma, America), CS
(deacetylation>90%, Yuanju Bio-tech Co., Ltd, Shanghai, China), PVP
(K30, Jinyu Fine Chemical Co., Ltd, Tianjin, China).

Glucose stock solutions were allowed to mutarotate at room
temperature overnight before use. Other reagents were all of
analytical grade and used as received without purification. The

0.067 M phosphate buffer solution (PBS) made from Na,HPO, and
KH,PO4 was applied as supporting electrolyte. All solutions were
prepared in doubly distilled water.

2.2. Apparatus

All electrochemical experiments were carried out in a three-
electrode cell controlled by a CHI 660 electrochemical workstation
(Chenhua Instruments, Shanghai, China). A glucose sensor acted as the
working electrode. A saturated calomel electrode (SCE) and a platinum
wire served as reference and counter electrode, respectively. SEM
images were taken by using JSM-6460 SEM (JEOL, Japan).

2.3. Fabrication of the biosensor

2.3.1. Electropolymerization of PANI onto the MWNTs/GCE

With the help of ultrasonic agitation, 2.5 mg pretreated MWNTSs
was well dispersed into 5 mL N,N-dimethylformamide. Before
modification, the GCE was carefully polished with 0.05 um alumina
slurry, then ultrasonicated in double-distilled water and the anhy-
drous ethanol and dried in the open air. After the ultrasonication, the
pretreated GCE was coated with a suspension (8 pL) of MWNTs and
allowed to be dried under an infrared lamp.

First, PANI was electrochemically polymerized onto MWNTs
coated GCE. The detail procedure was described as follow. The PANI/
MWNTs modified electrode was fabricated in the solution containing
of 0.1 M aniline in 0.1 M HCl by cycling between -0.2 and 0.7 V
(vs.SCE) at a scan rate of 0.1 Vs~ for 10 cycles. The modified electrode
was rinsed thoroughly with double-distilled water and dried in air.

2.3.2. Electrodeposition of PBNPs onto the PANI/MWNTs/GCE

The electrodeposition of PVP protected PBNPs onto the PANI/
MWNTs/GCE was carried out secondly. A mixture of aqueous solutions
was prepared by adding the solution of K3[Fe(CN)g] into the solution of
Fe,(S04); containing PVP, KCl, and HCl, and the final concentration
was 1 mM Ks[Fe(CN)g]+0.5 mM Fe,(S04); (PVP 10 mM) with 0.1 M KC1
and 0.01 M HCI [35,36]. The PBNPs-PANI/MWNTs modified electrode
was fabricated in the resulting solution by potential cycling between
-0.2 and 0.7 V (vs. SCE) for 10 cycles at a scan rate of 0.1 V s~ .. After
rinsed with double-distilled water, the PBNPs-PANI/MWNTs modified
electrode was dried in air and later under the infrared lamp for
approximately 2 h allowing the so-called zeolitic water removed from
the PB polycrystal irreversiblely [37].

2.3.3. Fabrication of biosensor based on PBNPs-PANI/MWNTs/GCE

5 mg of GOD was dissolved in 1 mL of CS solution (1 wt.%), then
40 pL of glutaraldehyde solution (2.5%) was added into the GOD-CS
solution. The mixture was hand-mixed completely. The glucose
biosensor was constructed by coating a drop of 10 pL the resulting
solution onto the modified electrode, and the biosensor was allowed

Fig. 2. SEM images of the modified GCEs: MWNTs/GCE (A), PANI/MWNTs/GCE (B) and PBNPs-PANI/MWNTs/GCE (C).
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Fig. 3. Cyclic voltammograms of PBNPs-PANI/MWNTs/GCE in different cation solutions.

to be left for about 1 day at 4 °C in a refrigerator [38]. The biosensor
was stored at 4 °C in a refrigerator when not in use.

3. Results and discussion
3.1. Preparation and characterization of PBNPs-PANI/MWNTs/GCE

In the present work, PANI was electrochemically polymerized on
the MWNTSs/GCE in a 0.1 M HCI solution containing 0.1 M aniline by
potential cycling between -0.2 and 0.7 V (vs. SCE) at a scan rate of
0.1 V s~! for 10 cycles to obtain a compact and relatively thin film.
From the Fig. 1, three pairs of peaks can be observed indicating the
presence of discrete electroactive regions in the film. Before and after
the electrodepostion of PBNPs, the modified electrode was studied
using cyclic voltammetry (the inset). It can be seen that curve a almost
tallies with curve b and has a couple of reversible redox peaks, which
suggests PB was deposited on the PANI/MWNTs/GCE successfully.

SEM was used to characterize the morphologies of modified
electrodes, MWNTs/GCE, PANI/MWNTs/GCE and PBNPs-PANI/
MWNTs/GCE (Fig. 2). As shown in Fig. 2A, the MWNTs with large
surface area are well distributed on the surface with a diameter
ranging from 30 to 50 nm in the form of small bundles and single
tubes which is believed to be very beneficial for the performance of
the modified electrode. After the polymerization of PANI on MWNTs/
GCE, the majority of MWNTs has been entrapped in the PANI film
(Fig. 2B). As shown in Fig. 2C, PB is electrochemically deposited on the
surface of PANI/MWNTs with the diameter nanoscaled. Some larger
particles can also be seen on the surface with diameter about 400 nm
which seems to be the accumulation of the PBNPs. So from these SEM
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Fig. 4. Effect of applied potential on the current response in pH 7.0 0.067 M PBS + 0.1 M
KCL.
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Fig. 5. Effect of the pH value applied on the current response in 0.067 M PBS+0.1 M KCl
at 0.0 V (vs. SCE).

images, it can be indicated that the electrochemically synthesis of PVP
protected PBNPs is applicable.

3.2. Effect of applied parameters on the biosensor response

The effects of Li*, Na*, K" in solution on the electrochemical
behavior of PB mediator was estimated by cyclic voltammetry method
in PBS solutions containing 0.1 M Li*, Na*, K* respectively. As shown in
Fig. 3, the modified electrode showed a pair of ill-defined peaks with
large peak width and peak to peak separation in Li* and Na, while it
showed a pair of well-defined and sharp peaks in K*. This behavior has
been explained in terms of the hydrated ionic radius and the channel
radius of the PB lattice [19]. The results indicate that the solution
containing K* suit the use of PB mediator.

Choosing the applied potential at the working electrode gives
fundamental contribution to achieve the lowest detection limit and
avoid the electrochemical interferences. The applied potential
changed from 0.2 to —0.2 V (vs. SCE) and the effect of the applied
potential to the sensitivity of the enzyme sensor was illustrated in
Fig. 4. The maximum current response was obtained at -0.1 V.
However, taking sensitive responses, effective avoiding interference
and operational stability into consideration, 0.0 V was selected as the
applied potential in subsequent experiments.

Investigation of the pH value of the detection solution on the
performance of the biosensor is of great importance, because the
activity of the immobilized GOD is pH dependent [39]. The current
response increased in the pH range 4.49 to 7.0, then decreased, a small
flat appeared at about pH 5.0 to 6.0, and the background current
increased at higher pH values (Fig. 5). The current response reached its

10 T !
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Fig. 6. (a) The influence of temperature on the current response in pH 7.0 0.067 M PBS+0.1 M
KCl at 0.0 V (vs. SCE). (b) Plots of InJ against T~ ! according to the data in curve a.
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Fig. 7. (a) Current-time response curves obtained at the glucose biosensor for successive
addition of glucose:, 2 mM steps; B—C, 20 mM steps; C—D, 0.2 M steps pH 7.0 0.067 M
PBS+0.1 M KCl at 0.0 V(vs. SCE). (b) A—B part of the current-time response curves.
(c) Steady-state current-time response of the biosensor.

maximum at pH 7.0 which may be due to the immobilization of GOD
in CS matrix making GOD more active in neutral medium. For the
maximum current response of the free glucose oxidase was reported
at pH 5.6 [40,41], the flat indicates the optimum pH of GOD has not
changed. Moreover, PB is unstable at alkaline pH [19] and it would lead
to the slow decrease of the signal, pH 7.0 was selected so as to ensure
higher sensitivity and stability of the biosensor.

The effect of temperature on the biosensor based on PBNPs-PANI/
MWNTs modified electrode has been evaluated from 15 to 55 °C. Before
the amperometric detection, the biosensor was immersed in the buffer
solution at different temperatures until thermal equilibrium. The result
is shown in Fig. 6a. The current response increased with the temperature
and a maximum current value was obtained at 45 °C. When the
temperature was over 45 °C, the response decreased for the denatura-
tion of the enzyme. As the optimum temperature of free GOD at around
30°C[42],itis about 45 °C for the immobilized GOD which may be due to
the good microenvironment provided by CS matrix to GOD.

According to the Arrhenius formula [43],

In(I/pA) = In(1/olA)~Ea/rt (1)

where I represents the steady-state current response, Ip stands for a
collection of currents and Ea is the apparent activation energy. The
relationship between In(I/uA) and T~ was plotted by using the data in
Fig. 6b, and one straight line was obtained. The apparent activation
energy can be calculated from the slope and the value of Ea in the
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Fig. 8. Calibration curve of glucose on the biosensor in pH 7.0 0.067 M PBS+0.1 M KCl at
0.0 V (vs. SCE). Inset shows the determination of the apparent Michaelis-Menten
constant.
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Fig. 9. Current-time recording at the biosensor for addition of (A) 0.2 mM uric acid,
(B) 0.2 mM L-cysteine and (C) 0.2 mM acetaminophen to each addition of 1 mM glucose.

phosphate buffer is 23.9 kj mol™!, which is similar to 25.3 k] mol™"
obtained by previous work in phosphate buffer [39].

3.3. The response characteristics of the glucose biosensor

As well known, the quantification of glucose can be achieved via
electrochemical detection of the enzymatically liberated H,0,. The
response of the glucose biosensor based on the PBNPs-PANI/MWNTs
modified electrode to H,0, was tested. The calibration curve of H,0, at
the biosensor showed a linearity in the range of 2.0x107° t0 3.2x 107>
M (r=0.9954).

Fig. 7a illustrates a typical current-time curve of the glucose
biosensor upon the addition of different concentration of glucose at
0.0 Vina 0.067 M PBS buffer solution containing 0.1 M KCl. The 95% of the
steady-state current can be obtained at about 4 to 6 s by using the
biosensor (Fig. 7c) which is faster than other glucose sensors [44-46]. The
current response increased along with glucose concentration.
The resulting calibration curve was linear in the range of 6.7x107°
to 1.9x1073 M (r=0.9998) as shown in Fig. 8. The sensitivity of
6.28 A mM ™! is higher than other glucose biosensor based on PB or
composites formed with other materials [47-51]. Even at low concentra-
tion of glucose, obvious current response can be observed (Fig. 7b). The
detection limit of the biosensor is 6x10”7 M at the S/N ratio of 3.

The apparent Michaelis-Menten constant Ky is generally used to
evaluate the biological activity of immobilized GOD, and it could be
calculated according to the Michaelis-Menten equation [52],

1/1 = 1/Imax + Kt/ (Imax + ©) @)

where [ is the steady-state catalytic current, I, is the maximum
current measured under saturated substrate conditions, C refers to the
glucose concentration and Ky stands for the apparent Michaelis-
Menten constant of the system in this work. Based on the
experimental data from the inset of Fig. 8, Ky was evaluated as
1.9 mM and the I;,x is 10.9 pA which revealed that the whole system
was controlled by the catalytic kinetic process of the enzyme. The
value of Ky is lower than the reported 33 mM for GOD in solution
phase [53], 11.09 mM for polyaniline glucose biosensor prepared with

Table 1

The determination of glucose in human serum

Sample no. Concentration of glucose/mM R.S.D. (%)?
Glucose test meter Biosensor

1 5.1 5.4 2.2
5.0 5.2 1.8
4.6 44 24

2 The R.S.D. of the five determinations by glucose biosensor.
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Table 2
Recovery of glucose in human serum

Sample no.  Concentration of glucose =~ Added/mM  Found’/mM  Recovery /%
in serum SD*/mM

1 1.43+0.02 1.60 1.67 104.5

2 2.87+0.09 3.20 3.04 95.0

2 Average of five determinations, using the glucose biosensor applied at 0.0 V
(vs. SCE).

template process [54], 6.7 mM for sol-gel method immobilized GOD
on PB modified electrode [50] and 5.1 mM for GOD immobilized in
Nafion on PB/PANI/MWNTs modified electrode [51]. It can be seen that
high affinity can be accessed after the construction of the biosensor.
The good microenvironment due to the immobilization method and
the synergistic effect of the hybrid composites might contribute to the
improvement of the affinity and good performances of the biosensor.

3.4. Interference tests

The most common electrochemical interfering species such as
ascorbic acid, uric acid, L-cysteine and acetaminophen were evaluated.
As shown in Fig. 9, 0.2 mM uric acid, 0.2 mM L-cysteine and 0.2 mM
acetaminophen were added to each addition of 1.0 mM glucose and did
not produce observable interference in the response, respectively, which
may be attributed to the low potential applied. According to the real ratio
of the ascorbic acid concentration to glucose, the interference of ascorbic
acid was also tested by adding the mixture containing 0.3 mM ascorbic
acid and 20 mM glucose to each addition of 20 mM glucose. And the
current reduced 6.3% of original response of glucose solution. The results
show the glucose biosensor has good anti-interferent ability.

3.5. Human serum samples detection

Human serum samples were assayed to demonstrate the practical
usage of the glucose biosensor. Fresh serum samples were supplied by
the Affiliated Hospital of Northwest University in China. The samples of
whole blood were first analyzed by blood glucose test meter (SUPER
GLUCOCARD II GT-1640) for the detection of glucose and centrifuged as
soon as possible. After centrifugation, serum samples were separated
and assayed by the enzyme modified electrode. As shown in Table 1, the
results show a good agreement with those assayed by glucose test meter.
Recoveries of added glucose in serum sample were also estimated. The
recovery is between 95.0 and 104.5% (Table 2). From these results, it can
be indicated that the detection of glucose using the enzyme biosensor
based on PBNPs-PANI/MWNTs modified electrode is effective.

3.6. Reproducibility and stability of the biosensor

The reproducibility of glucose biosensor construction was esti-
mated from the response to 0.5 mM glucose at five different sensors.
The results revealed that the biosensor has satisfied reproducibility
with a RS.D. of 5.1%. The operational stability of the biosensor was
tested at 0.0 V by five addition of 20 mM glucose to the supporting
electrolyte solution. A good operational stability of the biosensor can
be accessed with less than 1.1% relative deviation for five times
continuous determinations of the same sample (R.S.D.=3.2%). The
storage stability of the glucose biosensor was also estimated every
three days. It was found that the biosensor retained about 90% of its
original response after three weeks. The good stability could be due to
the good biocompatibility and stabilizing microenvironment around
the enzyme provided by the organically modified CS composite matrix.

4. Conclusions

In this work, a new glucose biosensor with GOD immobilized in
cross-linked CS network was constructed on PBNPs-PANI/MWNTs

hybrid composites modified GCE simply and reliably. A novel route for
nanosized PB preparation is proposed. In contrast to the chemical
method of preparation of PB and PANI, the electrochemical method is
more easy and controllable. And because of this cause, the hybrid
composites film is relative thin and thus the enzyme may be close to
the surface of the electrode. The short distance of enzyme-to-
electrode and the synergic effect of the nanosized materials may be
the reason why this glucose biosensor exhibits fast response, high
sensitivity and wide linearity. Good reproducibility and stability can
be attributed to the suitable microenvironment for the enzyme
immobilization. The glucose biosensor was successfully applied in
human serum samples determination. Moreover, the potential use of
this approach in other oxidase enzyme biosensor can be expected.
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The enzymatic hydrolysis reaction of urea by urease is optimized in this work by the chemometric response
surface methodology (RSM), based on an initial rate potentiometric measurement using an NH} ion-selective
electrode (ISE). In this investigation, the ranges of critical variables determined by a preliminary “one at a
time” (OVAT) procedure were used as input for the subsequent RSM chemometric analysis. The RSM
quadratic response was found to be quite appropriate for modeling and optimization of the hydrolysis
Keywords: reaction as illustrated by the relatively high value of the determination coefficient (R*=90.1%), along with the
Urea satisfactory results obtained by the analysis of variance (ANOVA). All the evaluated analytical characteristics
of the optimized method such as: the linear calibration curve, the upper and lower detection limits, the
within-day precisions at low and at high levels, the assay recovery in pool serum media, along with the
activation kinetic parameters, were also reported. Further, in order to check the quality of the optimization
and the validity of the model, the assay of urea, both in aqueous laboratory and human serum samples, were
performed. It has to be noted that the kinetic initial rate measurement method used in this work, permitted
to overcome the general problem of NH ISE low selectivity against Na* and K* interfering ions in real

Urease

NHj ISE

Initial rate method

Response surface methodology

samples.
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1. Introduction

The enzymatic hydrolysis reaction of urea by urease is of interest in
many fields such as clinical chemistry, pharmaceutical industry,
alcoholic beverages industry, environmental water, and soil sciences.
Urease (urea amidohydrolase, EC. 3.5.1.5) occurs in many bacteria,
several species of yeast and a number of higher plants. Urease, the
only metallohydrolase that utilizes nickel in its active site, is known to
be a highly efficient catalyst for the hydrolysis of urea [1-2] with a
reaction rate enhancement over the uncatalyzed hydrolysis [3,4] that
classifies it as the most proficient enzyme identified to date [4].

Urease catalyzed urea hydrolysis is schematically presented by the
following reaction

. UREASE

(NH,),CO +2H,0 + H 2NH; + HCO; (1)

One of the most used methods of urea assay is a spectro-
photometric method in which the NH} generated in the urea
enzymatic hydrolysis reaction is coupled to the indicator glutamate
dehydrogenase reaction [5]. However, the potentiometric assay of
urea using conventional pH glass electrodes was also reported by
many authors [6-12]. But, the response of pH electrode is found to be

* Corresponding author. Tel.: +98 21 22431661; fax: +98 21 22403041.
E-mail addresses: f-deyhimi@sbu.ac.ir, fddeyhimi@yahoo.com (F. Deyhimi).
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strongly dependent on the buffer capacity of the sample, where the
used buffer reduces appreciably the resulting change of pH produced
in the course of the urease catalyzed reaction. As a result this fact leads
to a narrow dynamic range and a loss in sensor sensitivity. Katz and
Rechnitz were the first to report the potentiometric assay of urea [13]
and urease [14], using Beckman NHj ion-selective glass membrane
electrode. The principle of measurement was based on the fact that
the cell potential, after hydrolysis, is proportional to the amount of
produced NH and hence to the concentration of urea or urease. Later,
Guilbault and coworkers [15] reported a thorough investigation of the
response and selectivity of this Beckman electrode, along with a study
of the kinetics of deaminase enzyme systems (urease, asparaginase,
glutaminase, amino acid oxidase and amine oxidases). Nevertheless,
the general problem of NH} selective electrodes is its low selectivity
against Na" and K" interfering ions which are, for example, present in
serum (about 4.5 mM K" and 140 mM Na*) and urine. On the other
hand, NHj selective solvent polymeric membrane electrode, based on
nonactin ionophore, was as well used as alternative for this purpose.
Although, these electrodes present higher selectivity against Na* and
K" ions, however, the effect of interference by these ions are still
important. A potentiometric measurement of urease activity with the
use of an ammonium ion-selective electrode was also reported by
Krajewska et al. [16]. These authors presented a detailed study, mainly,
on the influence of different buffers and their pH profiles on the
response of the NH} ion-selective electrode. In addition, the enzyme
was also used as physically or chemically immobilized in various gels
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[17-21] or on fiber-optic sensor [22] although with the difficulty of
laborious sample preparation steps and the time consuming determi-
nations. Nevertheless, compared to the usual spectrophotometric
method, the use of the alternative potentiometric approach for the
assay of urea is attractive by its simplicity, rapidity and the fact that
there is no need for a second coupling indicator reaction for the assay
of urea. In view of the significant utility of this reaction in many
applications, it seemed useful to optimize the experimental parameters
involved in this potentiometric reaction by a suitable chemometric
method such as response surface methodology (RSM). For this purpose,
we have also used the NH solvent polymeric ion-selective membrane
electrode (NH} ISE), and for the validation this optimized potentiometric
method, we have reported, as well, its detailed analytical capabilities for
the assay of urea in aqueous, individual and pooled human serum
samples. It should be mentioned that to overcome the general problem
of low selectivity of NHj ISE against Na* and K interfering ions in real
samples, all measurements were performed, in this work, by a rapid

kinetic initial rate (v,)
__(dlUrea)\ (d[NHj]
Yo ( dt >t:0_ 2( dt )t:O ®

method in which, the fixed amounts of interfering ions (e.g. Na* and K*)
were found to not perturb the rate of NHj ion production during the
course of the reaction.

2. Experimental
2.1. Chemicals

All experiments were performed using solutions prepared from
analytical grade chemicals and doubly distilled water. Urease (EC.
3.5.1.5, from jack bean, with specific activity ~100 U/mg) was obtained
from Boehringer Mannheim (Germany), and all other compounds
were obtained from Merck (Germany) or Fluka (Switzerland).
Different tris(hydroxymethyl-aminomethane) solutions (Tris-HCI)
were prepared in the concentration range 25-600 mM, and their
pHs were adjusted, before use, according to the values indicated in the
experimental design found in Table 1. A stock solution of 2.309 kU/cm®
urease enzyme was obtained by dissolving the appropriate weight of
initial enzyme in doubly distilled water. The laboratory made primary
aqueous solutions of urea (116.55 mM), containing also NaCl, KCI and
NH4CI electrolytes with background concentrations of 148.5, 4 and
0.25 mM, respectively, was used as primary standard solution. The
activity of initial urease enzyme was determined (as 64.99 U/mg) by
potentiometric measurement using NH} ISE and the Nernst equation.
Human serum samples (obtained from Taleghani Hospital, Shahid
Beheshti University) were used to check the quality of the improve-
ment of the optimized enzymatic reaction for the assay of urea. The
serum samples were stored at 253 K (=20 °C) until required for
analysis.

2.2. Instrumentation

Both the used combined pH electrode and pH-meter (model 691)
were from Metrohm (Switzerland). The reference Ag/AgCl electrode
used in this work was from Fluka (Switzerland), and the solvent
polymeric NHj selective membrane electrodes were fabricated from
Selectophore grade compounds (Fluka), with the following mem-
brane composition (mass %): 1.0% of the mixture of nonactin (72%)
and monactin (28%) as ionophore, 0.6% sodium tetrakis[3,5-bis
(trifluoromethyl)phenyl]borate, 65.7% bis(2-ethylhexyl)sebacate
and 32.7% PVC, as previously reported [23-26]. NH4CI electrolyte
(1 mM) was used as internal filling electrolyte solution. The
experimental cell potentials were recorded using a high input
impedance (>1 GQ) Topward multimeter (model 1304, Taiwan,

Table 1
Design table showing the randomized run order of experiment, and the value of the
different factors in the experimental design of RSM

Run order X;=pH X, =Urease/(U/cm?) X3=[Tris-HCl](/mM)
1 42 17.2 146.6
2 4.2 64.8 146.6
3 7.8 17.2 503.4
4 7.8 64.8 503.4
5 4.2 64.8 503.4
6 7.8 64.8 146.6
7 6.0 41.0 325.0
8 42 17.2 503.4
9 6.0 41.0 625.0
10 6.0 41.0 325.0
1 6.0 41.0 325.0
12 6.0 41.0 325.0
13 3.0 41.0 325.0
14 6.0 41.0 325.0
15 9.0 41.0 325.0
16 6.0 41.0 25.0
17 7.8 17.2 146.6
18 6.0 1.0 325.0
19 6.0 41.0 325.0
20 6.0 81.0 325.0
21 6.0 41.0 625.0
22 3.0 41.0 325.0
23 6.0 41.0 325.0
24 6.0 41.0 325.0
25 6.0 81.0 325.0
26 9.0 41.0 325.0
27 42 64.8 503.4
28 4.2 64.8 146.6
29 4.2 17.2 146.6
30 6.0 41.0 325.0
31 7.8 64.8 146.6
32 6.0 41.0 325.0
33 7.8 64.8 503.4
34 42 17.2 503.4
35 6.0 1.0 325.0
36 7.8 17.2 503.4
37 7.8 17.2 146.6
38 6.0 41.0 25.0
39 6.0 41.0 325.0
40 6.0 41.0 325.0
41 9.0 41.0 325.0
42 4.2 17.2 503.4
43 6.0 41.0 25.0
44 7.8 17.2 503.4
45 6.0 41.0 325.0
46 6.0 41.0 625.0
47 42 17.2 146.6
48 7.8 64.8 503.4
49 6.0 41.0 325.0
50 4.2 64.8 146.6
51 6.0 41.0 325.0
52 7.8 64.8 146.6
53 6.0 41.0 325.0
54 6.0 41.0 325.0
55 7.8 17.2 146.6
56 3.0 41.0 325.0
57 6.0 1.0 325.0
58 6.0 41.0 325.0
59 6.0 81.0 325.0
60 42 64.8 503.4

Korea) equipped with a GPIB interface Bus option (1304G) which
was connected to a personal computer (Samsung, 386/32 MHz
processor) via the GPIB interface card (IEEE488, Keithley, USA) for
data acquisition and processing. A laboratory written Basic program
combined with Microsoft Excel (XP-Office 2003) software were used
for data acquisition and initial rate calculation. All measurements
were performed under stirring conditions and the temperature was
kept constant, employing a double-wall container enabling the
circulation of thermostated water from a bath (Thelco, Precision
Scientific Co., USA).





178 E Deyhimi, M. Bajalan / Bioelectrochemistry 74 (2008) 176-182

3. Method
3.1. Principle

In the urea hydrolysis reaction catalyzed by urease, as schemati-
cally presented by reaction (1), the quantity of urea is determined via
the amount of generated NHj produced in the reaction. Using a
galvanic cell, containing both NHj ISE and reference electrode, the
production of NH; was monitored during the course of reaction by the
increase of cell potential according to the Nernst equation

£=E+ 222 g (NHy] /M) )

where E is the experimental cell potential, E’ is the cell constant
potential, F and R are Faraday and gas constants, respectively, T is the
Kelvin temperature, s = 2397 js the Nernstian slope of the NH; ISE.
The data collection started after the start of the reaction with a
sampling time of 0.1 s and maximum during 2 min. The initial rate was
each time determined by linear regression performed on the reaction
progress curve, mainly between 10 and 20 s (but up to 60 s in worst
case during optimization steps), after the start of the reaction. The
initial rate, which is proportional to the slope of the reaction progress
curve at the beginning of reaction, was measured after addition of
urease enzyme into the reagent mixture. Clearly, as it turns out well in
highly diluted solution, concentration is used instead of activity for
the calculation of NH ion concentrations in the above equation.

3.2. Chemometric procedure

The indicator reaction was first analyzed, using initial rate
measurements by OVAT method, by monitoring the production of
NH} ions via potentiometric detection using NHj ISE and Ag/AgCl
reference electrode. Typical reaction progress curves (expressed in
terms of urea concentrations versus time) are presented in Fig. 1.

The critical variables of the urea hydrolysis reaction along with
their variation ranges were, therefore, first determined based on a
preliminary OVAT procedure, and further optimization was then
carried out by the chemometric response surface methodology (RSM)
in order to optimize properly the experimental conditions for the
potentiometric assay of urea. The RSM procedure consisted of a nearly
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Fig. 1. Typical enzymatic reaction progress curves, illustrating the amount of hydrolyzed
urea versus time, for different assays of urea at T=298 K (25 °C).

Table 2
Statistical evaluation of the regression coefficients for the quadratic response model
(Eq. (4)) by RSM

Term Coef SE Coef T P
ap -5.14209 0.497509 -10.336 0
Block 1 0.07578 0.034363 2.205 0.032
Block 2 -0.03472 0.034363 -1.01 0.317
a; 1.39643 0.121832 11.462 0
a 0.05393 0.007545 7148 0
as 0.00517 0.001016 5.094 0
an -0.10245 0.008996 -11.389 0
ax -0.00046 0.000051 -9.063 0
ass 0 0.000001 -1.142 0.259
a2 0.00205 0.000906 2.263 0.028
a3 -0.00051 0.000121 -4.225 0
a3 -0.00004 0.000009 -4.239 0

Terms and other column headings designate: block effect (repeated 2 series of
experiments), coefficient related to different terms in (Eq. (4)), standard error of
coefficients (SE Coef), Student's T-values (T), and P=P-values, respectively.

$=0.1882.

R*=90.1%.

R*(adj)=87.8%.

rotatable central composite design (CCD) with three factors at 2 levels,
including full factorial with 8 cube points, 6 center points, and 6 axial
points (a=1.682) with 3 blocks. The design was nearly rotatable; this
means that the design had points which were almost equidistant from
the centre. The selected runs were also randomized. This procedure
leads to 60 experiments, where the experimental response data were
analyzed by a regression procedure based on the response surface
methodology (RSM) [27].

It is known that the composite design is a useful design capable to
describe curvature, which is needed to explain a non-linear variation
behavior property (i.e. the variation of enzyme activity upon changing
the pH value). The model that can be fitted to a composite design is an
empirical function, determined from the statistical correlation suit-
ability of the observed responses and the experimental factors. For
this purpose, a second order polynomial model equation is usually
used [27-29]

Y =ag + 01Xy + aXp + 03X + anXF + aX2 + a33X2 + a12X1 X,
+ a13X1X3 + a23X>X3 4)

where Y is the predicted response (e.g. initial rate of NH; production),
and X; (pH), X, (urease enzyme activity), and X5 (Tris-HCI buffer
concentration) are the independent variables or the experimental
factors. The linear coefficients a4, a,, and as, express the linear effect
of each variable; the a4, ax;, and ass, coefficients express the quadratic
effects; ajp, a;3, and a,s, coefficients express interactive effects
between the variables and ag is a constant corresponding to the
central point of experimental variables. The statistical design, data
analysis and various plots were obtained by using Minitab Statistical
Software (Release 14).

4. Results and discussion
4.1. Chemometric procedure

Based on potentiometric initial rate measurements, the OVAT
preliminary optimization procedure for the determination of urea was
performed at T=298 K (25 °C), as a first step, in the presence of the
following background electrolytes NaCl, KCl, NH4Cl, with initial
concentrations 148.5, 4, and 0.25 mM, respectively, similar to those
found in normal human serum samples. Accordingly, the following
optimized parameters and concentration ranges were selected for
further optimization by RSM procedure: pH (6-9), buffer concentra-
tion (50-450 mM), and enzyme activity (2-60 U/cm?). In all these
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Table 3

Statistical analysis of variance (ANOVA) for the evaluated urea assay model by RSM
Source df Seq SS Adj SS Adj MS E B
Blocks 2 01727 01727 0.08634 2.44 0.098
Regression 9 15.3266 15.3266 1.70296 481 0
Linear 3 7.0129 5.3699 1.78998 50.5 0
Square 3 6.8636 6.8636 2.28787 64.6 0
Interaction 3 1.4502 1.4502 0.48338 13.7 0
Residual Error 48 1.7003 1.7003 0.03542

Lack of Fit 33 1.3426 1.3426 0.04068 1.71 0.136
Pure Error 15 0.3577 0.3577 0.02385

Total 59 17.1997

The column headings designate: degrees of freedom (df), sequential sums of squares
(Seq SS), adjusted sums of squares (Adj SS), adjusted mean squares (Adj MS), F-test
value (F), and P-value (P), respectively.

tests, the final fixed concentration of the urea in the chemometric
experiments was 0.186 mM. In the RSM procedure, the range of the
used variables, their respective levels and the randomized experi-
mental design are presented in Table 1. Table 2 shows the regressed
value of the coefficients for the empirical quadratic model Eq. (4), and
their evaluated statistical characteristics.

The results show the importance of the factors that affect the
response are in the following order: pH(X;)>>urease Enzyme activity

vo/(mM/min)

Urease/(U/cm3)

Urease/(U/cm?)

Fig. 2. Different 3- and 2-dimensional (contour) response surface plots versus
experimental variables (enzyme activity and pH), at T=298 K (25 °C).

(X2)>Tris-HCI Buffer concentration(Xs). The estimated relatively high
value of the determination coefficient, expressed as a percentage
(R?=90.1%), indicates that the model fits 90.1% of the experimental
raw data. The fact that the R*(adj)=87.8% value is also very close to the
R? value confirm also that there is not a necessity for a significant
correction, due to the sample size and the number of terms in the
model. The quality of the regression, estimated by the analysis of
variance (ANOVA), is shown in Table 3.

The Fisher variance ratio (F-value) is the ratio of the mean square
due to regression, divided to the mean square due to error. The mean
squares are obtained by dividing the sum of squares of each of the
two sources of variation (the model and the error variance) by the
respective degrees of freedom. If the model is a good predictor of
the experimental data the computed F-value would be higher than
the tabular F-value. The evaluated values of ANOVA (Table 3) for the
quadratic response function, demonstrates that the model is highly
significant, as the computed F-value (=48.1) is much greater than
the tabular F-value (=2.76) at the 5% level, for the regression,
linear, square and interaction terms. Table 3 shows also that, in the
model, both the resulting “Lack of Fit” (F-value=1.71) and “block
effect” (F-value=2.44) are not significant. Generally, the P-levels can
also be used as a tool to check the significance of each of the regression
coefficients. This information is necessary to explain the correlation
of the mutual interactions between the factors. The smaller the
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Fig. 3. Different 3- and 2-dimensional (contour) response surface plots versus
experimental variables (buffer concentration and enzyme activity), at T=298 K (25 °C).
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magnitude of the P, the more significant is the corresponding
coefficient. In particular, the P-values in Table 3 reveal that all linear,
square (except for X3, where X5=buffer concentration, with P=0.259),
and interaction terms are significant at a=0.05 level. Therefore, the
model confirms the presence of curvature in the response surface. The
P-values for the regression (Table 3) confirm, once again, the adequacy
of the model. The plot of the residuals (difference between the ob-
served and fitted values) versus the randomized run order presented a
completely random pattern and did not show any systematic effects or
unusual observations. Also, the plot of residuals versus the fitted
values confirmed a reasonable random distribution of the residuals
around the zero line. The linear trend of the normal probability plot
and the bell-shaped tendency of the residuals confirmed as well a
fairly normal character of the residuals. Figs. 2a,b-4a,b show the
various 3-dimensional plots of the response surface model. These
plots are useful to visualize the generated response surfaces by the
model based and based on potentiometric measurements. Accord-
ingly, the point of maximum response was found to be at X;=pH=7,
X,=urease Enzyme activity=60 U/cm>, and X5=Tris-HCl Buffer
concentration=100 mM.

4.2. Evaluation of kinetic parameters

Using the previously obtained optimum parameters (X;=pH=7,
X,=urease Enzyme activity=60 U/cm®, and X3=Tris-HCl Buffer

v /(mM/min)

[Tris-HCI}/(mM) pH

[Tris-HCI]/(mM)

Fig. 4. Different 3- and 2-dimensional (contour) response surface plots versus
experimental variables (buffer concentration and pH), at T=298 K (25 °C).
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Fig. 5. Plot of 1/[v/(mM/min)] versus 1/([Cyrea]/mM) for the determination of Vi,.x and
K, according to the Lineweaver-Burk method.

concentration=100 mM), the kinetic parameters (Viax Km) were
evaluated by the reciprocal graphical Lineweaver-Burk method (see
Fig. 5), with the final urea concentration range of 100 to 1.63 10% uM.
Accordingly, from the plot of 1/[v/(mM /min)] versus 1/([Cyreal/tM)
(Fig. 5), Vmax and K, values were found to be 5.33 mM/min and
2.59 mM respectively, based on the corresponding regressed line
(y=0.4668+0.1877, R>=0.9966). The obtained K, value (2.59 mM)
was found to be consistent with the majority of the K, values,
reported for enzyme in free state [30-34] and particularly with jack
bean urease [35-40], which fall in the range 1 to 4 mM.

4.3. Analytical performances and application to real sample assays

The analytical characteristics of the indicator reaction were
determined in the optimized RSM conditions (pH, enzyme activity,
buffer concentration). Accordingly, using urea standard solutions, the
linear range of the method (y=0.0549+1.1179, R*=0.9995) was
determined by plotting initial rate versus concentration (see Fig. 6).

From the intersection of the linear portions of the urea calibration
curve, initial rate (Y=v,/(uM/s)) versus urea concentration (x=
[Urea]/(mM)), the upper and lower detection limits were also
evaluated by graphical method. The extension of the linearity range for
the urea assay, from x=[Urea]/(mM)=8.10"* to x=[Urea]/(mM)=10""

250

v./(uM/s)

0 T T r T
0.0 1.0 2.0 3.0 4.0

[Urea]/(mM)

Fig. 6. Linearity of the initial rate potentiometric measurement of urea assay versus urea
concentration in enzymatic reaction at T=298 K (25 °C).
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Fig. 7. Comparison of the methods of urea assay in real serum samples: the investigated
initial rate potentiometric method (using NH} ISE) versus the usual spectrophotometric
method (using commercial urea assay kit), at T=298 K (25 °C).

(with y=0.13725 x+4.4716, R?=0.999), before optimization, to x=[Urea]/
(mM)=8.10"* up to x=[Urea]/((mM)=4 (with y=54.9345 x+1.1179,
R*=0.9995) after RSM optimization confirms the resulting response
improvement. Within-day precisions of the method, expressed as the
relative standard deviation (%RSD), were also determined for 14 replica
using aqueous urea aqueous standard solutions at low level (x=[Urea]/
mM=8.10"2) as 2.34%, at high level (x=[Urea]/mM=8.10""1) as 1.01%, and
also for human pool serum (x=[Urea]/mM=8.9-10"2) as 1.65%. Analytical
recovery of this initial rate-potentiometric method was as well deter-
mined using human pool serum samples and standard addition technique.
The amount of urea recovered in pool serum after addition of 20%, 40%,
60%, 80% and 100% urea were: 19.63%, 40.07%, 60.65%, 80.13%, and
100.98%, respectively. The exactitude of the optimized potentiometric
assay of urea was further compared to the usual spectrophotometric
method using commercial urea kit (Pars Azmoun, Iran) on human serum
samples. Fig. 7 illustrates the satisfactory correlation (y=1.004 x-0.008,
R%=0.9974) obtained between the results by the present method versus
those obtained by using the commercial spectrophotometric kit at 303 K
(30 °C) for the urea assay in individual serum samples. In the used
commercial kit (Pars Azmoun Co, Iran), the formation of NH; generated by
the urease catalyzed urea hydrolysis reaction, is determined via the NADH-
glutamate dehydrogenase coupled reaction system.

5. Conclusion

The combined OVAT and RSM procedures used in this work proved
to be quite adequate for modeling urease catalyzed hydrolysis reaction
of urea as a potentiometric indicator reaction using both initial rate
measurement and an NH} ISE. The RSM analysis permitted to explain
the impact of the experimental factors, their interactions and also
their optimum ranges. As a result, the non-linear nature of the
obtained response was conveniently described by a quadratic
polynomial equation obtained with a satisfactory determination
coefficient (R*=90.1%). Satisfactory analytical characteristics includ-
ing: linearity (with low and high detection limits), within-day
precisions (at low and high levels and also in real sample) and
recovery (in pool serum sample) were found and the validity of the
model was also tested by the assay of urea both in aqueous and in
human serum matrix. The exactitude of the optimized potentiometric
assay of urea was further confirmed by its comparison to the usual
spectrophotometric method using human serum samples, and the
activation and kinetic parameter values corresponding to the

optimized conditions were also reported. It has to be noted that the
potentiometric initial rate measurement method used in this work,
permitted conveniently to overcome the previously reported general
problem of low selectivity of NHj ISE against Na* and K* interfering
ions in real samples [41]. In conclusion, this optimized method offers,
at once, the satisfactory analytical simplicity of the potentiometric
method (precision, recovery, insensitivity to color or turbid samples)
and those associated with the initial rate kinetic method (rapidity and
selectivity). The obtained quadratic response equation would be
particularly useful for predicting the expected response in any desired
experimental conditions, particularly, in clinical, industrial, or envir-
onmental applications, for the assay of different urea real samples.
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The direct electrochemistry of a HRP-chi-[C4mim][BF,] film (where HRP = horseradish peroxidase, chi = chitosan,
and [C4mim][BF,] = the room temperature ionic liquid (RTIL) 1-butyl-3-methylimidazolium tetrafluoroborate)
has been studied by cyclic voltammetry on a glassy carbon electrode. The mechanism for the electrochemical
reaction of HRP is suggested to be EC for the reduction, and CE for the following re-oxidation, as the oxidative peak
potential remained approximately unchanged across the scan rate range. The half wave potential of HRP reduction
was found to be pH dependent, suggesting that a concomitant proton and electron transfer is occurring. Using
theoretical simulations of the experimentally obtained peak positions, the standard electron transfer rate
constant, ko, was found to be 98 (+16) s™! at 295 K in pH 7 phosphate buffer solution, which is very close to the
value reported in the absence of ionic liquid. This suggests that the ionic liquid used here in the HRP-chi-[C4smim]
[BF4]/GC electrode does not enhance the rate of electron transfer. k, was found to increase systematically with
increasing temperature and followed a linear Arrhenius relation, giving an activation energy of 14.20 k] mol .
The electrode kinetics and activation energies obtained are identical to those reported for HRP films in aqueous
media. This leads us to question if the use of RTIL films provide any unique benefits for enzyme/protein
voltammetry. Rather the films may likely contain aqueous zones in which the enzymes are located and undergo

electron transfer.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The study of the direct electrochemistry of metalloenzymes is im-
portant not only for the understanding of electron kinetics in biological
systems, but also for the development of third generation biosensors
[1,2]. Third generation biosensors are based on direct electron transfer
[2] and, unlike first and second generation biosensors, have the advan-
tage of functioning without a mediator, allowing a simplified reaction
system and superior selectivity [2]. Observing the direct electron
transfer to metal centers of enzymes is often difficult as the redox cen-
ters may be buried deep within the enzyme structure. One commonly
used approach to overcome this problem is to immobilize the enzyme
onto an electrode surface using a variety of films or binders which
promote electron transfer [3]. Horseradish peroxidase (HRP) is one of
the most commonly studied enzymes in the fabrication of electro-
chemical biosensors. HRP has been immobilized on many electrode
substrates using a myriad of different films including hydrogels [4,5],
DNA networks [6], Nafion films [7,8] and carbon nanotube composites
[9,10]. Recently chitosan films have also been used to successfully
immobilize enzymes and promote electron transfer [11].

* Corresponding author. Tel.: +44 1865 275 413; fax: +44 1865 275 410.
E-mail address: richard.compton@chem.ox.ac.uk (R.G. Compton).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.07.008

Chitosan (Chi), 3-1,4-poly-p-glucosamine (see Fig. 1), is a linear
polysaccharide made by the deacetylation of chitin and is made up of
linked glucosamine units together with a percentage of N-acetyl-
glucosamine units [12]. It demonstrates an excellent ability to form
films, is naturally occurring, non-toxic and biocompatible with many
enzymes, providing a favourable microenvironment for immobiliza-
tion of HRP [11]. In addition to the development of new polymer films
to immobilize enzymes, many researchers are investigating the use of
room temperature ionic liquids in composites.

Room temperature ionic liquids (RTILs) are salts composed entirely
of ions that exist in the liquid state at and around 298 K. They are made
up of a bulky asymmetric organic cation and a weakly coordinating
organic or inorganic anion. As ionic liquids are entirely composed of ions,
they have a very high intrinsic conductivity making them favourable
solvents in electrochemistry [13,14], with no need for additional
supporting electrolyte. Their wide electrochemical window, near-zero
volatility and high thermal stability also make them durable and robust
solvents whilst their significantly desirable properties have been
exploited in many fields including gas sensing [15], organic synthesis
[16] and catalysis [ 17]. Recently RTILs have become popular in the field of
biosensing and biocatalysis [ 18]. RTILs have been shown to be favourable
media for biocatalysis, with many enzymes showing greater stability,
activity and higher selectivity in RTILs [19]. The thermal stability of HRP
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Fig. 1. Components of chitosan: a) Glucosamine structural unit and b) N-acetylglucosamine
structural unit.

is reported to be increased in aqueous mixtures of 1-butyl-3-
methylimidazolium tetrafluoroborate [C4mim|[BF,] relative to aqueous
buffer solutions [20], whilst Lu et al. [21] have developed a new com-
posite material based on [C;mim][BF4] and chitosan for the immobiliza-
tion of HRP. They demonstrated that the enzyme retained its native
structure and activity within the film. [C;mim][BF,] and chitosan form a
homogeneous solution which, when dried in air, forms a stable film on
the electrode surface. Lu et al. [21] proposed that the ionic liquid, due to
its inherent conductivity, facilitates electron transfer from the HRP heme
group (Fe(1I) at its resting state) to the electrode surface, enhancing the
voltammetric signal.

In this work, the electrochemical behaviour of a glassy carbon
electrode modified with a horseradish peroxidase-chitosan-[C4mim]
|BE,4] film (HRP-chi-[C4mim][BF4]/GC electrode) is studied at different
electrolyte pHs (pH 6-8) and over a range of temperatures (295-
323 K). The cyclic voltammetric response over a range of different scan
rates at each pH and temperature is recorded and analysed to extract
the kinetic parameters of the HRP-chi-[C4smim][BF4]/GC electrode.
The electrode kinetics and activation energies obtained are identical to
those reported for HRP films in aqueous media. This in turn leads us to
question whether the use of RTIL films provides any unique benefits
for enzyme or protein voltammetry.

2. Experimental
2.1. Chemical reagents

Horseradish peroxidase (EC 1.11.1.7, Type VI, 255 U g ') and
chitosan (from crab shells, minimum 85% deacetylated) were pur-
chased from Sigma. 1-Butyl-3-methylimidazolium tetrafluoroborate
([C4mim][BF,4], high purity, halide content <100 ppm) was kindly
donated by Merck KGaA and was used as received. Sodium phosphate
monobasic dihydrate (puriss), sodium phosphate dibasic (anhydrous,
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99%) and acetate buffer solution were all purchased from Aldrich and
used without further purification. All other reagents were of ana-
lytical reagent grade and used without further purification. 0.05 M
phosphate buffer solutions at pH 6-8 were prepared from appropriate
solutions of sodium phosphate monobasic and sodium phosphate
diabasic. The pH of the buffer was adjusted using hydrochloric acid or
sodium hydroxide solutions as necessary. All aqueous solutions were
made using ultra-high quality grade water from a Millipore (Vivendi,
UK) UHQ grade water system with a resistivity of not less than 18.2 MQ
cm at 298 K.

2.2. Instrumental

Electrochemical experiments were performed using a three-
electrode system comprising of a film-modified glassy carbon elec-
trode (BAS technicol, USA) as the working electrode, a platinum coil as
the counter electrode and a saturated calomel electrode (SCE, Radio-
meter, Copenhagen, Denmark) as the reference electrode. Prior to use,
the glassy carbon electrode (GCE, 3 mm diameter) was successively
polished using a 1.0 um to 0.10 pm diamond spray (Kemet, UK).
After each polishing step the electrode was sonicated and rinsed with
water and ethanol respectively. The effective area of the GCE was
estimated to be ca. 0.0475 cm? using a Randles-Sev¢ik analysis of the
variation of the peak current with the square root of scan rate in 1.0 mM
[Fe(CN)s]*"/[Fe(CN)]g]*". Phosphate buffer solution (0.05 M pH 7) was
used as the electrolyte unless stated otherwise, and all buffer solutions
were purged with nitrogen for at least 30 min prior to the recording of
voltammograms, and a nitrogen atmosphere was maintained during
the course of the experiment. For experiments where the electrolyte
was studied at increased temperatures, the cell was placed in an oil
bath, and a thermostated, heated stirrer plate was used to maintain a
constant temperature.

2.3. Preparation of HRP-chi-[C,;mim][BF4] modified film electrode

Aqueous chitosan solution (pH 5, 6 mg mL™!) was prepared follow-
ing a literature procedure [22]. The chitosan flakes were dissolved in
hot (353-363 K) 0.05 M hydrochloric acid and left to cool to room
temperature. After cooling, the pH of the solution was carefully ad-
justed to pH 5 using sodium hydroxide solution. The chitosan solution
was then filtered through a cellulose film of pore size 0.465 pm and
stored at (269 K) when not in use. 6 mg mL™! HRP solution was pre-
pared by dissolving the lypholized powder in pH 7 phosphate buffer
solution.
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Fig. 2. a) Cyclic voltammetry (CV) of HRP-chi-[ C4mim][BF4]/GC electrode (solid line) and HRP-chi/GC electrode (dotted line) in 0.05M pH 7 phosphate buffer solution, scan rate 0.2 Vs~ ! at
295 K. b) Baseline correct voltammogram for HRP-chi-[C4smim][BF,]/GC electrode from the CV presented in a).
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Fig. 3. Peak potentials, Ep req (O) and Ej, o (@), as a function of pH for HRP-chi-[C4mim]
[BF4]/GC electrode.

The film solution was made up from the stock solutions and
contained 3 mg mL™ ' HRP, 1.5 mg mL™! chitosan, and 5% (v/v) [C4mim]
[BF4] in 0.05 M pH 5 acetate buffer solution. The HRP-chi-[C4mim]
[BF,4] modified electrode was made by casting a 3 L aliquot of this film
solution onto the surface of the polished GC electrode. The electrode
was then covered with a small beaker to allow the water to evaporate
slowly in air to form a uniform film. The HRP-chi/GC electrode was
prepared in the same way without the ionic liquid. The dry electrodes
were stored at 269 K when not in use, and the electrodes were soaked
in pH 7 phosphate buffer solution for 30 min before electrochemical
measurements were recorded, to ensure that any physically adsorbed
HRP or [C4mim][BF,] was removed.

3. Results and discussion
3.1. Voltammetric behaviour of HRP-chi-[Cymim][BF4]/GC electrode

Typical cyclic voltammetry of a HRP-chi-[C4mim][BF,]/GC elec-
trode in pH 7 phosphate buffer solution is shown in Fig. 2a. The
voltammetry gives rise to a pair peaks which are attributed to the
direct electron transfer between the HRP (Fe**/Fe?*) and the electrode.
Fig. 2b shows the baseline corrected voltammetry, obtained by fitting
the baseline of the cyclic voltammogram using a 6th order polynomial
and then correcting the data to this baseline. From the baseline
corrected voltammetry, the reductive peak potential, E req was found
to be —0.37 V, with a corresponding oxidative peak, Ej o, at —0.31 V
(0.2 V s™'). The formal potential E? (estimated as (Ej red+Ep.ox)/2) for

HRP (Fe**/Fe?*) was -0.34 V and the peak separation was 60 mV,
which was in agreement with the literature [11,21,23]. The peak cur-
rents for the forward and reverse peaks are almost equal, indicating a
quasi-reversible electrochemical process. The enzyme electrode
(dotted line, Fig. 2a) without ionic liquid (HRP-chi/GC) did not exhibit
any peaks [24].

Using Faraday's laws, calculating the charge from the area under the
peaks, the surface coverage of HRP is estimated to be 2.01x10™ " mol
cm? (assuming a one electron transfer, and electrode area of
0.0475 cm?). Therefore, the total amount of HRP deposited on the
electrode surface is ca. 2.05% 10™'° mol (molecular weight of HRP is ca.
44,000)[2], giving the percentage of electroactive HRP on the electrode
surface as ca. 0.47%, which is higher than that reported in the absence
of ionicliquid (0.2%) [11]. This suggests that only the enzymes closest to
the electrode and with the correct orientation are involved in electron
transfer.

3.2. Influence of pH

The cyclic voltammetry of the HRP-chi-[C4mim][BF4] shows a strong
dependence on the pH of the solvent (phosphate buffer solution),
indicating that concomitant proton and electron transfer is occurring.
Both the reductive and oxidative peak potentials for the HRP(Fe>*/Fe?")
redox couple shift to more negative potentials with increasing pH
(Fig. 3).

The peak potentials were plotted against the pH and the gradients
of the lines for the change in the potential of the reductive and oxida-
tive peaks with pH are -47.5 mV pH™ ! and -46.5 mV pH™ ' respectively.
These are close to the theoretical value for the concomitant transfer of
n electrons coupled with n protons, here n=1 (-57.6 mV pH™!) [25].
Yamazaki et al. [26] have proposed that a heme-linked ionizing group
in the HRP is responsible for the pH dependence, and the pK, of the
reduced enzyme (Fe?*) is ca. 7 (there are seven isozymes for HRP and
the pK, reported is for the two most abundant forms B and C) [27]. The
overall electrochemical reaction can be expressed as:

HRP(Fe*) + e + H* < HRP(Fe2*). 1)
3.3. Influence of the potential scan rate

Cyclic voltammetry was obtained for the HRP-chi-[C4ymim][BF4]/GC
electrode in phosphate buffer solution over scan rates of 0.1 to 6.0 Vs,
and is shown in Fig. 4. As the scan rate is increased, the cathodic and
anodic peak currents increase simultaneously, whilst the reductive peak

moves to more negative potentials.
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Fig. 4. a) Cyclic voltammetry of HRP-chi-[C,mim][BF,]/GC electrode in pH 7 phosphate buffer solution at scan rates of 0.2, 0.5, 0.8,1.0,1.5,3.0, 4.0, 5.0 and 6 Vs™ ! at 295 K. b) Baseline

corrected voltammetry for scan rates 0.5, 1.0, 2.5, 4.0 and 5.0 Vs,
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v/Vs!

Fig. 5. Reductive (O) and oxidative (®) peak currents are presented as a function of scan
rate for the HRP-chi-[C4mim][BF,4]/GC electrode in pH 7 phosphate buffer solution. The
linear fits for the reductive (solid line) and oxidative (dotted line) peak current trend are
also presented.

Both the cathodic and anodic peak currents increase linearly
with scan rate (Fig. 5) which is indicative of a surface bound species
[25]. The equations for the reductive peak current (ip, req) and oxidative
peak current (ipox) from this plot are ipeq=0.299v+0.0374 and
ip.ox=0.270v+0.0336 respectively (i,: YA, v: V s™, with least-squares
correlation coefficient, R>0.994). The surface coverage did not change
significantly with scan rate, indicating that the HRP is immobilized
on the surface of the electrode and not diffusing through the film.
The data was baseline corrected and the peak potentials, Ej, req and
Epox Were plotted against a logarithmic scan rate scale to construct a
so-called ‘trumpet plot’ [1]. Interestingly, the Ej, req is Seen to move to
more reducing potentials but Ej .« varies significantly less over this
range of scan rates [28]. This suggests that the electrochemical
reaction given in Eq. (1) can be written specifically, using Testa and
Reinmuth notation, as:

HRP(Fe*3) + e b HRP(Fe*?) Electron transfer step (E) 2)

HRP(Fe*?) + H* “=* [HRP(Fe2*)-H"] Chemical step (C). 3)
In effect, the reduction of the HRP is EC whilst the re-oxidation is

CE. The oxidation of Fe?" is hindered by a preceding chemical step.
Using a simulation program developed by the Armstrong group

[29,30], in which a Butler-Volmer model is used and the electron
transfer can be approximated by Eq. (4), we were able to fit the

B R e ST T
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Fig. 6. Experimental (W) and simulated peak positions (line) are presented as a function
of scan rate for HRP-chi-[C4smim][BF,]/GC electrode in pH 7 phosphate buffer solution
at 295 K.

Table 1
Measured ko values at different pH and temperature, obtained by fitting peak potentials
as a function of scan rate, described in Section 3.3

Phosphate buffer pH Temperature of electrolyte/K ko/s™! ERIV

6 295 118+25 -0.33
7 295 98+16 -0.36
8 295 17822 -0.41
7 303 107.3+18 -0.37
7 313 128+12 -0.38
7 323 161+19 -0.38

Formal potential used in the simulation is also given.

‘trumpet plots’ and obtain rate constants for the electron transfer (kg)
[30]:

11 )

ki~ key  kmax

where kgy is the rate constant derived from the Butler-Volmer
equation and kq,.x represents the rate of the reaction preceding the
electron transfer. At low over-potential kgy determines the rate whilst
conversely at high over-potential k,.x determines the maximum rate.

The simulation calculates cyclic voltammograms for different scan
rates using a finite difference procedure [31]. The parameters input
into the simulation were: ko, kynax, peak separation at low scan rate, Ef
at 1.0 V s, the temperature (fixed) and Napparent (the number of
electrons transferred) which was equal to 1. The simulation included
corrections to account for the non-idealities seen in the cyclic
voltammetry, including a small shift in Ef with increasing scan rate, a
constant peak separation at low scan rate, and half height peak widths
which are broader than theoretically expected. Whilst the curvature of
the ‘trumpet plots’ (Fig. 6) are greatly affected by ko, as detailed in the
work of Jeuken et al. [30], ky,ax influences the peak positions only to a
small extent over this scan rate range and the fittings of different ky,.x
in the range 103-10° did not affect the overall fitting (although
simulations with k., <1000 fit poorly). Peak positions were, however,
very sensitive to changes in k. The value obtained for ko at pH 7 at
295 K was 98 (+16) s~ !, which is very similar to the reported value with
no ionic liquid [24] in the chitosan film, ko=104 (£34) s ' [11].

Further cyclic voltammetry was obtained by varying the electrolyte
pH. Voltammetry was obtained at scan rates between 0.1 and 6.0V s™!
and modeled to find k. There was no systematic variation of ko with
pH. ko at pH 8 was slightly larger than at pH 6 and pH 7 (see Table 1). It
is suggested that, as the pK, for the heme-linked ionization is ca. 7
[26], this increase may be due to the fact that there is little proton
transfer to the enzyme at pH 8.
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Fig. 7. Natural log of the standard rate constant is presented against the inverse of

temperature for HRP-chi-[C4mim][BF,]/GC electrode in pH 7 phosphate buffer solution.
Rate constants were obtained from the theoretical fit of the experimental peak positions.
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3.4. Influence of temperature

The temperature dependence of the kinetics was also investigated by
varying the temperature of the electrolyte. Cyclic voltammetry at a range
of scan rates from 0.1 to 6.0 V s™! was obtained at four temperatures
(295, 303, 313 and 323 K) for the HRP-chi-[C4mim][BF4]/GC electrode
by submerging the cell in an oil bath and maintaining a constant
temperature with a heated magnetic stirrer plate. The ko values were
obtained from the data by fitting the ‘trumpet plots’ (described in
Section 3.3), and are displayed in Table 1. As expected, the ko value
increased systematically with temperature and the activation energy, E,,
for the electron transfer was calculated using the Arrhenius equation:

ko = Aexp (;Q_ETa) . (5)

Fig. 7 shows a plot of In ko vs 1/T for the HRP-chi-[C4mim][BF4]/GC
electrode. A straight line was observed (least-squares correlation
coefficient=0.987), with a gradient of - 1708 K, corresponding to an acti-
vation energy of 14.20 k] mol ™!, which is comparable with the activation
energy calculated by the increase in catalytic activity for the reduction of
hydrogen peroxide, H,0-, with temperature (14.84 k] mol™!) [4], both
diffusion controlled processes; the former being the diffusion of the
proton and the latter the diffusion of H,0, to the enzyme.

4. Conclusions

The direct electrochemistry of HRP has been studied by cyclic voltam-
metry on a HRP-chi-[C4smim][BF,4] film-modified GC electrode. The
reduction is believed to proceed via an EC mechanism containing a
proton transfer step, as deduced by strong dependence of the cyclic
voltammetry on the pH of the solvent. The reduction and oxidation peaks
(corresponding to the Fe**/Fe?* redox centre) were baseline corrected to
a 6th order polynomial, and theoretically modelled using a ‘trumpet plot’
[1]. The standard electron transfer rate constant, ky was found to be 98
(+16) s !, close to that in the absence of ionic liquid (104+16 s~ ') [11],
suggesting that the use of RTILs in the enzyme film may in fact provide no
unique benefits in enzyme/protein voltammetry (with the exception of
enhanced voltammetric signals). In addition, an Arrhenius plot of ko with
Tgives an activation energy for HRP reduction that is almost identical to
that reported for HRP films in aqueous media.
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Carbon paste electrode modified with baker' and wine yeast Saccharomyces cerevisiae (a source of
flavocytochrome b,) were investigated as amperometric biosensors for L-lactic acid. Before immobilization
on the electrode surface, yeast cells were pretreated with various electrolytes, alcohols and weak organic
acids. Electrode responses to L-lactic acid were tested in the presence of various mediators (potassium
ferricyanide, phenazine methosulfate, 2,6-dichlorophenolindophenol sodium salt hydrate, 1,2-naphthoqui-
none-4-sulfonic acid sodium salt). The highest (144+7 nA per 0.2 mM L-lactic acid) and the most stable
responses were obtained after yeast pretreatment with 30% ethanol using potassium ferricyanide as a
mediator. Different electrode sensitivities with mediator phenazine methosulphate probably reflected
diverse changes in yeast membrane (and/or cell wall).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The importance of determination of lactic acid in clinical analysis,
sports medicine and dairy industry has stimulated the development of
amperometric biosensors based on enzymes active for lactic acid such
as lactate oxidase [1-4], NAD+-dependent lactate dehydrogenase [5-8]
and flavocytochrome b, [9-12]. All these enzymes catalyze the
oxidation of L-lactic acid to pyruvic acid. The advantages of flavocy-
tochrome b, are that this enzyme is specific for L-lactic acid; it does not
require an additional cofactor and is non-specific for mediators. The
scheme of mediated electrocatalytic oxidation of lactic acid can be
represented as follows:

L-lactic acid + flavocytochrome by oy — pyruvic acid (1)
+flavocytochrome byreq)

flavorcytochrome by req) + mediator o) — flavocytochrome byox) (2)
+mediator yeq)

mediatoreq) — mediator oy + €, (3)

where Egs. (1) and (2) are chemical reactions of flavocytochrome b,
with lactic acid and mediator, respectively, Eq. (3) is the electro-
chemical oxidation of the reduced form of mediator. This reaction is
used for amperometric detection of lactic acid. The limitation of

* Corresponding author. Tel.: +370 5 2648841, fax: +370 5 2649774.
E-mail address: rasa.garjonyte@chi.lt (R. Garjonyte).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.07.009

flavocytochrome b, (isolated mostly from yeast Saccharomyces
cerevisiae, Hansenula anomala, Hansenula polymorpha) as a biosensing
constituent is its poor stability. The possible ways to solve the stability
problem are to seek the yeast strains producing stable forms of
flavocytochrome b, [13,14] or to modify electrodes with the whole
yeast cells, thus keeping the enzyme in its natural environment.
Flavocytochrome b, is known to be located in the inter-membrane
space of yeast mitochondria [15]. The catalytic activity of intracellular
enzymes in intact yeast cells may be low due to the impermeability of
membrane to the substrate and/or mediator [16]. Relatively thick cell
wall (composed mostly from polysaccharides, chitin and proteins) is
responsible for the cell's resistance to mechanical stress and presents
no real barrier to the diffusion of small molecules and ions [17].
Research of redox processes occurring in the intact yeast cells [18-21]
revealed that amperometric measurements using only negatively
charged ions (such as ferricyanide) were not possible probably due to
electrostatic interaction of mediator with phosphate moieties of
membrane phospholipids. The double mediator system containing
both lipophilic (such as menadione) and hydrophilic (ferricyanide)
was needed to monitor the redox activity inside the yeast cell.

Another way to achieve significantly higher electrode responses
compared to those when intact yeast cells were immobilized onto
electrode surface is the permeabilization of yeast cells. Common
permeabilization methods include cell treatment with solvents,
detergents, salts, cell freezing and thawing or electropermeabilization
[22,23].

Numerous publications of the effects of various electrolytes,
alcohols and weak organic acids on “yeast life” (including possible
perturbation of yeast cell membrane integrity) has motivated this
investigation of the performance of yeast-modified electrodes



mailto:rasa.garjonyte@chi.lt

http://dx.doi.org/10.1016/j.bioelechem.2008.07.009

http://www.sciencedirect.com/science/journal/15675394



R. Garjonyte et al. / Bioelectrochemistry 74 (2008) 188-194 189

Table 1

Current responses of baker's (BY) and wine (WY) yeast-modified electrodes to 0.2 mM
L-lactic acid in phosphate buffer at pH 7.3 containing 0.5 mM K3[Fe(CN)s] and 0.5 mM
EDTA (operating potential 0.3 V, vs. Ag/AgCl, 3 N NaCl))

Solution used for yeast pretreatment Current response Current response

(BY), nA (WY), nA
0.1 M KH,PO,4+0.1 M KCI (pH 7.3) 17+4 1246
0.1 M KH,PO,4 (pH 7.3) 11£10 114
0.1 M KCl 174 10+6
0.1 M NaH,PO4 (pH 7.3) 28+8 1248
0.1 M NaH,PO4+0.1 M NaCl (pH 7.3) 42+9 1246
0.1 M LiCl 71+10 4545
0.1 M LiCl1+0.1 M NaH,PO4 (pH 7.3) 95+7 47+8
0.01 M LiCl1+0.1 M KH,PO4+0.1 M KCI (pH 7.3) 116 11+6
0.025 M LiCl1+0.1 M KH,P04+0.1 M KCI (pH 7.3) 58+10 not tested
0.05 M LiCl+0.1 M KH,PO4+0.1 M KCI (pH 7.3) 739 not tested
0.1 M LiCI+0.1 M NaH,P0O4+0.1 M NaCl (pH 7.3) 93+7 40+8
0.2 M LiCl+0.1 M NaH,P0,4+0.1 M NaCl (pH 7.3) 99+10 45+4
0.1 M LiCI+0.1 M KH,PO4+0.1 M KCI (pH 4.6) 72+14 45+8
Water 11+4 12+4

containing yeast cells pre-treated with these substances prior to
immobilization on the electrode surface. Electrode responses to L-
lactic acid in the presence of mediators (potassium ferricyanide,
phenazine methosulfate, 2,6-dichlorophenolindophenol sodium salt
hydrate, 1,2-naphthoquinone-4-sulfonic acid sodium salt) probably
reflected the changes in cell membrane and/or cell wall induced by the
cell pre-treatment.

2. Experimental

Baker's yeast (BY) S. cerevisiae (SEMA, Panevezys, Lithuania) was
obtained from local market (shelf life not less than 2 weeks as
specified by the producer). Wine yeast (WY) wine strain type K2 killer
Rom K-100 HM/HM wt [kill-K2] from the collection of Institute of
Botany (Vilnius, Lithuania) was grown on the YEPD medium (1% yeast
extract, 2% peptone, 2% glucose and 2.5% agar) until stationary phase.
The plates were kept for 3 days at 30 °C. Afterwards the samples of
yeasts were stored in the fridge.

Potassium ferricyanide, N-methylphenazonium methyl sulphate
(or phenazine methosulphate, PMS), 2,6-dichlorophenolindophenol
sodium salt hydrate (DCPIP) were obtained from Fluka, 1,2-naphtho-
quinone-4-sulfonic acid sodium salt (NQS) was from Merck. Phos-
phate buffer was prepared from 0.1 M KH,PO, and contained
additionally 0.1 M KCl (both from Fluka). The values of pH were
adjusted with KOH.

Plain carbon paste was prepared by mixing 100 mg of graphite
powder (Merck) with 50 pL of paraffin oil (Fluka). Bulk yeast-modified
paste was prepared by mixing 40 mg of yeast with 60 mg graphite and
50 pL of paraffin oil. The pastes were packed into an electrode body
consisting of a plastic tube (diameter 2.9 mm) and a copper wire
serving as an electrode contact. The layers of the pre-treated yeast
cells on the surfaces of a plain carbon paste electrodes were formed by
dipping the electrode into the suspensions of yeast prepared from
40 mg yeast in 0.5 mL of solutions of various salts (KH,PO,4, KCI,
NaH,P0O,, NaCl, LiCl (all from Fluka) in various combinations, or in
solutions of methanol, ethanol or isopropyl alcohol (all from Reakhim,
Russia) of various concentrations in phosphate buffer at pH 7.3 or in
solutions of acetic acid, sodium and lithium acetate or benzoic acid (all
from Reakhim, Russia) at various concentrations. The electrodes were
allowed to dry at room temperature for 25-30 min. and then covered
with a dialysis membrane (Aldrich-Sigma) pre-soaked in water. To test
the effect of time of yeast pretreatment on electrode responses,
electrode modifications with pre-treated cells were performed after
1 h and further after every second hour or as indicated (in the cases of
methanol or ethanol). All experiments were repeated at least for 3
times. Yeast suspensions were stored at room temperature.

Electrochemical experiments were carried out with a BAS-Epsilon
Bioanalytical system (West Lafayette, USA) and a three-electrode cell
arranged with a magnetic stirrer. Modified carbon paste electrode
served as a working electrode. Platinum wire and Ag/AgCl, 3 N NaCl
were, respectively, counter- and reference electrodes. Amperometric
measurements were carried out in a stirred solution at an operating
potential 0.3 V (vs. Ag/AgCl, 3 N NaCl) in phosphate buffers at pH 7.3
containing 0.5 mM of mediator. In the case of potassium ferricyanide,
the solution contained additionally 0.5 mM EDTA (Reakhim, Russia).
For some experiments, solutions were deoxygenated by purging argon
for 20 min. All measurements were performed at room temperature.

To test the viability of pre-treated cells, 10 mg of the yeasts were
suspended with stirring in 0.2 mL of sterile water. Primary culture of
the yeast was also suspended for comparison. Both suspensions were
seeded on the YEPD medium (1% yeast extract, 2% peptone, 2% glucose
and 2.5% agar). The plates were kept for 3 days at 30 °C. The cloning
was carried out until separate colonies of the yeast were obtained. The
resemblance of the cells was controlled by microscopy.

3. Results and discussion
3.1. The effect of various electrolytes

Previous our investigation on possibility to use baker's yeast as a
cheap source of the enzyme flavocytochrome b, for the development
of amperometic biosensor for lactic acid was focused on the properties
of intact yeast-modified carbon paste electrode in combination with
various mediators both in the solution or adsorbed on graphite
[24,25].

The idea to pre-treat the yeast cells with various electrolytes before
immobilization on the electrode surface was inspired by the effect of
lithium salts on yeast transformation efficiency and yeast membrane
permeability [26-29]. Therefore, yeast suspensions for electrode
modification were prepared in solutions of LiCl and other salts (such
as KH,PO4, NaH,PO4, KCl, and NaCl) commonly employed in
bioelectrochemical analysis. Electrode response to 0.2 mM of L-lactic
acid in phosphate buffer at pH 7.3 containing 0.5 mM potassium
ferricyanide and 0.5 mM EDTA was taken as a measure of the effect of
yeast pretreatment since it was determined (as described below) that
the highest and the most stable electrode responses were obtained
with potassium ferricyanide as a mediator. The results are summar-
ized in Table 1. Current responses of electrodes with yeast (both BY and

T T T T
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E, V (vs. Ag/AgCl, 3N NaCl)

Fig. 1. Cyclic voltammograms of electrode modified with LiCl-pretreated BY in phosphate
buffer pH 7.3 (dotted line) and in phosphate buffer pH 7.3 containing 1 mM Ks[Fe(CN)s]
(solid line), 1 mM phenazine methosulphate (long-dashed line), 1 mM 2,6-dichlor-
ophenolindophenol sodium salt hydrate (medium-dashed line), 1 mM 1,2-naphthoqui-
none-4-sulfonic acid sodium salt (short-dashed line). Potential scan rate 50 mV/s.
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WY) layer obtained from suspensions containing potassium ions were
low (not exceeding 21 nA per 0.2 mM L-lactic). The effect of sodium
ions was more expressed for BY-modified electrodes. Both BY- and
WY-modified electrodes showed significantly higher responses to L-
lactic acid after pretreatment with solutions containing 0.1 M LiCl
compared to those after pretreatment with electrolytes without LiCl.
The electrode responses probably also indirectly suggested that the
ionic strength or pH of solutions were not important factors
contributing to the increase of electrode sensitivities. The amount of
LiCl in the pretreatment solution was the main factor that predeter-
mined the electrode sensitivities.

Cyclic voltammograms of electrodes modified with LiCl-affected
yeast recorded in phosphate buffer at pH 7.3 (Fig. 1, dotted line) were
constant during prolonged cycling indicating that surface state did not
change contrary to the case when bulk yeast-modified carbon paste
electrodes [24,25] were used. Constant cyclic voltammograms in
solutions of potassium ferricyanide (Fig. 1, solid line), PMS (Fig. 1, long-
dashed line), NQS (Fig. 1, medium-dashed line) and DCPIP (Fig. 1,
short-dashed line) were recorded after 4 or 5 potential scans and were
similar to those of electrodes containing baker's or wine yeast cells
treated with water or phosphate buffer at pH 7.3 (not shown). The
values of peak separation (AE,) in voltammograms ranged from
0.052 V (for PMS) to 0.17 V (for potassium ferricyanide and NQS)
indicating that the highest reversibility of mediator electrochemical
processes at yeast-modified electrodes was observed for PMS.

To evaluate the effect of LiCl on permeabilization of yeast cell
membranes and/or cell walls, the modes (layered and bulk) of
electrode modification and electrode responses in various
mediator solutions should be compared. Fig. 2 shows the
dependences of electrode (a — with a layer of cells pre-treated
with phosphate buffer at pH 7.3, b — with a layer of yeast cells
pre-treated with potassium phosphate buffer at pH 7.3 containing
0.1 M LiCl, and ¢ — bulk-paste modified with non-pretreated
cells) responses on concentration of L-lactic acid in solutions of
potassium ferricyanide, NQS, DCPIP and PMS. The sensitivities of
electrodes with a layer of phosphate buffer-pretreated cells (both
for BY and WY, shown only for BY) were low with all these
mediators and did not exceed 21 nA per 0.2 mM of L-lactic acid
(Fig. 2A). The responses of electrodes with a layer of LiCl-affected
yeasts (Fig. 2B) were 5 to 7 times higher with potassium
ferricyanide compared to those obtained with NQS and DCPIP
(both for BY- and WY-modified electrodes). The electrodes were
practically insensitive in solution of PMS, whereas the responses
of bulk-paste modified electrodes (Fig. 2C) in PMS solution were
comparable to those obtained with potassium ferricyanide. These
differences of electrode performances probably could be
explained by different accessibility of enzyme to mediators and/
or substrate. Probably during mixing with graphite, yeast cell
walls and/or membranes were damaged, thus, substrate and me-
diator could reach flavocytochrome b, (as reflected by electrode
sensitivities with all mediators in Fig. 2C), whereas cell treatment
with LiCl probably induced permeability changes in the cell
membrane and/or cell wall favorable for negatively charged
mediators and not favorable for PMS bearing a positive charge
on phenazine ring.

The repeatability of the electrode responses to L-lactic acid was
tested by running three consecutive calibration curves in the range 0.2
to 1.2 mM. The responses in NQS and DCPIP decayed gradually by 20 to
35% both for BY and WY (and both for bulk yeast-modified paste and
for LiCl-pretreated layer) with each subsequent calibration curve. To
keep stable responses (95-100% of the initial) in potassium ferricya-
nide solution, EDTA was necessary as it was observed previously with
electrodes modified with dried yeasts [30]. Therefore, in order to
study the effects of yeast pre-treatment on electrode sensitivity, the
measurements with the same electrode were performed strictly as
follows: three calibration plots in the range 0.2 to 1.2 M -lactate in
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Fig. 2. Dependences of current responses of electrodes modified with BY on
concentration of L-lactic acid using various mediators (as indicated): A — BY pretreated
with phosphate buffer at pH 7.3, B — BY pretreated with 0.1 M LiCl in phosphate buffer at
pH 7.3, C — bulk paste electrodes modified with non-pretreated BY. Operating potential
0.3 V (vs. Ag/AgCl, 3 N NaCl).

0.5 mM potassium ferricyanide solution containing EDTA (to be sure
about the stability of the responses), one calibration plot at a time in
PMS, then in NQS and DCPIP (all 0.5 mM) solutions. Due to instability
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of electrode responses with the latter two mediators, exact compar-
ison of electrode sensitivities was not possible, however, the
sensitivities of both BY- and WY-modified electrodes followed the
mediator sequence potassium ferricyanide>NQS>DCPIP>PMS.

The effect of time of yeast pre-treatment with phosphate buffer
containing LiCl was tested during two days. Faster decrease in
electrode sensitivity was observed for BY-modified electrodes: after
one day BY and WY-modified electrodes retained, respectively, 64%
and 84% of the initial sensitivity to 0.2 mM L-lactic acid with
potassium ferricyanide as a mediator. After 2 days of yeast treatment
with 0.1 M LiCl, both BY and WY-modified electrodes were insensitive.
Viability tests showed that the cells remained viable in phosphate
buffer at pH 7.3 both with and without LiCl at least for 2 days.

It should be mentioned that the effect of LiCl on mediated electrode
responses to L-lactic acid was investigated for number of wine yeast
strains. The strain type K2 killer Rom K-100 HM/HM wt [kill-K2] was
chosen as giving the highest electrode responses after pre-treatment
with LiCl (although always lower compared to those of BY-modified
electrodes). For some of the strains the effect of LiCl was not observed,
i.e., electrodes remained practically not sensitive to L-lactic acid with all
four mediators used in this research.

3.2. The effect of various alcohols

The effects of alcohols on yeast cells include the effects on plasma
membrane integrity that induce morphological changes, permeabilize
the membrane and facilitate cellular ion leakage [31-36]. To find out
the effectiveness of methanol, ethanol or isopropyl alcohol as the
permeabilizing agents, yeast cells were treated with different
concentrations (10, 20, 30, 40%, v/v) of these alcohols. Electrode
response to 0.2 mM of L-lactic acid in phosphate buffer at pH 7.3
containing 0.5 mM potassium ferricyanide and 0.5 mM EDTA again
was taken as a measure of the effect of yeast pretreatment. The
results showed marked differences in responses of electrodes
covered with methanol- or ethanol-pretreated yeast cells (Fig. 3A
and B, respectively) and isopropyl alcohol-affected cells (Fig. 3C).
First of all, time needed to obtain responses to L-lactic acid
comparable (6618 nA, 20% methanol) or even higher (14417 nA,
30% ethanol) to those obtained after treatment with LiCl (Table 1)
was much longer (at least 20-24 h) compared to that when
isopropyl alcohol was used (1 h in 10% isopropyl alcohol resulted
in 114£30 nA). In the case of methanol and ethanol, an increase of
electrode responses was observed with increasing alcohol concen-
tration up to 30% in the pretreatment solution. Further increase in
alcohol concentration resulted in low sensitivity of electrode with
methanol-treated cells (Fig. 3A) or complete insensitivity of
electrode with ethanol-treated cells (Fig. 3B). The cell suspensions
in methanol or ethanol solutions (10 and 20%) remained active
during 5 days of monitoring whereas those in 30% of alcohol showed
decrease in electrode sensitivity after 2 days (for methanol, Fig. 3A)
and 4 days (for ethanol, Fig. 3B). In the case of isopropyl alcohol
(Fig. 3C), the highest and the most stable electrode responses were
obtained when the lowest concentration (10%) of isopropyl alcohol
was used for cell treatment. The responses of electrodes that
contained cells treated with 20 or 30% of isopropyl alcohol were
lower and decayed markedly after keeping the yeast suspensions
overnight. Further increase of isopropyl alcohol up to 40% in the
pretreatment solution resulted in complete insensitivity of electro-
des. Electrodes with alcohol pretreated WY exhibited very similar
properties although were less sensitive (Fig. 3, dashed lines). It
should be mentioned again that the strain type K2 killer Rom K-100
HM/HM wt [kill-K2] gave the highest signal from a number of
investigated wine yeast strains when immobilized on the electrode
surface after treatment with alcohols.

The comparison of the electrode responses using other mediators
showed that again the most sensitive electrode responses were
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Fig. 3. Dependences of current responses of electrodes modified with a layer of alcohol
pretreated BY (solid lines) or WY (dashed lines) on time of yeast pretreatment in:
A — methanol at various concentrations (as indicated), B — ethanol at various con-
centrations (as indicated), C — isopropyl alcohol at various concentrations (as
indicated). Electrode operating conditions: potential 0.3 V (vs. Ag/AgCl, 3 N NaCl),
mediator K3[Fe(CN)g], pH 7.3, concentration of L-lactic acid: 0.2 mM.

obtained with potassium ferricyanide (Fig. 4). The changes in
membrane permeability induced by methanol and ethanol were
favorable for the same mediators as in the case with LiCl-treated cells.
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Fig. 4. Dependences of current responses of electrodes modified with a layer BY on
concentration of L-lactic acid using various mediators (as indicated): A — BY pretreated
with 30% ethanol (for 2 days), B — BY pretreated with 20% isopropyl alcohol (for 1 h).
Operating potential 0.3 V (vs. Ag/AgCl, 3 N NaCl), pH 7.3.

After pre-treatment with methanol or ethanol, the sensitivities of both
BY- and WY-modified electrodes followed the same mediator
sequence: potassium ferricyanide>NQS>DCPIP>PMS (Fig. 4A,
shown only for electrode containing BY treated with 30% ethanol for
2 days).

However, after pre-treatment with isopropyl alcohol, electrode
responses (both with BY and WY) in PMS solution were almost
comparable to those in potassium ferricyanide (Fig. 4B, shown for BY
pre-treated with 10% isopropyl alcohol for 1 h). This probably
suggested that the integrity of cell membrane was affected to higher
extent (probably even disrupted) compared to that obtained with
methanol or ethanol; thus, all mediators could reach the enzyme.
Besides, after treatment with isopropyl alcohol, a deviation in the
linearity in the dependence of current responses on concentration of
lactic acid for BY-modified electrodes was noticed with PMS as a
mediator. Fig. 5 shows the recordings of current responses of electrode
modified with a layer of BY pretreated with 10% isopropyl alcohol
upon addition of aliquots of lactic acid to PMS (dashed line) and, for
comparison, to potassium ferricyanide (solid line) solutions. In the
case of PMS, the first and the second increments of current responses
were obviously lower compared to those obtained with subsequent
additions. If this is related to the consumption of reduced PMS due to
reaction with oxygen dissolved in the solution [37], one should expect
that the linearity in the dependence of current responses on

concentration of lactic acid should be obtained after removal of
dissolved oxygen. However, experiments showed that the linearity
was not improved after purging the solutions with argon. As this non-
linearity with PMS as a mediator was not observed for bulk yeast-
modified electrodes or with electrodes containing WY treated with
isopropyl alcohol, the reason remains unclear and needs further
investigation.

The electrodes with yeast cells pre-treated with 20% methanol or 30%
ethanol possessed the characteristics suitable for determination of L-
lactic acid, however, only with potassium ferricyanide as a mediator. The
sensitivities to 0.2 mM L-lactic acid were 88+3 and 144 +7 nA (these are
the mean values of three different electrode preparations), respectively,
for methanol and ethanol-treated samples. The linearity (with R? value
not lower than 0.998) in the current dependences on concentration of L-
lactic acid was up to 1.1+0.1 mM for different electrode preparations.
The repeatability and operational stabilities of the electrode responses
were tested by running six to eight consecutive calibration curves in the
range 0.2 to 1.2 mM, then keeping the electrodes in the solution of
potassium ferricyanide or phosphate buffer at pH 7.3 for 1 h, and again
measuring the electrode responses. The loss of sensitivity after this test
practically was not observed. However, after keeping the electrodes in
phosphate buffer overnight, only 30 to 45% of initial sensitivity was
obtained. The apparent Michaelis constant (Ky') and the maximum
values of the currents were obtained from Lineweaver-Burke plot (i ! vs.
[L-lactic acid] ) and were, respectively, 4.1+0.4 mM and 2.5+0.3 pA (for
30% ethanol-treated BY).

Detection limits (calculated from the response ratio to noise 3:1)
were 3 to 6 pV, ie., lower compared to those when the yeasts were
admixed to carbon paste (16-21 uM [26]).

Viability measurements showed that, after pretreatment with
methanol and ethanol at concentrations higher than 20% and
isopropyl alcohol at all tested concentrations, cells were non viable.

3.3. The effect of weak organic acids

Weak organic acids such as benzoic, acetic or sorbic acids have
been widely used to prevent microbial spoilage of food and beverages
by inhibiting the growth of microorganisms [38-43]. Growth inhibi-
tion can be caused by interference with cell membrane and/cell wall,
metabolic activity, protein synthesis system, etc. It is widely accepted
that the molecules of undissociated weak organic acids pass through
the cell membrane, dissociate in the cytoplasm, release protons and
inhibit the growth of yeasts due to acidification of the cytoplasm.
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Fig. 5. Current responses of electrodes modified with a layer of isopropyl alcohol pre-
treated BY upon subsequent additions of aliquots of L-lactic acid in phosphate buffer at
pH 7.3 containing 0.5 mM K3[Fe(CN)s] and 0.5 mM EDTA (solid line) and 0.5 mM PMS
(dashed line). Operating potential 0.3 V (vs. Ag/AgCl, 3 N NaCl ).
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Fig. 6. Dependence of current responses of electrodes modified with a layer of BY (solid
line) and WY (dashed line) on time of yeast pretreatment: A — BY and WY pretreated
with acetic acid at various concentrations and solution pH (as indicated), 0.1 M Na and Li
acetate, B — BY pretreated with various concentrations of benzoic acid (as indicated).
Electrode operating conditions: operating potential 0.3 V (vs. Ag/AgCl, 3 N NaCl),
mediator K;[Fe(CN)g], pH 7.3, concentration of L-lactic acid: 0.2 mM.

The electrode sensitivities to lactic acid after treatment with acetic
acid (AA) and benzoic acid (BA) showed marked differences (Fig. 6).
After treatment with AA or Na acetate at various concentrations and
pH values, the sensitivities of both BY and WY-modified electrodes did
not exceed 40 nA per 0.2 mM L-lactic acid. Higher sensitivity (748 nA
and 68+8 nA, for BY and WY, respectively) was observed only after
treatment with Li acetate, probably due to the effect of Li ions rather
than acetate (Fig. 5A). The sensitivities of both BY- and WY-modified
electrodes again followed the mediator sequence potassium ferricya-
nide>NQS>DCPIP>PMS. The effect of benzoic acid was more obvious,
probably due to higher lipophilic nature of this acid. Electrode
sensitivities to 0.2 mM of L-lactic acid in the presence of potassium
ferricyanide as a mediator increased with the increase of benzoic acid
(dissolved in water) in the pretreatment solution, i. e., 104+ 10 nA and
121+18 nA, respectively, for 0.015 M and 0.04 M of benzoic acid.
Electrodes containing BY pretreated with benzoic acid in phosphate
buffer at pH 7.3 (where benzoic acid was in more dissociated form)
also exhibited rather high sensitivities (85+10 nA), ie., the cell
membrane (and/or cell wall) permeability was affected both by
undissociated and dissociated forms of BA. Faster decrease in
electrode sensitivity was observed when yeast cells were affected

with lower concentration (0.015 M) of BA. After keeping the
suspensions overnight, the sensitivities in all cases did not exceed
45 nA per 0.2 mM of lactic acid. WY-modified electrodes also exhibited
sensitivity to lactic acid, however, with low reproducibility. The loss of
sensitivities (from 62+ 14 nA to 22 +12 nA) of WY-modified electrodes
varied from 3 to 6 h.

Again the same mediator sequence (potassium ferricyani-
de>NQS>DCPIP>PMS) for both BY and WY was observed.

4. Conclusions

The pretreatment of cells of commercially available baker's yeast S.
cerevisiae with 20% methanol or 30% ethanol before immobilization on
the electrode surface resulted in effective method to gain relatively
high amperometric responses to L-lactic acid. However, stable
responses could be obtained only with potassium ferricyanide as a
mediator and only in the presence of EDTA. Amperometric measure-
ments suggested that the yeast treatment with Li salts, methanol,
ethanol or benzoic acid caused similar “mild” permeabilization of
yeast cell membrane and/or cell wall that resulted in electrode
sensitivity to lactic acid when negatively charged mediators were
used. Yeast treatment with isopropyl alcohol probably resulted in
more severe effects on the cell membrane and/or cell wall as
amperometric responses to lactic acid were obtained with all
mediators. Preliminary studies of the responses of electrodes modified
with “aged “cells (under various conditions) also revealed “mild”
permeabilization. This kind of amperometric investigation probably
could indirectly reflect the properties of yeast cell membrane and/or
cell wall and the velocity of changes of cell membrane and/or cell wall
caused by various substances (e.g., relatively fast changes after
treatment with LiCl or isopropyl alcohol and relatively slow ones
after treatment with methanol or ethanol).
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Electrochemical time-of-flight was used to measure the diffusion coefficients of 2,2,6,6-tetramethylpiperidine
1-oxyl derivatives, C,TPA, (3 to 7 CH, groups), in tropocollagen I solution, as a function of the chain length and
the cross-linking with glutaraldehyde. The values of the diffusion coefficient of C,TPA in pure aqueous
electrolyte follow the Stokes-Einstein law, i.e. the diffusion coefficient is inversely proportional to the size of
the redox probe. Different behavior is observed in 0.5% (w/v) tropocollagen solution where the molecules with
longer alkyl chains show larger diffusion coefficients than the smaller molecules. This behavior is explained in

lc(?l/l‘;vgerﬂs' terms of electrostatic interactions between tropocollagen chains and the C,TPA molecules. The measurements
Cross-linking of the diffusion coefficients of C,,TPA in 0.5% tropocollagen cross-linked with glutaraldehyde indicate that while
Diffusion the C;TPA and CsTPA probes exhibit lower diffusion coefficients upon addition of 0.05% GA and 0.1% (v/v) GA
Hydrophobicity respectively, the other C,TPA molecules exhibit either unchanged or increased diffusion coefficients under the

same conditions thus indicating the presence of hydrophobic pockets selectively interacting with C,TPAs.
These results demonstrate the utility of electrochemical time-of-flight in measurements of diffusion coeffi-

cients in complex biopolymeric media.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Collagen is a main component of connective tissue [1]. It is also one
of the most promising biomaterials for targeted drug delivery systems,
scaffolding, and mechanical parts fabrication [2-4].

The tropocollagen consists of rod-like polypeptide chains about
300 nm in length and 1.4 nm in diameter. The conformational
stabilization of the collagen triple helix is often explained by its imino-
rich structure [5,6]. Since the imino residues are incapable of hydrogen
bonding and are not uniformly distributed, they create local hydrophobic
“pockets” within the collagen structure where the sequence shows
multiple repeats of proline and hydroxyproline in the X and Y position
(general sequence for helical peptides can be expressed as Gly-X-Y). In
fact, the NMR study by Charlton et al. has shown that the association
between the polyphenol and proline rich peptides is of a hydrophobic
nature even though the collagen matrix is in general hydrophilic [7].

Collagen used in drug delivery systems is rapidly biodegradable in
vivo without chemical modifications. In order to stabilize its structure,
intramolecular and intermolecular cross-linking is employed [8]. The
commonly used cross-linking agent, glutaraldehyde (GA), forms a
bridge by reacting with side chain e-amino groups [1,9,10]. The addi-
tion of GA to the solution of tropocollagen leads to the formation of
both intramolecular as well as intermolecular cross-linking resulting in
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E-mail address: kuslowin@csulb.edu (K. Slowinska).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.08.002

a polymeric gel-like network. The cross-linking with GA not only
changes the structure of collagen, but it also potentially increases the
hydrophobic character of the matrix. In fact, partial hydrophobicity of
collagen cross-linked with glutaraldehyde or modified by methylation
of the matrix was previously reported via water swelling experiments
[11,12].

Hydrophobic interactions between collagen and small molecules
are important in designing new drug delivery systems. The mechan-
ism of association of small molecules with collagen is also important
to understand the process of the collagen fibril formation [3,13,14].
Therefore there is a need to systematically study the problem of
hydrophobic interactions between small molecules and collagen
matrix both in the native and cross-linked form.

The electrochemical time-of-flight (ETOF) technique is particularly
useful in measurements involving polymeric systems because it does
not require prior knowledge of the redox probe concentration, thus
the possible adsorption of matrix molecules on the electrodes does
not complicate the interpretation of experimental data. In addition, in
polymeric systems the exact concentration of the redox probe could
be difficult to determine, so the value of ETOF in studying this type of
systems cannot be underestimated [16].

In this report we describe the measurements of diffusion coeffi-
cients of several (2,2,6,6-tetramethylpiperidine 1-oxyl (Tempo) amide
derivatives (C,TPA, n=3-7) in a tropocollagen I solution both in the
native form and cross-linked via reaction with glutaraldehyde. The
C,TPA molecules are modified with alkyl chains of various lengths
(Fig. 1) and thus exhibit different hydrophobicities. Our goal is to
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Fig. 1. Structure of C,,TPA; n denotes the number of CH, groups in the structure.

examine the correlation between the hydrophobicity of the Tempo
probes and their diffusion rates in collagen matrix as a function of GA
cross-linking.

The relative hydrophobicity of C,TPA can be expressed as a solu-
bility in water and in our case it varies from 3x107> M for C5TPA to
8x107> M for C;TPA (Table 1) [17]. These molecules, frequently used as
ESR spin probes, are also kinetically facile and reversible redox probes
[18].

The ETOF technique employs a photolithographically fabricated
dual-band microelectrode device (Fig. 2A) with one electrode serving
as a generator of the probe and the other as a collector [19,20]. As
shown in Fig. 2B the oxidized form of a redox probe is produced at the
generator electrode and its time of arrival at the collector electrode is
monitored as a current-time transient (Fig. 2C). The transit time (7),
defined as time at which the recorded current reaches 1/3 of the
plateau current, is proportional to the diffusion coefficient of a probe
(D) and the distance between the electrodes (d):

T =K x d*/D. (1)

The factor K depends on the geometry of the device and definition of
the transit time and can be easily determined experimentally with a
calibration procedure [19,20]. The value of the K coefficient (Eq. (1))
was determined previously to be equal to 0.23. The measured value of
K agrees very well with the previous findings for devices of similar
geometry [21].

2. Materials and methods
2.1. Materials

The C,,TPA molecules were a generous gift from Dr. Marcin Majda, UC
Berkeley. The synthesis and purification of C,TPA are described elsewhere
[17]. The hydrochloric acid (trace element grade, Aldrich), disodium
hydrogen phosphate (299%, Fluka), mercaptopropyltrimethoxysilane
(MPS, 95%, Aldrich), glutaraldehyde (25% in water, Aldrich), and sodium
chloride (99%, Aldrich) were used as received. House-distilled water was
passed through Millipore purification system. The resistivity of the
resulting water was 18.3 MQ cm.

2.2. Preparation of collagen matrix

2.2.1. Extraction and purification of collagen

The extraction of collagen was carried out according to the proce-
dure developed by Ho et al. using rat tail tendons (Pel-Freeze) [22,23].
Briefly, after tendon extraction, 1 g was dissolved for 4 h in 0.01 M HCI.
The resulting suspension was centrifuged at 30,000 g and only super-
natant was collected and filtered through 20, 5, and 0.45 pm filters.
NaCl was added to the solution until it reached 0.7 M and the mixture
was centrifuged again at 30,000 g. This time the pellet was collected
and dissolved in 0.01 M HCI overnight. After dissolution, dialysis
against a phosphate buffer (pH=7.4) was performed twice. The result-
ing solution was centrifuged again and the pellet was dialyzed twice:
once against the 3% acetic acid and then against D.I. water. The purified
collagen was lyophilized and kept at 4 °C until needed. This procedure
yields 290 to 310 mg of pure collagen. The collagen extraction method
described above produces soluble tropocollagen.

2.2.2. Preparation of the collagen solution

Five mg of purified collagen was dissolved overnight in 1 ml of
0.01 M HCI. When GA was used for cross-linking, it was added 24 h in
advance to allow for complete reaction (it has been shown that the
reaction is completed within 2 h in our experimental conditions) [10].
The reaction of GA with collagen in acidic pH is much slower and less
efficient than in alkaline or neutral pH, thus the control over the
resulting matrix is better [ 10,24]. The matrix solution was equilibrated
to 21 °C before the measurement.

2.3. Characterization of collagen solutions

2.3.1. Circular dichroism measurements

The spectra were recorded with Jasco J-810 spectropolarimeter. A
scan speed of 50 nm/min and 0.2 cm cell were used. A reference
spectrum containing 0.01 M HCl was subtracted from the collagen
containing samples. Collagen solutions treated with various concen-
trations of GA and incubated for 24 h were diluted to 5.8x1077 M
concentration prior to measurement. The dilution procedure prevents
saturation of the detector and quenches any further reaction of collagen
with GA.

2.3.2. Viscosity measurements
The viscosity of the solution was measured using capillary viscom-
eters (Conning). The temperature was kept constant at 21 °C.

2.3.3. Determination of cross-linking degree

The degree of cross-linking was measured as a loss of free e-amino
groups of lysine upon cross-linking with GA. The amount of free amino
groups was determine using 2,4,6-trinitrobenzenesulfonic acid (TNBS,
Pierce) as described by Li et al. [25] and Sheu et al. [26] Briefly, to a 100 ul
of GA treated 0.5% (w/v) collagen matrix 400 pl of 0.1 M sodium bicar-
bonate solution and 250 pl of 0.1% TNBS (in 0.1 M sodium bicarbonate)
were added and placed in the water bath (40 °C) for 2 h. After the
reaction was completed, 300 ul of 12 M HCl was added to collagen and
the temperature was raised to 60 °C. The solubilization of the collagen
was achieved after 60 min. The samples were transferred to a spectro-
photometer (Shimadzu UV-2401 PC) and the absorbance was measured
at 355 nm. The degree of cross-linking was determined as a % loss of free
g-amino groups and is equal to: (1-(Absga/Abscen))* 100, where Absca
represents the intensity of the cross-linked collagen and Abs. repre-
sents the intensity of the native collagen matrix.

2.4. ETOF micro-band device

The scheme of the device is presented in Fig. 2A. In this arrangement,
10 pym parallel band electrodes are spaced by a 20 um gap. Each
electrode, about 4 mm long, is independently connected to the poten-
tiostat via contact pad. The fabrication of the devices follows standard
photolithographic procedure and is described elsewhere [15,27]. MPS
(mercaptopropyltrimethoxysilane) was used as a gold adhesive layer.

2.5. ETOF measurements
The CH Instruments bipotentiostat (model 760B) was used for all

voltammetric (three electrodes configuration) and ETOF (four electrodes
configuration) measurements. Platinum wire was used as a counter

Table 1

Solubility of the C,TPA

Probe Solubility [M]
C5TPA 3x1073
C,TPA 2x1073
CsTPA 7x107%
CeTPA 3x107*
C,TPA 8x107°
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Fig. 2. Electrochemical time-of-flight technique: (A) generator-collector individual device; L=2 mm, W=10 pm, G=20 pm, (B) the principle of operation, R = reduced form and Ox =
oxidized form of the redox probe, and (C) example of the ETOF transient recorded in 0.1 mM solution of C3TPA in 0.01 M HCl.

electrode and silver wire as a pseudo-reference electrode. The band
microelectrodes were tested before each ETOF experiment and the
device was calibrated according to a previously described procedure
[15]. The 0.01 M HCl was used as a supporting electrolyte. Dissolution of
collagen in 0.01 M HCl results in formation of molecular collagen matrix.
At the same time the C,TPA probes show reversible voltammetric
behavior in this electrolyte. The addition of GA does not change the
voltammetry of C,,TPA within the tested concentration range. The values
of diffusion coefficients of C,TPA in collagen matrix solutions with and
without GA clearly indicate the lack of chemical reaction between the
C,TPA and collagen. Therefore the quenching of the reaction of GA with
collagen was not performed. All voltammetric and ETOF measurements
were recorded at 21 °C,

2.6. Statistical analysis

The results are reported (where applicable) as an average + standard
deviation. Single factor ANOVA and Student's t-test were used for the
hypothesis testing and parameters evaluation with p<0.05 were
considered statistically significant.

3. Results and discussion
3.1. Characterization of collagen matrix

We have initially characterized the solutions of native and cross-
linked collagen using circular dichroism (CD) and viscosity measure-
ments. The 0.5% (w/v) collagen matrix was prepared by dissolving
lyophilized collagen in 0.01 M HCI. The collagen dissolved in acidified
water forms molecular collagen (tropocollagen) solutions and does
not aggregate into fibrillar structure [28-30].

The circular dichroism spectra for 0.5% collagen in 0.01 M HCl upon
addition of GA show characteristic mm* and nm* amide transitions at
197 nm and 220 nm respectively (Fig. 3). The intensities of both peaks
do not depend upon the GA concentration. Previously we have shown
that collagen self-assembly into a fibrillar structure (upon the change
of pH from 2 to 6) results in a large change in the molar ellipticity of
both peaks [15]. In our experiment shown in Fig. 3, the cross-linking
with GA does not result in the change of molar ellipticity indicating
that the native helical structure of collagen is preserved. This result
also suggests the lack of aggregation of collagen molecules within the
range of GA added (0-0.2% v/v) [15]. Thus it appears that the solutions

containing both molecular collagen and molecular collagen cross-
linked with GA up to 0.2% GA concentration are homogenous and do
not contain fibrillar collagen.

We have also performed viscosity measurements of collagen dis-
solved in 0.01 M HCl upon addition of GA. Fig. 4 shows essentially
monotonically increasing viscosity of the collagen matrix upon
addition of GA indicating efficient cross-linking process. The absence
of plateau in Fig. 4 suggests that, for the studied concentration range,
some of the lysine residues in the collagen do not participate in the
cross-linking process for the GA concentrations used [31].

To determine the degree of cross-linking we have performed color-
imetric assays with 2,4,6-trinitrobenzenesulfonic acid (TNBS). The TNBS
is often used in the quantification of primary amino groups in collagen
[32]. We have followed modified procedure previously described by
Sheu et. al. [26] and Li et. al. [25] (see Materials and methods section).
Fig. 5 shows that cross-linking with GA in our experimental conditions
results in the loss of 55-75% primary amine groups. This result is in
agreement with viscosity data, indicating that the collagen matrix is not
fully cross-linked under our experimental conditions.
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Fig. 3. CD spectra of 0.5% (w/v) collagen solution in 0.01 M HCl upon addition of GA (% v/v).
All spectra were recorded for the same concentration of collagen 5.8x1077 M.
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Fig. 4. Viscosity of 0.5% collagen solution measured upon addition of GA. Standard
deviation on the figure is comparable with the point size and was calculated for four
measurements.

3.2. Diffusion of molecular probes within native collagen matrix solution

Diffusion coefficients of the C,TPA molecular probes were
measured using electrochemical time-of-flight method as described
previously [15]. Briefly, the comparison of the unknown transit time of
C,TPA (1) and the known transit time of Ru(NH3)2" (7,) and its known
diffusion coefficient (D,=7.8x10~® cm?/s) yields the absolute value of
C,TPA diffusion coefficient (D;):

Dy = (12/71)D;. (2)

For example, using Eq. (2) we determined the diffusion coefficient of
C3TPA" in 0.01 M HCl to be 5.8+0.1x10~® cm?/s. The diffusion coeffi-
cients for the remaining C,TPA probes were determined using the
same method. The same device geometry was used through all of the
ETOF experiments reported in this work.

Fig. 6 shows the diffusion coefficients of C,TPA probes in pure
electrolyte solution containing 0.01 M HCl in water (open circles), and
in 0.5% collagen dissolved in 0.01 M HCI (closed circles). The nominal

75 T T T T T T

Cross-linking Degree (%)

0 0.05

0.075 041 0.2 0.3 0.5
% GA

Fig. 5. Cross-linking degree measurement for 0.5% collagen matrix cross-linked with
variable concentration of GA in 0.01 M HCL. The error bars reflect the standard deviation
calculated for 6 measurements.

concentration of C,TPA was 1x10™4 M, except C;TPA, where concen-
tration was 5% 1075 M.

The values of the diffusion coefficient of C,TPA measured in pure
electrolyte decrease from 5.8x107% cm?/s for n=3 to 4.6x107% cm?/s
for n=7. This trend is consistent with the behavior predicted by the
Stokes-Einstein law. In general, the molecules with longer hydro-
carbon chain are expected to have a larger hydrodynamic radius and
therefore diffuse slower. We need to keep in mind, however, that the
conformation of the hydrocarbon chain of the probe affects the hydro-
dynamic radius in a complex fashion and therefore some deviations
from the expected relationship between the length of the hydrocarbon
chain and the diffusion coefficient can be expected.

For each C,TPA probe, the diffusion coefficient measured in 0.5%
collagen is smaller than the diffusion coefficient measured in pure
electrolyte solution. The viscosity of 0.5% collagen dissolved in 0.01 M
HCl electrolyte is about 80-fold larger than the viscosity of pure 0.01 M
HCI [15]. Yet the diffusion coefficients of C,TPA in 0.01 M HCI decrease
less than 2-fold upon addition of collagen. Thus this change of diffusion
coefficient of molecular probes does not follow the Stokes-Einstein
relation. This is an expected result since the diffusion coefficient in
polymer of this type is related to the local microscopic viscosity within
the network of polymeric chains rather than the macroscopic intrinsic
viscosity [33,34]. Indeed, several literature reports treat the value of a
diffusion coefficient of a molecular probe as a measure of the average
pore size of the matrix [33,34]. Thus it appears that the moderate
change in the value of diffusion coefficient of C,TPA in electrolyte upon
addition of 0.5% collagen reflects the formation of a porous structure of
collagen matrix as described earlier [15].

In 0.5% collagen solution, the probes with longer aliphatic chains
diffuse faster than the smaller probes. This trend is opposite to the one
observed in pure electrolyte solution. Indeed, the D°"/D° ratio (insert
in Fig. 6) varies from 0.59+0.04 for C3TPA probe to 0.87+0.05 for
C;TPA molecule. The C,TPA probes exist in solution as “1+” cations. In
general, the larger (with smaller charge density) and more hydro-
phobic probes diffuse faster in 0.5% collagen solution and smaller and
more hydrophilic probes appear to be retained longer. We hypothesize
that the repulsive ionic interactions between the parts of the collagen
matrix and the C,TPA molecules explain the relationship presented in
the insert in Fig. 6 (n vs. D/D°).

The ionic interactions between the C,TPA and collagen molecule
are repulsive since the C,TPA probes are positively charged in the
solution and the experiment is performed below the isoelectric point

8 T T T T T

Diffusion Coefficient [cm?/s] /10°

Fig. 6. The diffusion coefficients of C,TPA measured in 0.01 M HCI (D°, open circles) and
in 0.5% collagen matrix solution (D", closed circles). The error bars indicate standard
deviations calculated for 10 measurements. The lines are to guide the eye. The insert in
the figure shows the variation of the ratio (D"/D°) of averages and standard deviation
of the ratio is calculated using propagation of error analysis from standard deviation of
D° and D",
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of collagen thus the protein is also positively charged [35]. The ionic
charge density is smallest for the largest C,TPA probe, thus the
openings between the collagen chains (or pores) in the matrix will
show strongest electrostatic repulsion with the smallest probe leading
to the smallest diffusion coefficient for this probe. In other words, the
average effective size of the “pore” within the matrix structure is
partly determined by the electrostatic interactions between the
particular redox probe and the positively charged collagen molecules.
Somewhat analogous behavior was recently observed in the diffusion
studies in polyacrylic acids upon their neutralization with various
alkali metal hydroxides [36]. It is worth noting that the possible
hydrophobic interactions between the parts of collagen and C,TPA
should result in lower diffusion coefficients for more hydrophobic
probes. The opposite effect is observed in our experiment further
confirming that the observed effect should be interpreted in terms of
electrostatic interactions between the positively charged collagen and
the positively charged redox probe.

3.3. Diffusion of molecular probes within GA cross-linked collagen matrix

The collagen used in drug delivery systems is usually stabilized by
cross-linking. This procedure improves the stability of the matrix
against biodegradation. The most common cross-linking procedure,
addition of GA to collagen, results in reaction between the lysine
residues and GA and leads to the formation of imine bonds. It was
postulated that this reaction might increase the hydrophobic
character of the matrix because of the loss of possible protonation
sites and incorporation of an alkyl chain from GA molecule [37].

To study the effect of cross-linking on the diffusion of C,TPA in
collagen we have used ETOF to measure the diffusion coefficients of
the C,TPA molecules in the tropocolagen solution treated with
different amounts of GA (D%?). Fig. 7 shows the diffusion coefficients
for C,TPA molecules normalized with respect to diffusion coefficients
measured in non-cross-linked 0.5% collagen solutions (D°") for each
probe. In this approach, D®"/D*>1 indicates that a probe is retained
longer in a solution upon addition of a particular amount of GA.
Inspection of the data shown in Fig. 7 indicates that for C,TPA (n=3, 4
and 6) the diffusion coefficient increases or remains unchanged upon
cross-linking (D°"/D*<1). Different behavior is seen for C,TPA (n=>5
and 7) where the diffusion coefficient initially decreases (statistically
significant change, p<0.05) and reaches a minimum for GA concen-
trations equal to 0.05% and 0.1% respectively. Thus our data indicate
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Fig. 7. Normalized diffusion coefficients (D°®'/D%*) of C,TPA in 0.5% collagen matrix
solution plotted vs. GA concentration. The error bars reflect the standard deviation
calculated for 10 measurements.

that C,,TPA molecules containing 5 or 7 carbons are retained within
the cross-linked matrix while other probes show either constant or
increasing rates of diffusion.

The addition of GA leads to geometrically smaller pores with a pore
size depending upon the concentration of GA. Furthermore as cross-
linking progresses the number of protonated lysine residues decreases
thus reducing the overall charge of the collagen molecule. Therefore
the interplay between the sterical hindrance due to the physically
smaller pore openings and the electrostatic effect associated with the
probe/matrix repulsion is expected to influence the observed diffusion
coefficient of C,TPA.

In principle, the average pore size in the GA cross-linked collagen
could be estimated by modeling this system using the effective
medium (Brinkman) model together with the Carman-Kozeny model
[33,34]. In these models, the changes in diffusion coefficient of a tracer
molecule can be linked to the change of a pore size within the matrix.
However, major assumption in this model is that there are no interac-
tions between the probe and the medium. Clearly, each of C,,TPA shows
different interactions with collagen and the strength of these interac-
tions varies with the chain length. Moreover the Carman-Kozeny-
Brinkman model assumes random distribution of pores modeled as
cylinders within a 3-D space. Thus the higher level organization of the
pores cannot be described with the existing theory.

Since the cross-linking lowers the average charge density on the
collagen molecules, the diffusion coefficient of the smaller C,,TPA mole-
cules (thus with a large charge density on the probe) should increase
with the increasing extent of cross-linking. This effect is somewhat
analogous to the D vs. n dependence shown in Fig. 6 for non-cross-
linked collagen and C,TPAs with variable size. Again, the lower elec-
trostatic repulsion between the C,,TPA and the charged collagen matrix
results in larger diffusion coefficients. Indeed for n=3 and 4 the diffusion
coefficient, in general, decreases with the increase of GA concentration
(and thus increase of cross-linking). Yet the opposite behavior is seen for
C,TPA n=5 and 7. Those probes are retained longer within the cross-
linked matrix. Furthermore the maximum retention is observed for both
probes at different concentrations of GA (0.05% and 0.1% for n=5 and 7
respectively).

Therefore it appears that the cross-linking of collagen indeed
introduces some degree of hydrophobicity into the system. It is worth
noting that these dependencies are complex since five different
parameters should be considered: the radius of the probe, the radius
of the matrix pore, hydrophobic character of the probe, hydrophobic
character of the matrix and the geometric factors related to the ability
of a particular probe to interact with the hydrophobic spots in the
matrix. The combination of these parameters leads to the maximum
retention of CsTPA for 0.1% of GA and to the maximum retention of
C,TPA for 0.05% of GA.

The observed change in the diffusion coefficient of molecular
probes is not large, but statistically significant. It appears that the
retention of C,TPA (n=5 and 7) molecules is very sensitive to the
length of the aliphatic chain, thus it must be related to the size and
geometry of the hydrophobic regions (pockets) formed in the cross-
linked collagen. It is worth noting that CgTPA is not retained in any of
the above cross-linking conditions, thus the hydrophobic pockets
interact rather selectively with the alkyl chain of the probe. This
selectivity implies that the hydrophobic pockets formed under par-
ticular cross-linking conditions have sizes comparable to the size of
the particular C, chain in the C,TPA.

We note that the D®"/D" value for C¢TPA (Fig. 7) is abnormally
low. However the diffusion coefficient of CsTPA in water appears to be
higher than that of CsTPA thus indicating smaller than expected
hydrodynamic radius of the probe. We believe that this abnormal
value could be a result of alkyl chain conformation as discussed earlier.
Thus it appears that the effects related to the size and shape of the
molecule dominates over hydrophobic interactions between the
CeTPA and the cross-linked collagen.
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The data reported above suggest that the size of hydrophobic
pockets can be controlled by the degree of cross-linking. It is also
reasonable to assume that the GA used for the cross-linking par-
ticipates in the formation of the pocket. The ability to control the
formation of the hydrophobic pockets of variable size and geometry
would open new possibilities of using collagen matrices for the
delivery of hydrophobic drug molecules. This could be achieved, for
example, by varying the structure of the cross-linking agent. There-
fore, by changing the concentration, length, and the hydrophobicity of
the agent, the shape and the character of the cavities incorporating the
drug can be tuned.

4. Conclusions

The diffusion coefficients of C,TPA in pure electrolyte show be-
havior predicted by Stokes law, i.e. the diffusion coefficient is inversely
proportional to the diameter of a molecule. The opposite relationship
is observed in 0.5% (w/v) collagen I matrix solution where the mole-
cules with longer alkyl chains show larger diffusion coefficients than
the smaller molecules. This effect is explained in terms of electrostatic
interactions between the positively charged gel and the positively
charged redox probe. The measurements of the diffusion coefficients
of C,TPA in 0.5% collagen upon cross-linking indicate that C;TPA and
CsTPA are retained within the matrix upon addition of 0.05% GA and
0.1% (v/v) GA respectively, while CsTPA, C4,TPA and CsTPA molecules
show unchanged or larger diffusion coefficients upon additions of GA.
Thus, the diffusion coefficients of C,TPA measured within the GA
cross-linked matrix show the presence of hydrophobic interactions.
The interactions can be attributed to the formation of small hydro-
phobic pockets. The hydrophobic pockets seem to interact selectively
with the hydrocarbon chain of C,TPA probes. The size of the pocket
and thus the specificity towards particular length of C,TPA depends
upon the extent of cross-linking. The reported findings might provide
new insights in the design of an effective matrix for controlled de-
livery of small hydrophobic drugs.
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analysis of the results.

The homogeneous reaction between glucose oxidase and osmium bipyridine-pyridine carboxylic acid in the
presence of glucose has been studied in detail by cyclic voltammetry and digital simulation.

Combination of the analytical equations that describe the dependence of the amperometric response on
enzyme, substrate and co-substrate concentrations for the limiting cases with digital simulation of the
coupled enzyme reaction diffusion problem allows us to extract kinetic parameters for the substrate—enzyme
reaction: Kys=10.8 mM, k..,.=254 s™! and for the redox mediator-enzyme reaction, k=2.2x10°> M~ s™,
The accurate determination of the kinetic parameters at low substrate concentrations (<7 mM) is limited by
depletion of the substrate close to the electrode surface. At high substrate concentrations (>20 mM)
inactivation of the reduced form of glucose oxidase in the bulk solution must be taken into account in the

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In the development of new redox mediated amperometric
biosensors, a suitable redox mediator has to be chosen for a particular
enzyme-substrate system. The selection is usually made following
analysis of results from experiments on the homogeneous system
[1,2]. The reasons for choosing the homogeneous system to derive
such constants is that modelling of the steady-state behaviour of such
systems is much easier than for the immobilized case and that the
approach can be efficiently used to screen a range of possible
mediators [3].

In many studies, for oxidase systems such as glucose oxidase the
rate constants for the enzyme-substrate reaction are taken from
measurements made under aerobic conditions, using data already
available in the literature for the enzyme reaction using molecular
oxygen as the natural redox partner and without further validation for
the artificial mediator. This can be misleading, therefore it is important
to have reliable methods to evaluate the kinetic constants for soluble
artificial mediators.

The treatment given by Albery et al. [4] is one of the most generally
used theoretical approaches to analyse experimental voltammetric
data for the homogeneous system in order to extract the relevant
kinetic constants for the reactions. For a full description of the model,
the reader is referred to the original paper [4] or to the paper by
Bartlett and Pratt [1] where the model has been reviewed, results of an
experimental test presented and where some of the limitations have
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E-mail address: pnb@soton.ac.uk (P.N. Bartlett).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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been discussed. Scheme [ shows the homogeneous system as
considered by Albery et al. [4].
The reactions occurring in solution are

LN keat
S+ Eoxq, ES™ P+ Ereq (1)
k
2]V[ox + Ered - 2Mred + on (2)
with
KMS = (k—l + kcat)/kl (3)

At the electrode surface
Mred*)Mox +e (4)

In this reaction scheme S represents the substrate and P the product.
Eox and E,.q are the oxidised and reduced forms of the enzyme, and M,y
and M;eq the oxidised and reduced forms of the mediator.

In deriving the model high substrate concentrations are assumed
in order to keep substrate depletion at the electrode surface to a
minimum. This greatly simplifies the mathematical treatment of the
problem, but this approximation breaks down under certain condi-
tions as has already been pointed out [1,5]. We return to this point
later.

The diffusion coefficients for the oxidized and reduced forms of the
enzyme are taken as equal, which means that the total enzyme
concentration, ey, is assumed to be constant at all points throughout
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Scheme 1. The homogeneous system as considered in references [1,4]. Mox and Meq are
the oxidized and reduced forms of the mediator. Eox and Eeq are the oxidized and
reduced enzyme. S and P are the substrate and product of the enzymatic reaction. Dg
and Dy are the diffusion coefficients of enzyme and mediator respectively; the
coefficients of the oxidized and reduced forms are assumed to be equal. Oxidized
mediator Os(Ill) is only produced at the electrode surface by re-oxidation of Os(II).

the solution. The same assumption is made for the oxidized, M.y, and
reduced, M;.q, forms of the mediator.

When diffusion-reaction equations are written under steady-state
conditions, it is not possible to derive a single analytical solution
which is valid under all experimental conditions, since the differential
equations have significant non-linear terms. Albery et al. [4] derived
approximate solutions for the different limiting cases.

Two of these limiting cases of the five in the case diagram [1,4], are
relevant to the present work and will be used to derive kinetic data
from experimental results for the homogeneous system. Following the
notation of the original paper [4], these are Cases I and VI.

Case I corresponds to mediator-enzyme limited kinetics where the
oxidised form of the mediator M,y generated at the electrode is
consumed within the diffusion layer by reaction with the reduced
form of the enzyme present at its bulk concentration in a first order
reaction layer of thickness (Dw/kes)'”? adjacent to the electrode,
where Dy, is the diffusion coefficient for the mediator. The resulting
current is first order in mediator, half order in enzyme and
independent of substrate concentration. The amperometric response
is given by

I; = nFAmy (Dykes)"/? (5)

where my is the total concentration of mediator, ey is the total enzyme
concentration, k is the rate constant for the reaction between the
enzyme and the mediator (see Scheme I), A is the electrode area, F the
Faraday and n the number of electrons transferred. This behaviour is
identical to an EC’ mechanism with kgc-=kes and was used by several
groups in the early studies (Cass [6], Green [ 7], Liaudet [8], Rusling [9],
Frede [10]) to evaluate values of k. Bourdillon, Saveant and co-workers
[11] pointed out that a large concentration of substrate is not a
sufficient condition for the pseudo-first order EC’ approximation to
hold and that the condition kmy/kec<<1 is also necessary. These
authors worked out a close-form expression for the enzyme catalytic
plateau current in cyclic voltammetry when a one-electron mediator
re-oxidizes GOx(FADH,) assuming no substrate depletion at the
electrode surface and for a glucose concentration at least 50 times
larger than the soluble mediator concentration.

Eq. (5) has been verified experimentally by Pratt and Bartlett for
glucose oxidase and ferrocene monocarboxylic acid [1] and by Liaudet
et al. [8] for ferrocene monosulfonate. Using explicit finite difference
simulation Battaglini and Calvo [12] have shown that Lineweaver Burk
plots are non-linear unlike simple Michaelis-Menten kinetics, and
this is the result of the interplay of kinetics and diffusion near the
electrode surface.

It should be noted that in order to derive Eq (5) the assumption of
negligible substrate depletion near the electrode surface has been
made, thus the differential equations have been solved with the
approximation s=s. (where s is the substrate concentration at an
arbitrary distance from the electrode and s.. is the bulk substrate
concentration). This approximation may break at low substrate
concentration or high enzyme activities. Previous experiments and
simulations [1,5], however, have shown that substrate depletion at
either low substrate concentration and/or high enzyme activity should
not be ignored. Substrate depletion leads to poor fitting of the
experimental data and in some early work also led to significant
overestimation of Ky, since this value is extracted from the low
concentration range of the calibration curves.

Case VI corresponds to enzyme-substrate limited kinetics. For Case VI

1/2
ZDMkcate;mzsw> ©)

b = TlFA( Se + Kiis

Note that the current is half order in mediator, half order in
enzyme and, when s..<<Kjys also half order in substrate. The enzyme-
substrate kinetics can be determined from calibration plots of the
catalytic current as a function of the substrate concentration. The
number of electrons exchanged by the [Os(bpy),CIPyCOOH]|" mediator
is n=1 and the factor of 2 in the parenthesis in Eq. (6) arises from the
parabolic profile for M. In this case, the soluble redox mediator
diffuses in a reaction layer close to the electrode where the rate-
limiting step for its destruction is not the reaction of mediator and the
reduced form of the enzyme, but the generation of reduced enzyme
GOx(FADH,;) from GOx(FAD) resulting in a much lower concentration
of GOX(FADH,) than the bulk concentration so that e,x=es (where ey
is the concentration of oxidized enzyme) and the zero-order reaction
layer thickness is given by

 [De (Kus 172
X, = [k_ (K-H)} @)

where Dg is the enzyme diffusion coefficient. A non-linear least
squares fit of a plot of catalytic current as a function of substrate
concentration over a wide range of concentrations should yield the
values of Ky;s and k., if the conditions for Case VI are met.

A further factor to consider in modelling amperometric enzyme
electrodes is the inactivation of the soluble enzyme. In amperometric
enzyme electrodes with HRP immobilized at the electrode, Saveant
and co-workers have considered inactivation of the enzyme [13] but,
to the best of our knowledge, this has not been taken into account in
modelling biosensors or when determining the kinetic parameters
from electrochemical data for dissolved enzyme.

Nevertheless, it is not unusual to find reports of the decay of
amperometric biosensor response with time over timescales ranging
from a few hours to several days. Moreover, there are several reports
of the inactivation of glucose oxidase (GOx)—the most widely used
redox enzyme in the biosensor field [14-21]. Miron et al. [20] have
analyzed the different reasons why some authors have paid more
attention to GOx inactivation than others.

In the present work we report a combined strategy to obtain the
kinetic constants k, k... and Kys that characterize the homogeneous
system [3-D-glucose-glucose oxidase, glucose and [Os(bpy),CIPyCOOH]"
(the structure of the redox mediator is shown in Scheme II). We first try to
obtain the kinetic constants in the classical way using Albery's
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Scheme IL The structure of [Os(bpy),CIPyCOOH]".

approximate analytical equations for selected limiting cases in the case
diagram [4]. We then discuss the limitations of this method and try to
improve the data analysis by comparing the experimental voltammo-
grams with numerical simulations in order to obtain more accurate
estimates of the rate constants.

Finally we also report how inactivation of glucose oxidase affects
the electrochemical results and analysis.

2. Experimental

A standard three-electrode electrochemical cell was employed
with an operational amplifier potentiostat (TEQ-Argentina). An Ag/
AgCl; 3 M KCI (0.210 V vs. NHE) reference electrode was employed and
all electrode potentials herein are referred to it; the auxiliary electrode
was a large area platinum gauze. All electrochemical experiments
were carried out at room temperature (20+2)°C. Argon was used to
sparge all solutions to remove dissolved oxygen taking special care not
to produce excessive foam and segregation of the enzyme at the
liquid-air interface which could lead to denaturation of the enzyme.
Unless otherwise specified, electrochemical measurements were
carried out in 0.1 M NaH,PO,4/Na,HPO,4, 0.1 M NaCl buffer solutions
of pH 7.

The working electrode was a home-made glassy carbon electrode
(0.5 cm in diameter) encased in epoxy resin (Araldite®).

Two preparations of Glucose oxidase (GOx E.C. 1.1.3.4) from As-
pergillus niger were used. The majority of experiments were carried
out with the enzyme from Fluka (molar mass, 186,000 Da). The second
enzyme sample was a generous gift from MediSense®, UK (molar
mass, 156,000 Da). Both were used without further purification.

The molecular weight of the enzymes was determined by gel
electrophoresis. SDS/PAGE was performed in 10% acrylamide gel,
according to the method of Laemmli [22]. Protein samples were
denatured by a 5 min incubation with SDS reducing buffer (62.5 mM
Tris-HCl; 10% glycerol; 2% SDS; 0.1 M DTT, 0.01% bromophenol blue, pH
6.8) at 95 °C. Proteins were stained with Coomassie® brilliant blue G250.

The electrophoresis gel was calibrated using a protein standard
mixture (Sigma High Molecular Weight standard) containing myosin
(205 kDa), PB-galactosidase (116 kDa), phosphorylase b (97 kDa),
bovine albumin, (66 kDa), ovalbumin (45 kDa) and carbonic anhydrase
(30 kDa).

3-p-glucose, NaH,PO,4, Na,HPO,4, KH,PO4, K;HPO,4, KNO3 and NaCl
(Merck) and L-glucose (Fluka) were used as received. All glucose
solutions were stored for a minimum of 24 h at 4 °C to allow
equilibration of the anomers [1].

The complex [Os(bpy),CIPyCOOH]" (where PyCOOH is pyridine-
carboxylate) was prepared as previously reported [23].

The simulation program was written in Borland® Turbo Pascal v 5.5
[24] and is based on the explicit finite difference method [25,26] assuming
steady state for the enzyme kinetics. Mass transport of the soluble enzyme
was neglected since its diffusion coefficient (Dg=5x10"7 cm? s!) is
significantly less than that of the soluble mediator and substrate. The
program also takes into account the equilibrium of the two glucose

anomers, and allows substrate depletion to be taken into consideration
[24].

3. Results and discussion
3.1. Approximate limiting cases

Fig. 1 depicts a typical set of cyclic voltammograms recorded at
5mV s~ ! in a solution containing 1.0 mM [Os(bpy),CIPyCOOH]" and
1.6 uM GOx (Fluka) in 0.1 M NaH,PO4/Na;HPO,4, 0.1 M NaCl buffer
solution of pH 7 in the absence (a) and in the presence of increasing
concentrations of p-glucose, the enzyme-substrate, (b-e). Fig. 1a
shows a typical reversible cyclic voltammogram and the diffusion
limited peak current for the oxidation of the Os(Il) complex is
described by the Randles Sev¢ik equation [27] with an E’ of 243 mV
and Dy; of 2.7x107% cm? s™ 1. In the presence of glucose the shape of
the voltammetric curve evolves towards a catalytic wave but
significant hysteresis between the forward and backward potential
sweeps is always observed (Fig. 1b-e).

Our first approach to analyse the data is to extract the enzyme-
substrate kinetic constants, Kys and k¢,¢ from a classic calibration plot
of the catalytic current against glucose concentration, Fig. 2. The
experimental catalytic currents plotted in Fig. 2 were taken from the
plateau currents in the cyclic voltammograms at 0.50 V for measure-
ments at 5mV s .

Note the maximum current and the current decay at high
concentrations, we return to this later.

The value of the apparent Michaelis constant Kys is usually
calculated in one of two ways. i) Kys is taken as the substrate
concentration at which the current is half of the limiting current [28].
This assumes a first order dependence of the current on substrate
concentration, however the current is in fact half order in substrate for
case VI (see Eq. (6)). ii) For s..<<Kys, Eq. (6) yields a linear dependence
on the square root of the substrate concentration

Keat 1/2
I=nFA <2DM iezmzsm) (8)
Kms

Thus a plot of I against s4? should give a straight line passing
through the origin at low s, as shown in Fig. 3. From the gradient of
this line we can obtain a value for the ratio k..¢/Kys. From the slope of
Fig. 3 we obtained ke.i/Kms=3.9%x10°> M™! s™! however this is not a
reliable value due to inactivation of the enzyme as discussed below.
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Fig. 1. Cyclic voltammograms recorded at different p-glucose concentrations and
constant my=1.02 mM and es=1.6 uM in NaH,PO4/Na,HPO,4 0.1 M+0.1 M NaCl buffer
solution. Glucose concentration (mM): a) 0.0; b) 1.6; ) 3.2; d) 9.9; e) 22.7. The reference
electrode is Ag/AgCl in 3 M KCl, scan rate 5 mV s™ L.
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Fig. 2. Plot of current as a function of glucose concentration in case VI. my=1.02 mM,
es=1.6 pM in NaH,PO4/Na,HPO,4 0.1 M+0.1 M NaCl buffer solution. The line shows the
best fit to Eq. (6) of the experimental data. All experiments carried out in the same
solution with successive additions of more p-glucose.

The value of the rate constant k., is normally calculated from the
current in the saturated region, lyax, i.e. when s.>>Kys

Ivax = NFA(2Dyikcacesms) '/ 9)

In the present study, however, it has been found that the catalytic
current passes through a maximum with increasing substrate concen-
tration and then declines rather than reaching a constant limiting value
This precludes the extraction of reliable enzyme kinetic data in the usual
way. For the same reason non-linear fitting of the experimental data in
Fig. 2 to Eq. (6) is very poor (solid line), since Eq. (6) predicts a constant
value at high glucose concentration. Low values of Kys=13+5 mM and
keat=60+20 s~ are obtained from the fitting.

Also, notice in Fig. 2 that for very low glucose concentrations,
appreciable depletion might lead to an error in the values estimated as
will be shown by the digital simulation results below.

3.2. Catalytic current decay
It is clear from Fig. 2 that the catalytic current as a function of

substrate concentration passes through a maximum. To determine the
cause of this we need to consider the experimental conditions in detail.
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Fig. 3. Plot of current as a function of the square root of substrate concentration.
my=1.02 mM, es=1.6 M in NaH,PO4/Na,HPO, 0.1 M+0.1 M NaCl buffer solution. The
line is the best linear fit for the data points that adjust better to the linear regime.

First, contamination of the electrode surface was ruled out by
polishing the electrode while keeping the same electrolyte solution
containing enzyme, substrate and co-substrate. The concentration of
the stable Os complex was also monitored by UV-visible spectroscopy
at regular times after additions of p-glucose. As shown in Fig. S-1 of
the Supporting Information, no change in the maximum peak
absorbance for the Os complex was found.

Since the decay in catalytic current is more evident at high
substrate concentrations, it could result from a change in the local pH
at the electrode surface [16] since the enzyme kinetics are known to
be pH dependent [29,30]. There is an important difference between
the aerobic and the anaerobic re-oxidation of GOx. In the first case,
during glucose oxidation the two protons produced in the reaction are
taken by the enzyme prosthetic group to yield GOx(FADH;) and
during the aerobic re-oxidation of GOxX(FADH,), molecular oxygen
consumes these two protons to yield H,0-. In anaerobic re-oxidations
of GOx(FADH,;) by one-electron outer sphere redox couples, such as
the Os complex, the redox mediator does not consume the protons
and hence they remain as a by-product in solution decreasing the pH
at the electrode surface [16]. However we can also rule this out as a
possible explanation since when the calibration experiment was
repeated in more concentrated 0.5 M buffer solution there was no
appreciable difference in the result (see Fig. S-2 in Supporting
Information).

A further possibility is that the diffusion coefficient of the redox
mediator is decreased due to an effect of the viscosity of the solutions
at high glucose concentration. This can be ruled out since a plot of
peak current vs. square root of the scan rate [27] for the soluble Os
complex in the absence of the enzyme in pure buffer and in buffer
with 100 mM glucose shows only a slight variation of less than 2% (see
Fig. S-3 in Supporting Information).

Next we investigated enzyme inactivation as a possible cause of
the catalytic current decay. A clear drop in catalytic current with time
can be observed in Fig. 4 for successive cyclic voltammetry experi-
ments, taken every few minutes, without further additions of any
reactants. Surprisingly, the rate of inactivation is rather fast. The inset
in Fig. 4 is a chronoamperometry experiment over 25 min at a
potential of 0.50 V. Note that this decay in current with time cannot be
accounted for by consumption of the glucose by the electrode
reaction; at the highest rate the glucose concentration in the cell
will decrease for 50 mM to only 49.92 mM in 15 min.
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Fig. 4. Cyclic voltammograms for ms=1.05 mM, es=2.4 UM, S.=46 mM in 0.1 M
NaH,P04/NaHPO4+0.1 M NaCl buffer solution. a.) first CV at time 0; b.) voltammogram
after 5 min; c.) CV after 10 min; d.) CV after 25 min. The inset shows a
chronoamperometry transient at 0.50 V. (my=122 mM, es=2.6 pM, s.=117 mM,
same buffer) showing the current decay in time without addition of any further

reactants. The reference electrode is Ag/AgCl in 3 M KCl, scan rate 5 mV s~ .
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Finally, the sequence of measurement steps was varied as follows:
the original buffer solution containing the Os complex and GOx was
divided into two aliquots. Glucose was added to the first aliquot up to a
concentration of a 100 mM and a voltammogram was recorded on a
clean electrode. Then, in order to test the enzyme that had not been in
contact with the substrate, the second aliquot of the original solution
was added, keeping buffer, Os complex and GOx concentrations
unchanged. A new voltammogram on the same electrode showed a
clear increase in the catalytic current for the more dilute p-glucose
with fresh enzyme solution as shown in Fig. 5. Thus, we can conclude
that the inactivation of the enzyme only takes place in the presence of
its substrate glucose.

Our experiments have shown that the effect is not due to electrode
fouling, decomposition of the Os complex or changes in local pH.
Therefore we conclude that the enzyme suffers some form of
inactivation.

When the mediator was changed to ferrocene methanol a decay
(though less pronounced) in the catalytic current at high glucose
concentration was also seen (see Fig. S-4 in Supporting Information).

There is some evidence in the literature for the inhibitory effects of
Na* on GOx [31], albeit on the time scale of hours, but inhibition has not
been observed in the presence of K*. In our hands a glucose calibration
experiment under the same conditions as Fig. 2 but in 0.1 M KH,PO,/
K;HPO4+0.1 M KNOs3 buffer solution showed the same effect.

In arecent detailed paper, Miron et al. [20] suggested that the reason
why GOx inactivation in solution is sometimes neglected could be due to
structural differences between enzymes of different origin. We have
repeated the calibration experiment with GOx from Aspergillus niger
from a different source with a different degree of glycosilation. As shown
in the (Supporting Information Fig. S-5), the decay in catalytic current at
high p-glucose concentration can still be seen but is much less significant
than in the case of the enzyme from Fluka.

The decay in catalytic current with time (inset in Fig. 4) supports
the idea of an auto-inactivation of the soluble enzyme since it has
been observed even if the catalysis is interrupted for some time.

Substrate inhibition has been described for the free enzyme from
Aspergillus niger in the presence of excess substrate (Miron et al.
[20] and references therein). The decay in the current observed in our
work seems to be associated with the presence of the reduced form of
the enzyme, and not necessarily with the number of catalytic cycles
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Fig. 5. Cyclic voltammograms for ms=1.02 mM, es=1.6 pM in NaH,PO4/Na,HPO, 0.1 M+
0.1 M NaCl buffer solution. Full line is in the presence of 100 mM p-glucose. Dotted line is
in the presence of 50 mM p-glucose solution and was measured 10 min after the first
voltammogram as described in the text. The reference electrode is Ag/AgCl in 3 M KCl,
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Fig. 6. Plot of current as a function of glucose concentration in case VI. my=1.02 mM,
es=1.6 pM in NaH,P0O4/Na,HPO4 0.1 M+0.1 M NaCl buffer solution. Full line shows the
best fit to Eq. (6) of the experimental data. Every data point corresponds to a new buffer/
mediator/GOx/p-glucose solution that was discarded after taking the experimental CV.

the enzyme undergoes. In the experiments described in this paper,
GOx is in solution in its oxidised form and the Os complex in its
reduced form. Upon addition of b-glucose the enzyme is reduced and
it remains in the reduced state unless it approaches the electrode
surface where it can be oxidised by two mediator molecules
regenerating the oxidised enzyme. Therefore, only the small fraction
of enzyme molecules (of the order of 1 in 10’2 to 10'#) in the vicinity of
the electrode will be re-oxidized and undergo several catalytic cycles
while most of GOx remains in the reduced form throughout the
experiment. From the choronoamperometry experiment we calcu-
lated a first order inactivation rate constant of 2.9x10™4s™1,

To avoid the time dependent effects of the enzyme inactivation
processes, we redesigned the experimental protocol so that all the
glucose concentration data points were measured after the same time.
We freshly prepared new enzyme, Os complex and buffer solution,
added glucose to the desired concentration, then measured the
voltammogram and discarded the solution. In this way, the enzyme
was in contact with the substrate for the shortest time possible in all
cases. Fig. 6 shows the new calibration plot obtained in this way. There
is greater dispersion of the data points in Fig. 6 than in Fig. 2, due to
slight variations in concentration because new solutions were
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Fig. 7. Plot of catalytic current as a function of the square root of enzyme concentration
at p-glucose saturation and best linear fit of the experimental data points. my=1.02 mM,
S»=45 mM in NaH,P0,4/Na,HPO,4 0.1 M+0.1 M NaCl buffer solution.
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Table 1
Comparison of kinetic constants obtained by approximate analytical solutions and
simulation

Eq. (6) Eq. (5) Simulation
Kwus (mM) 93425 - 10.8+1.4
Kear (s71) 233422 - 254120
Kx10° (M™'s71) - 2.1£0.2 2.2+0.2
Keat/Ks (x10* M s71) 2+1 - 23404

prepared for every data point. However, it is noticeable that the data in
Fig. 6 no longer shows evidence for a fall in current at high glucose
concentration and is in much better agreement with the proposed
model given in Eq. (6) as can be seen from Fig. 6. Notice also that larger
current densities than in Fig. 2 are observed for the same glucose
concentrations.

This new experimental design was also used for the experiments
used to study Case I.

The enzyme-mediator re-oxidation constant, k, was obtained from
the slope of a plot of I, as a function of the square root of the enzyme
concentration, e/, at constant mediator concentration (1.0 mM) and
under substrate saturation conditions, as shown in Fig. 7. In the
calculation Dy=2.7x10"% cm? s™! was used. This approach is usually
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valid for low and moderate enzyme concentrations, since at high
enzyme concentration, the plot departs from linearity due to significant
substrate concentration depletion. The best fit of the experimental data
in Fig. 7 to Eq. (5) yields a value for k of 2.1x10° M ' s™1,

3.3. Comparison of simulated and experimental cyclic voltammograms

The approximate analytical solutions, Egs. (5) and (6), work well as
long as the system is well away from the case boundaries where pairs
of limiting cases meet [1,4] and provided that substrate depletion is
not significant. We can avoid these limitations if we use numerical
methods to simulate the voltammetry. The program takes into
account equilibrium between the two glucose anomers, and allows
for substrate depletion [24].

In this section we compare the experimental voltammetric results
with simulations. In all more than 100 experimental voltammograms
were compared to the simulated curves by iteratively adjusting the
three kinetic parameters: Kys, kcar and k. Initial values of Kys, kcar and
k from the approximate limiting cases were used. Literature values for
the diffusion coefficients of p-glucose and the ratio of o and P
anomers in an equilibrated solution were used in the simulation. For
the diffusion coefficient of the redox mediator, the concentrations of
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Fig. 8. Comparison of experimental (full line) and numerical simulations (dotted line) of cyclic voltammograms for ms=1.0 mM; in 0.1 M NaH,PO4/Na,HPO,4+0.1 M NaCl buffer
solution of pH 7.0, scan rate 5 mV s™. From a to e same enzyme concentration es=1.6 uM and different p-glucose concentrations (mM): a) 0.7; b) 1.4; c) 2.8; d) 7.0; e) 33.6;

f) ex=4.72 pM and 5..=50.0 mM.
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p-glucose, redox mediator and total enzyme, and the redox mediator
potential E,, experimental data was used.

Since there are three parameters to be adjusted, sometimes good
agreement can be obtained with more than one set of parameters.
Therefore we tried to constrain the kinetic constants, first within an
interval centred in the estimated values and second, by selecting the
conditions of lower error as best estimates.

The experimental voltammograms covered a wide range of
enzyme (from 0.1 to 5.7 uM), mediator (from 0.9 to 3.2 mM), and
substrate (from 0.7 to 100.0 mM), concentrations. In all cases it was
possible to fit the experimental and simulated curves with the three
variable kinetic parameters Kys, kear and k kept within the values
given in Table 1; i.e. the same kinetic constants (+10%) were used for
over 100 voltammograms measured for very different concentrations,
and corresponding to different kinetic limiting cases.

Fig. 8 shows a comparison of typical experimental cyclic voltam-
metric data and simulation results. Panels a to e in Fig. 8 correspond to
the same mediator and enzyme concentration and increasing
substrate concentration (see figure caption). Panel f corresponds to a
different enzyme concentration and glucose saturation.

It is important to emphasise that the six simulated voltammograms
were obtained using the same set of values of Kys, ko and k (£10%).

It is apparent from Fig. 8 that the shape of the cyclic voltammo-
grams changes significantly with glucose concentration. At low
glucose concentration a peak shaped voltammogram is observed
with pronounced hysteresis between the anodic and cathodic sweep
directions. At higher glucose concentrations, the expected catalytic
wave is observed with minimum hysteresis.
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Very good agreement between the experimental and simulated
curves is observed over the whole potential interval. Note that the
simulation is valid in all cases even in regions of the case diagram close
to the boundaries between cases where the limiting analytical
equations fail to properly describe the experimental data.

For the conditions in Fig. 8, the concentration profiles of oxidised
enzyme, Os(Ill) mediator and substrate in the direction normal to the
electrode surface have been calculated at the end of the forward
sweep. These are shown in Fig. 9.

3.4. Effect of substrate depletion

As already reported elsewhere [1,5,32,33], substrate depletion at
the electrode surface has been observed in cyclic voltammetry at the
lowest substrate concentrations.

A clear indication of substrate depletion is provided by the shape of
the voltammograms at the lowest substrate concentrations. At the
beginning of the potential sweep the substrate is at its bulk
concentration, S., at the electrode surface and all the redox mediator
is in the reduced form. As the potential is made more positive the
concentration of Os(Ill) at the electrode surface increases in a
Nernstian fashion. The rate of the homogeneous reduced enzyme-
oxidised mediator reaction is relatively high, decreasing the concen-
tration of glucose in the solution adjacent to the electrode resulting in
a peak current above the limiting catalytic current. Above the peak
potential, the concentration of oxidised mediator is fairly constant at
the electrode surface while the glucose concentration continues to
drop, and in the backward sweep is depleted at the electrode. The
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Fig. 9. Simulated dimensionless concentration profiles at the end of the forward sweep of the cyclic voltammogram for the oxidised mediator (solid line), the oxidised enzyme
(dashed line); and the enzyme-substrate glucose (dotted line) as a function of distance to the electrode (box number). Same conditions as the corresponding panel in Fig. 8.
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observed hysteresis is due to a lower current during the backward
sweep as compared to the current on the forward sweep at the same
potential until the equilibrium potential of the Os(IIl)/Os(Il) redox
couple. However, negative of this equilibrium potential no cathodic
wave is observed since the Os(IIl) species at the surface are depleted
by reaction with the reduced enzyme. Increasing the redox mediator
concentration even further (above 1 mM) a cathodic peak develops in
the backward sweep and reaches the same peak height of the anodic
peak at zero glucose concentration as expected.

The concentration profiles show significant substrate depletion at
the electrode at low concentration consistent with the observed
hysteresis in the catalytic current (Fig. 9, panels a-d); and almost no
depletion at the highest glucose concentration.

Notice also that the enzyme is in its oxidised form only in a narrow
region close to the electrode surface while it remains in its reduced
form outside the enzyme-mediator reaction layer. At higher substrate
concentration this reaction layer is compressed towards the electrode
surface and the concentration of the oxidized enzyme at the surface is
progressively lower. As we increase the glucose concentration above
Kvs the enzyme-substrate reaction becomes faster and we move
towards the border with case 1.

3.5. Comparison of kinetic data

Table 1 shows a comparison of the kinetic data, kcas, Kyms, and k, for
homogeneous enzyme kinetics mediated by the soluble osmium
bipyridyl-pyridine complex derived using the different approaches
we have discussed. The results obtained from the simulations and
from the approximate analytical expressions are in very good
agreement. However the values of k../Kys are considerably larger
that the value obtained from the simple analysis in Fig. 3 and this is
because of the effect of inactivation of the enzyme in the earlier
experiments.

Selected values for the three kinetic constants for 3-p-glucose/GOx
and different redox mediators are shown in Table 2. Whilst it is
expected that the values for k change for the different redox mediators
one would expect that the values for k., and Kys which describe the
reaction of the enzyme with glucose would be the same, according to
the generally accepted ping-pong mechanism for the reaction.
[29,30,34-38]. However, the values in Table 2 for both k¢, and Kys
show considerable variation while the ratio kc.¢/Kws agree fairly well,
particularly the data for the ferrocene mediators.

The classical work on GOx mechanism and kinetics was done at pH
5.6, which is the optimal pH for reaction with the natural mediator, O,
[30]. Bright et al. have shown that all kinetic constants vary
significantly with the pH [29,36]. Work carried out in the biosensor
field, is usually conducted at pH 7. In an early work, Bright et al. [29]

Table 2
Comparison of kinetic data for homogeneous catalysis of glucose oxidase with different
soluble redox mediators at pH=7 (unless otherwise specified)

Mediator keat/s™' Kus/mM kM s™! keao/Kuis
M 1!
0, [29, 36] 900 68 16x10° 132x107
0, [30] (pH not specified) NR around 20 NR NR
0, [35] (pH=5.6) NR 33 NR NR
Ferrocenemethanol [39] 780 65 6.0x10° 1.20x10*
Ferrocenemethanol [40] 400 42 2.0x10° 0.95x10*
Ferrocenemethanol [32] 408 36 NR 113x10*
Ferrocenemonocarboxylic [39] NR NR 15x10° NR
Ferrocenemonocarboxylic [1] 497 29 22x10°  1.70x10*
Ferrocenemonocarboxylic [8] NR NR 6.0x10* NR
Ferrocenemonocarboxylic [6] NR NR 2.0x10° NR
Ferrocenedimethanol [32] 340 30 NR 113x10%
(ferrocenemethyl)Dimethylammonium [39] NR NR 1.0x10” NR
(ferrocenemethyl)Trimethylammonium [32] 233 27 NR 8.6x10°
Ferrocenemonosulfonate [8] 95 88 95x10*  11x10°

reported k=900 s™! and Kys=68 mM at pH 7. However, many

authors have compared their results obtained at pH 7 with Ky;s values
around 20-30 mM, which is the value reported for Kys at pH=5.6. The
value of Ky;s=68 mM at pH 7 was obtained from spectrophotometric
measurements with stopped flow and steady-state techniques for the
overall reaction, unlike the results for the artificial redox mediators
shown in Table 2, which were obtained with electrochemical
techniques.

Yokoyama et al. [32] reported similar values for Kys (within
experimental error) but different values for kg, for three different
ferrocene mediators and suggested that the lowest k., value, for
(ferrocenemethyl)trimethylammonium could be due to the positive
charge on the mediator molecule, which can electrostatically associate
with the negatively charged enzyme. This could also be the case for
our redox mediator, which also carries a positive charge.

We find three possible experimental effects that could lead to
apparent differences in Kys and ke,: i) effects of substrate depletion,
ii) low solubility of the redox mediator, iii) enzyme inactivation.

Substrate depletion leads to lower currents than expected at the
lower substrate concentrations and hence, would result in apparent
high values for Kys. The values of k. however, should be
independent of glucose depletion since they are obtained from the
limiting current at saturating glucose.

The ferrocene compounds in Table 2 are only moderately soluble in
aqueous solution. In order to be well away from the border between
cases I and VI, the condition mys>kg/k, where kg=~KcaSe/(Kyvs+Sw),
should be fulfilled [1,39]. If this is not the case, lower apparent values
of both k¢, and Ky;s would be obtained, since the maximum current at
glucose saturation will be lower than the expected current for
experiments performed well inside case VI. In the case of [Os
(bpy),CIPyCOOH]", as well as for most of the data reported in Table 2,
experiments would need to have been done at concentrations well
beyond the solubility of the redox mediator to be well into case VI. Due to
solubility limitations, however, the data was measured near the
boundary with case I, and hence the kinetics are not fully enzyme-
substrate limited. At the higher glucose concentrations, the enzyme-
mediator reaction is not fast enough and a lower plateau current is
reached. In our hands, a calibration curve in a [Os(bpy),CIPyCOOH]"
saturated solution (solubility 3.2 mM vs. 1.0 mM as most of the
experiments shown in this work) yielded a slightly higher value for k.,
(300£20vs. 23342257 1).

Enzyme inactivation leads to low apparent values for both k., and
Kys since the true plateau current would be never reached. Our value
for Kys is rather low when compared to other values shown in Table 2,
this might be related to rather high inactivation rate observed for our
enzyme.

Finally, we cannot rule out the effects of variation in the enzyme
kinetics for glucose oxidase from different suppliers arising, for
example, from differences in glycosylation of the enzyme
[1,5,20,37,39].

4. Conclusions

The reaction of glucose oxidase and osmium bipyridine-pyridine
carboxylic acid, [Os(bpy),CIPyCOOH]" (where py=pyridine), has been
studied in homogeneous solution using cyclic voltammetry and digital
simulation.

The limiting analytical solutions in the case diagram [4] and the
simulated cyclic voltammograms agree with experimental results for
the GOx/glucose/[Os(bpy),CIPyCOOH]" system. We have shown that
the combination of simulation and experiment is a powerful strategy
to extract kinetic data and to validate calculations with limiting case
equations. More than 100 separate experimental cyclic voltammo-
grams were compared to the simulation results by iteratively
adjusting the three kinetic parameters for the substrate-enzyme
reaction: Kys=10.8 mM, ke,=254 s~ ! and for the redox mediator—
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enzyme reaction, k=2.2x10> M~! s™L [t is important to emphasise
that a sufficiently large set of experimental data covering the full range
of enzyme, mediator and substrate concentrations should be used in
the analysis.

During these experiments, inactivation of the enzyme in concen-
trated glucose solutions (k;=2.9x10™ s™!) and significant substrate
depletion at low glucose concentrations has been found. The
extraction of kinetic parameters is limited at very low substrate
concentrations by depletion of the substrate close to the electrode
surface, while at high substrate concentrations the inactivation of the
glucose oxidase in its reduced form outside the oxidised enzyme-
substrate reaction zone, together with the limited solubility of the
redox mediator limits the analysis.

It seems that the ratio kc.¢/Kys is less influenced by the parameter
extraction process than the individual values of ke and Kys
separately.

The combined analysis described in this work is generally applicable
to a wide range of homogeneous mediated enzyme systems.
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The interaction of thrombocyte vesicles with the surface of metal electrodes, i.e., mercury, gold and gold
electrodes modified with self assembled monolayers (SAM), was studied with the help of chronoampero-
metry, atomic force microscopy, and quartz crystal microbalance measurements. The experimental results
show that the interaction of the thrombocyte vesicles with the surface of the electrodes depends on the
hydrophobicity of the latter: whereas on very hydrophobic surfaces (mercury and gold functionalized with
SAM) the thrombocyte vesicles disintegrate and form a monolayer of lipids, on the less hydrophobic gold
surface a bilayer is formed. The chronoamperometric measurements indicate the possibility of future
applications to probe membrane properties of thrombocytes.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Thrombocytes, also called blood platelets, are small cells which
rapidly form a haemostatic plug at sites of vascular injury to prevent
haemorrhage. They are also involved in the occlusion of blood flow by
the formation of a primary thrombus and are involved in tissue injury,
inflammation and wound healing, as well as in attracting and binding
of leucocytes. They have ultrastructural, physiological and biochem-
ical characteristics different from those of other cells. They have no
nucleus, only small amounts of rough endoplasmic reticulum, no Golgi
complex and no centrioles, but they contain intracellular granules
enclosed by a membrane [1]. These granules are divided in at least
three types: alpha, dense and lysosomal, each of which contains
certain kinds of polypeptides [2]. They play an important role in
primary haemostasis, blood coagulation and in occlusive vascular
diseases [3]. In the case of damaged blood vessels, platelets adhere to
subendothelial tissue via von Willebrand factor and collagen, undergo
shape change and activation, release ADP and procoagulatory
coagulation factors, and recruit other platelets, finally forming a
haemostatic plug. In the activated platelet, the membrane exposes by
flip-flop mechanism the inner membrane layer to the outside. The
exposed phospholipids form the catalytic surface for activation of the

* Corresponding author. Tel.: +49 3834 86 4450; fax: +49 3834 86 4451.
E-mail address: fscholz@uni-greifswald.de (F. Scholz).
! pPresent address: Uppsala University, Department of Physical and Analytical
Chemistry, Div. of Physical Chemistry, Box 579, SE-751 23 Uppsala, Sweden.

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.08.003

coagulation cascade which finally results in generation of thrombin,
formation and crosslinking of fibrin, which leads to consolidation of
the haemostatic plug.

The adhesion of thrombocytes on different substrates has been
recently the subject of study in order to determine the blood com-
patibility of several materials with different physical surface proper-
ties [4-8]. Among others, the role played by the hydrophobicity of the
material has been determined to be of high importance to produce or
avoid platelet adhesion on such surfaces. In the present work, the
differences in the mechanism of adhesion of platelet vesicles on
hydrophilic and hydrophobic substrates was studied, and the chrono-
amperometric method described in previous publications [9-12] is
shown to be a valuable tool to study the adhesion of platelet vesicles
on hydrophobic substrates.

In previous studies of liposomes [9-12] we could show that the
interaction between a charged mercury surface and multi- and
unilamellar liposomes leads to capacitive signals that give a detailed
insight into the mechanism of adhesion and spreading. The kinetics of
these processes resembles the kinetics of vesicle fusion. Here we
describe experiments with thrombocyte vesicles. These vesicles are
closed unilamellar shells formed from intracellular granule mem-
branes and outer cell plasma membranes when membranes are
mechanically disrupted [13,14]. They form spontaneously when the
membrane is broken. The vesicles retain little or no cytosol and
intracellular organelles. Very similar to liposomes, thrombocyte
vesicles dispersed in isotonic aqueous potassium chloride solutions
also produce adhesion-spreading signals on mercury electrodes, and
here we report the characteristic features of that process.
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2. Experimental

Potassium chloride (Suprapur®, MERCK, Darmstadt, Germany)
was exclusively used as electrolyte. The water was purified in a
Millipore unit. Before measuring, the suspensions were deaerated for
20 min with high-purity nitrogen. Electrochemical measurements
were performed with an AUTOLAB PGSTAT 12 (Eco Chemie, Utrecht,
Netherlands) interfaced to a P4 PC in conjunction with an electrode
stand VA 663 (Metrohm, Herisau, Switzerland). A multimode mercury
electrode served as working electrode, the auxiliary electrode was a
platinum rod, and an Ag|AgCl (3 M KCI, E=0.208 V vs. SHE) electrode
was used as reference electrode. The surface area of the mercury drop
was 0.48 mm?, as determined by weighting 50 drops. The chrono-
amperometric measurements were performed within 1 s with sam-
pling each 50 ps.

Concentrated suspensions of isolated blood cells (erythrocytes,
MRP5 and V33 cells) and thrombocyte vesicles (with the plasma
membrane of thrombocytes separated from the other subcellular
fractions (granules and lysosomes)) were prepared following a novel
procedure described in a recent publication [15]. The concentration of
the thrombocyte vesicle suspension was around 3x10'! vesicles per
mL. The suspensions were stored at —20 °C and used within a week.
For the chronoamperometric experiments, the necessary amount of
suspension was diluted in 25 ml of isotonic KCl solution. Chrono-
amperometric measurements were performed at room temperature
and with varying the potential in 100 mV steps between -1.0 and 0.0 V
vs. Ag|AgCl. For each potential 10 measurements were performed. In
all measuring curves a peak search with the program Signal Counter
[16] was used to identify the peak shaped signals. Unless stated
otherwise, only peaks with an area larger than 0.8 pC were counted
and analyzed, since smaller peaks cannot be distinguished from
background noise with the necessary statistical confidence.

A QCM200 quartz crystal microbalance digital controller with a
QCM25 5 MHz crystal oscillator (Stanford Research Systems, Stanford,
USA) was used to perform the quartz crystal microbalance measure-
ments. The surface area of the crystal was 0.4 cm? Before the
measurements, the crystals were treated with piranha solution (one
part 30% hydrogen peroxide, and 3 parts concentrated sulphuric acid)
in order to remove any adsorbed substances, rinsed with deionized
water and dried under nitrogen flow. The crystals were used
immediately after cleaning to avoid degradation of the hydrophilic
surface. For the study of the adhesion on hydrophobic substrates, the
crystals were kept overnight in a solution of n-hexanethiol in ethanol
(20% volume) in order to form a hydrophobic self assembled mono-
layer (SAM). Previous to the measurements, the microbalance was let
to equilibrate overnight in 175 mL of an isotonic KCl solution and 85 pL
of the concentrated thrombocyte vesicles suspension were added
afterwards. Then the system was kept unaltered over a period of 30 to
50 h, recording the changes in the oscillation frequency and the
motional resistance each 0.25 s. Two kinds of experiments were
performed: the adhesion of thrombocyte vesicles at clean hydrophilic
gold, and the adhesion of thrombocyte vesicles at the hydrophobic
SAM modified gold.

Surface images were recorded with a Multimode Atomic Force
Microscope (AFM) with Nanoscope Illa controller and “E” scanner
(Digital Instruments, Santa Barbara, CA). The “E” scanner exhibits a
maximum scan area of 10x 10 pm?, a vertical range of 2.5 pm and was
height calibrated using a TGZ01 grating (MicroMasch, Estonia; step
height 26 nm) and linearized using a PG grating (Digital Instruments;
1 pm pitch). The images were recorded with tapping mode in liquid
using standard tapping mode cantilevers (DNP-S, Veeco, Dourdan,
France). Images were obtained at the same position but following
increasing adsorption times (scan size 8 pmx8 pum).

Due to the adsorption of thrombocyte vesicle parts (membranes,
membrane proteins etc.) one expects to find structures with a height
of the order of several nanometres. The root mean square (RMS)

roughness of the gold films is unfortunately approx. 3 nm. Hence the
usage of such films for AFM imaging is not suitable in our case.
Therefore we created ultraflat gold surfaces according to Stamou et al.
[17] as follows: Gold was evaporated onto a RCA cleaned silicon wafer.
Then RCA cleaned microscope slides were glued onto the gold film
using an UV cureable glue (NO 68, Norland Adhesives, Cranbury, NJ).
Ultraflat gold surfaces are then obtained by breaking the slide from
the silicon wafer. The adhesion of gold to the glue is much better than
to the silicon wafer, leading to a complete transfer of the gold film
from the silicon to the slide. Silicon is atomically flat and thus this
transfer leads to very flat surfaces (RMS roughness approx. 1 nm).

The slides were broken from the wafer directly before measure-
ment. The surface was mounted into the fluid cell of the AFM and
allowed to equilibrate for at least 1 h in Millipore water before a
reference image was recorded. Then the fluid cell was filled with
thrombocyte vesicle suspension in isotonic KCI (approx. 108 vesicles
mL™!) and images were recorded every 20 min.

3. Results

Whereas suspensions of thrombocyte vesicles exhibit a frequency
of adhesion events of 13 5! (50 pL of concentrate in 25 mL of isotonic
KCl; at E=-0.9 V vs. Ag|AgCl), suspensions of erythrocytes, V33 and
MRP5 cells gave only very sporadic adhesion signals with frequencies
between 1 and 2 s~ . It is very unlikely that these sporadic signals are
caused by the erythrocytes, V33 and MRP5 cells, since their con-
centration was as high as that of the thrombocyte vesicles. Therefore
we take these few signals as caused by contaminations, possibly
thrombocytes. All further studies were performed with thrombocyte
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Fig. 1. Capacitive peaks obtained by performing chronoamperometry in a thrombocyte
vesicle suspension (50 pL of concentrate in 25 mL of isotonic KCl) at,a) -0.4 V,b) -0.6 V
vs. Ag|AgCl.
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vesicles only. For a better understanding of the interaction of the
mercury surface with the thrombocyte vesicles, the potential of the
mercury electrode was varied and the frequency and sign of the
detected capacitive signals was determined. Fig. 1 shows capacitive
peaks arising from individual adhesion-spreading events at different
electrode potentials.

Obviously, positive peaks are detected at potentials negative of the
point of zero charge (pzc: -0.45 V vs. Ag|AgCl) and negative peaks at
potentials positive of the pzc. Fig. 2 depicts a plot of the frequency of
these peaks (i.e., the frequency of measurable adhesion-spreading
events of thrombocyte vesicles on the mercury surface) versus elec-
trode potential.

Very interestingly, completely like in case of liposomes [9-11], the
peaks change their sign at the pzc, i.e., they are practically not
detectable at the pzc. This key experiment cannot be understood
when the thrombocyte vesicles would only adhere at the mercury
surface keeping their own characteristic surface charge. If that would
happen, the signals should behave as in case of charged clay particles
[18] and marine algae [19], i.e., they should change their sign at a
potential that is different from the pzc, i.e., at a potential at which the
surface charge of the mercury exactly compensates the surface charge
of the thrombocyte vesicles. Since the surface charge of thrombocytes
is —2.45 uC cm ™2 [20], and assuming it to be similar to that of the used
thrombocyte vesicles, this would correspond to an electrode potential
positive of pzc, exactly —0.359 V vs. Ag|AgCl for the used electrolyte.
These results allow only one conclusion: The thrombocyte vesicles
disintegrate and form an adsorbed layer of the membrane constituting
molecules. Only when that happens, adhesion peaks can be observed
at potentials negative to the pzc [18,21]. Therefore we conclude that
the thrombocyte vesicles interact with the hydrophobic mercury
surface in a very similar manner like liposomes.

In order to determine the final state in which the thrombocyte
vesicles are found after the adhesion-spreading on the hydrophobic
mercury surface, and for determining the mechanism of adhesion of
the thrombocyte vesicles on different substrates, quartz crystal
microbalance (QCM) measurements were performed. Fig. 3 shows
the changes of the oscillation frequency (Af,) and of the motional
resistance (ARy,) when the microbalance is immersed in a thrombo-
cyte vesicles suspension. Two different substrates were used in these
experiments: (i) gold, having a hydrophilic surface, and (ii) gold
covered with a hydrophobic self assembled monolayer (SAM).

The curves depicted in Fig. 3 clearly show that the adhesion-
spreading process is different depending on the used substrate. Other
QCM studies have demonstrated that the adhesion of cells on the
crystal follows different mechanisms and produce different final states
depending on the type of cells as well as on the used substrates
[22,23]. If the cells are destroyed and form either a lipid bilayer or
monolayer on the surface of the QCM crystal surface, the dissipation
factor—and therefore the change in the motional resistance—should
have a relatively low value, as a rigid adsorbed film that does not slip
on the surface is formed. The weight increase detected by the
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Fig. 2. Potential dependence of the peak frequency. Squares: Negative peaks. Triangles:
Positive peaks.

(a) 150 -
Addition of thrombocyte vesicles
0
On SAM Af ~-96 Hz
N o
I
=
=]
“a -150
On gold Af ~ -285 Hz
-300 -
0 10 20 30
t/h

(b) 120 - Addition of thrombocyte vesicles

80 On Gold AR_ ~ 100 Q

40 On SAM AR_~40Q

AR,/ Q

T ¥ T i T d 1

0 10 20 30
t/h

Fig. 3. Dependence of a) the oscillation frequency changes (Af,), and b) changes of the
motional resistance (AR,,) on time as measured with a quartz crystal microbalance
(QCM) for the thrombocyte vesicles adhesion on a hydrophilic (gold) and on an
hydrophobic (SAM on gold) substrates.

microbalance would then, according to the Sauerbrey equation [24],
be proportional to the change of the oscillation frequency Af,:

Afoz—ﬁAm:— fo Am = -CAm 1)
quq pqtq
where pq and v are the specific density and the shear wave velocity of
quartz, respectively, t, is the thickness of the quartz plate, m is the
mass per unit area of the formed film. Thus it follows that the
following relation holds: C=f,(pqty)". However, if the formed film is
not rigid (adhesion of intact cells, for example), the change in the
oscillation frequency would be proportional to the substrate-adhering
material contact area and would correspond only to an effective mass,
rather than to the actual mass of all the cells, vesicles or other soft
materials attached to the crystal [22]. Changes of the oscillation
frequency will also be affected by the viscoelastic properties of the
material, by changes of its morphology and by interfacial interactions
between the substrate and the material [25]. In the case of the
adhesion of cells, both the membrane and the cytoplasm may cause
deviations from the Sauerbrey equation, and, therefore, it is not easy
to determine quantitatively the actual mass deposited on the crystal
[23,26,27]. Soft materials and/or thick layers of materials, such as cells
and vesicles, produce also a large dissipation factor when they attach
to the surface, as they are less compact and subject to larger
deformations under shear stress [28,29], what would result in a
large increase of the motional resistance [30] (by hundreds or even
thousands ohms). For this kind of films, Rodahl et al. [28] developed a
model by which the shift of the resonance frequency and that of the
dissipation factor were analyzed together to get information on the
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adsorption process of viscoelastic films when the QCM is oscillating in
a liquid. Based on that model, ADs versus Af, curves have to be
analyzed. Here, ADs is the shift in the dissipation factor, which is
proportional to the resistance change ARy, (Ds=®CyRy,,, where o is the
angular frequency at series resonance and C, is the motional
capacitance). These curves are taken as “fingerprints” of the cell-
surface interactions [23,28].

The analysis of the adhesion on the hydrophilic gold surface will be
discussed first. The ARy, vs. Af;, curve for this case is shown in Fig. 4.
The relationship is almost linear, with a small but clear discontinuity
at Af,=-45 Hz. At frequency differences above -250 Hz the dR, /df, is
slightly decreasing.

As the shift of the oscillation frequency Af, is related to the
attached mass and/or the coverage of the gold surface, the obtained
results show that the process causes always the same dissipation per
mass/coverage unit (considering always a direct proportionality
between the dissipation factor and the motional resistance). This
coupling of the changes of the oscillation frequency and the motional
resistance indicates changes of the viscosity of the contacting liquid
resulting from an increase of the number of substrate-thrombocyte
vesicle contacts [27], suggesting a uniform adhesion process with
time. Wegener et al. [31,32] have reported that the epithelial cell line
MDCK-I and the Swiss-3T3 fibroblast produce a frequency shift of the
order of what we observed during the adhesion of thrombocyte
vesicles (320+20 Hz and 240+ 15 Hz, respectively), while they report a
rather large change of the motional resistance (755+35 () and 280+
20 Q respectively). These responses arise from the number of cell-
substrate contacts and the resulting contact area [33,34]. 3T3 fi-
broblasts are rather large cells (surface area=745+30 pm?) that are
known to touch the substrate only at small areas, with the rest of the
basal plasma membrane further apart, while the smaller epithelial
cells (surface area=270+15 pm?) attach firmly to surfaces with most
of the basal plasma membrane in contact with the substrate.
Thrombocytes are known to be smaller than these cells, and they
are also known to spread on several substrates giving rise to large
contact areas. When they spread (as intact cells), they may have a
contact area of up to 80 um?. The platelet vesicles used in this study
are smaller than intact thrombocytes, and a large number of them
would be required to cover the whole area of the oscillator The
determined change in the oscillation frequency (285 Hz); however, is
lower as would be expected for the large number of vesicles needed to
cover the whole electrode if they would behave as in the cases
described above. On the other hand, the shift of the motional
resistance (100 Q) is also too low to account for the close packed
adhesion of spread intact thrombocyte vesicles. Three main possibi-
lities can be considered: (i) the surface of the resonator is just partially
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Fig. 4. Changes of the motional resistance (ARy,) versus oscillation frequency changes
(Af,) for the adhesion of thrombocyte vesicles on a QCM with a hydrophilic gold surface.
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Fig. 5. Changes of the motional resistance (AR ) versus oscillation frequency changes (Af;)
for the adhesion of thrombocyte vesicles on a QCM with a hydrophobic SAM on gold surface.

covered, (ii) the thrombocyte vesicles attach but do not spread, (iii) they
not only spread, but a strong gold-membrane interaction produces the
rupture of the plasma membrane and its adsorption as a rigid lipid
bilayer with other membrane components embedded in the lipid
matrix. The attachment of intact thrombocyte vesicles is very unlikely to
occur without giving rise to larger resistance shifts. Even with the larger
3T3 fibroblasts the reported shift is three times what is observed in the
present case. Considering incomplete coverage, the change of the
motional resistance is too small to account for such a large change of the
oscillation frequency (see, for comparison, the data for the epithelial cell
line mentioned above). The formation of an adsorbed lipid bilayer with
incorporated proteins and other membrane components is more likely
to occur. Such bilayer formation can explain the comparatively small
change of the motional resistance and also the rather large change in the
oscillation frequency. The bilayer membrane of the thrombocyte vesicles
is composed of phospholipids (with tail lengths of 18 to 20, and up to 24
carbon atoms), a great amount of proteins (1.7 g of protein per gram of
lipid), and a high concentration of cholesterol (20-30% molar fraction of
the total lipid content) forcing the lipids to pack closely together
[1,14,35-40]. These properties of the membrane cannot account
completely for the rather large mass density calculated using the
Sauerbrey equation (5 pg cm™2 for the recorded Af,). However, it is
necessary to recall that this relationship is not applicable to viscoelastic
systems as the one studied here. The fluidity of the bilayer and its
fluctuations on the surface of the gold substrate very likely affect the
recorded values of Af,.

Fig. 5 shows the fingerprint curve ARy, vs. Af, for the case of the
adhesion of thrombocyte vesicles on a hydrophobic surface (the SAM
covered gold layer).

The curve exhibits striking differences with respect to that shown
in Fig. 4: It is non-linear and it shows distinct steps of different height
and steepness. The vertical lines resulting from time intervals with
zero Af, change are due to very slow processes (defining the rate of the
process as the rate of coverage, that is, the change of Af, with time). It
is obvious that fast and slow processes alternate, the former cor-
responding to those with small or negative values of dR,/df,, and the
latter corresponding to large changes of the motional resistance with
respect to Af,. According to previous reports on QCM studies of cell
adhesion [22,23], high values of dR,, / df, are related to the adhesion of
non-spreading cells with a very small contact area, while lower values
of dRy,/ df, account for processes in which the contact area increases
faster than the energy dissipation (which would occur during
spreading). According to these reports, the mechanism of cell ad-
hesion involves the initial physical contact, the secretion of micro-
exudates to drive the spreading, the actual spreading of the cell
(leading to changes in the QCM signal), a modification of the adhesion
properties (strength, number of proteins involved, etc.), and changes
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(a)

of the cell cytoskeleton. All these processes have an effect on the QCM
responses.

Table 1 shows a summary of the steps observed in Fig. 5, the
change in the oscillation frequency and motional resistance observed
during each step and the average values of the slope dRy/dfo.
According to the data given in Table 1, a fast process (A) with low or no
change in the motional resistance is observed at the beginning of the
measurement. In that segment, the slope dR,,/df, is rather small,
meaning that the process involves the coverage of a large area and a
low energy dissipation. Such behaviour can be explained either by an
adsorption of a rigid layer, or by an adsorption of cells with a large
contact area where the rest of the membrane is still further away from
the surface. However, spread thrombocytes or thrombocyte vesicles
are almost flat, meaning that the area which is not in direct contact
with the gold surface is close enough to it as to be capable of
generating a large increase in the motional resistance. This first step
may then account for the adsorption of other components of the
thrombocyte vesicle suspension. In fact, AFM studies on a gold surface
showed that during the first hour of exposure of the substrate to the
thrombocyte vesicles, small islands of adsorbed material are formed
which do not correspond to thrombocyte vesicles, as their area is too
small (Fig. 6-a), although their height corresponds to that of an
adsorbed lipid bilayer (Fig. 6-b).

In the QCM measurements, this segment of the ARy, vs. Af; is
similar for both, hydrophilic and hydrophobic substrates. The second
step (B in Table 1) is slow and has a large value of dR,,/df,. Such
behaviour is indicative of an attachment and spreading of intact
thrombocyte vesicles with a large contact area and a large portion of
the plasma membrane close enough to the electrode as to generate a
large dissipation. Notice that the process is relative slow, as the
suspension is quite diluted and the number of thrombocyte vesicles
reaching the resonator and overcoming the activation energy
necessary for this first adhesion is low. Once the thrombocyte vesicles
are attached, all other processes involved in the mechanism of cell
adhesion occur concurrently. The following segment (C) involves a
very fast decrease on the oscillation frequency while no significant
change in the resistance is observed. In analogy with the behaviour of
liposomes on mercury, it is possible that this step is the opening of
that part of the bilayer being in direct contact with the substrate, i.e.,
that this step involves the rearrangement of the lipid molecules in
such way as to expose their lipophilic tails to the SAM surface. This will
produce a larger area of contact, detected as an increase in the
oscillation frequency, as the inner lipid monolayer will find its way to
the surface, whereas the motional resistance will not change as the
source of the energy dissipation (the membrane not in contact with
the surface) remains unaltered or undergoes only slow changes. This
process occurs almost immediately after the attachment, but at the
beginning the supply of thrombocyte vesicles by diffusion is fast
causing the change in the motional resistance to be larger than the
change in the oscillation frequency (segment B). Once the supply is
slowed down, the bilayer opening controls the process (segment C).
Segment D corresponds to the saturation of the surface. Less
thrombocyte vesicles can attach or open, and a rearrangement of

Table 1
Summary of the different segments forming the QCM response for the adhesion of
thrombocyte vesicles on a SAM modified gold surface

Step  At/h  (dRn/df)/(Qs)*  ARm/Q  |ALlI[Hz  (IAfl/Af)[Hzh™!
A 04 0.14 11 8.6 215

B 1 057 35 6.4 64

C 02 0.09 0.9 7.9 395

D 55 0.75 6.2 12 22

E 31 012 14 161 5.2

F 19.8 055 146 27 14

G 17.9 11 13.95 133 0.74

* from absolute values of Af;.
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Fig. 6. a) Topography of an ultraflat gold surface (RMS roughness approx. 1 nm) 20 min
after immersion in a thrombocyte vesicle suspension in isotonic KCI (approx. 108 vesicles
mL™"). The colour bar gives the height of the structures in nm and the scale bar (bold
black line at the bottom) corresponds to 1 pum. The adsorbed particles exhibit an
irregular shape. They appear as white areas due to the colour coding. b) Histogram of
the maximum height observed in the 512 rows forming the AFM image on the left. The
first peak measures the substrate height, the second the average adsorbed particle
height, which is 13 nm. The inset gives an exemplary height profile of the surface
(section along the narrow black line of Fig. 6-a) and confirms that the second peak in the
histogram is created by the adsorbed particles. Furthermore this section shows that the
adsorbed particles constitute only a fraction of a thrombocyte bilayer (diameter >2 pm
was found with an optical microscope).

the membrane that is not yet in contact with the surface is responsible
for the increase of the motional resistance. Such rearrangement, again
comparing it with the behaviour of liposomes, must be related to the
stretching of the membrane, the formation of a pore and the squeez-
ing out of its contents. These rearrangements are coupled with the
filling of the intercellular space, covering the surface that was still free
of adsorbed material (segment E) and which will correspond to a
spreading process analogue to that described before for the liposomes.
The small but clear decrease in the motional resistance at the
beginning of segment E, suggests the formation of a rigid adsorbed
film and supports the mentioned assumption. Segments F and G
represent the saturation of the surface, meaning that there may be
free space for the thrombocyte vesicles to attach, but not enough
space for spreading, neither for intact vesicles nor for lipid mono-
layers. This proposed mechanism agrees well with what is observed in
the chronoamperometric measurements. However, it is necessary to
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point out that the QCM response for the adhesion of a great quantity of
thrombocyte vesicles covers hours, whereas the chronoamperometric
signals arising from the adhesion of one single thrombocyte vesicle
have a duration of just some milliseconds. The processes involved in
the individual thrombocyte vesicle adhesion and spreading must be
also fast, and they all occur concurrently.

The recorded change of the oscillation frequency for the adsorption
on SAM is 34% of that determined for the adsorption on gold.
Assuming that a bilayer is formed on gold, and a monolayer on SAM, it
was expected to record exactly a decrease of 50% for the latter case.
However, it is very likely that in the bilayer some soluble molecules
(small proteins, short fatty acids, carbohydrates) are kept, that are
released when the bilayer is destroyed. Furthermore, the rupture of
the bilayer will cause transmembrane proteins to rearrange in order to
minimize the contact of their hydrophobic parts with the electrolyte
solution. They will accommodate parallel to the membrane plane,
occupying a larger surface area. As the concentration of protein in the
membranes is quite high, this rearrangement, together with
the solubility of some membrane components, may easily account
for the recorded lower oscillation frequency. Also, the viscosity of the
adsorbed lipid monolayer may differ from that of a bilayer, affecting
also the recorded value of Af,. The rather high frequency shift on a
gold surface coupled with a relatively small change in the motional
resistance is indicative of a rather rigid film, and thus the possibilities
are either a lipid bilayer or a lipid monolayer. As on SAM a smaller
decrease of the oscillation frequency is determined, it is safe to assume
that a bilayer forms on gold and a monolayer on SAM.

In previous publications [10,11] we have shown that the integrated
current transients of the adhesion and spreading of liposomes ob-
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Fig. 7. Charge vs. time transients at potentials of a) 0.0 V, and b) -0.6 V vs. Ag|AgCl. Solid
lines represent the fitted curves.

Table 2
Average error of the fitting parameters for the signals obtained at different potentials
Potential Signals Average Average Average Average Average
integrated error on Qy error on Q; error on Ty error on Q error on T,
0.0V 5 1000% 400% 178% 250% 320%
-01VvV 8 321% 195% 101% 19% 118%
-04V 4 1250% 13.5% 10.3% 5% 5%
-06V 5 140% 44% 78% 15% 36%
-08V 9 471% 52% 30% 16% 18%
-0V 9 1250% 41% 37% 6% 13%

tained using chronoamperometry can be modelled with the following
simple equation:

Q =Qo+ Qi(1-exp(t/71)) + Q(1-exp(t/72)) )

in which the right side represents three processes: a very fast
“touching” or “docking” process given by the first term (called
“interaction-docking”), a first order process with a time constant 74
which is caused by the initial rearrangement of the molecules in the
initial contact configuration (here called the bilayer opening step), and
finally a second first order process with a time constant 7, resulting
from the breaking up of the membrane, its spreading on the electrode
surface and the formation of an adsorbed monolayer (here called the
rupture-spreading step).

Fitting the signals of thrombocyte vesicles with Eq. (2) shows that
for electrode potentials negative with respect to the pzc, the precision
of fitting is acceptable (Fig. 7-b); however for potentials positive vs.
the pzc, the average errors of the fitting parameters are unacceptable
large, i.e., the model is most probably wrong (cf. Table 2, and Fig. 7-ain
which the fitting of a charge transient for one adhesion-spreading
event is given as an example). Since the thrombocyte vesicles possess
a negative surface charge [20], their attachment on a positively
charged electrode surface will certainly involve an attractive coulom-
bic interaction, which may slow down the disintegration process and
completely change the kinetics of adhesion and spreading. For a
negatively charged electrode, an initial repulsion of the negatively
charged thrombocyte vesicles must be effective; however, the
disintegration of the cell membrane and the adsorption of the
hydrophobic tails of the lecithin molecules will quickly and irrever-
sibly initiate the interaction-docking, bilayer opening and rupture-
spreading of the membrane on the mercury surface. The time constant
of bilayer opening 7 is in the range of 8.5x107° to 2.2x10™*s, and the
time constant of rupture-spreading 7, is in the range of 3.8x10% to
8.5x107*s. The data are rather similar to the time constants found for
unilamellar and multilamellar DMPC liposomes [10,11].

4. Conclusions

The described experiments allow drawing the following conclusions:

(i) Thrombocyte vesicles interact with the hydrophobic surface of a
mercury electrode in a way that is similar to the interaction of
lecithin liposomes with the same surface, i.e., their membrane
disintegrates irreversibly and the membrane constituents spread
on the electrode surface.

(ii) Thrombocyte vesicles belong to a very small group of biological
vesicles and cells showing such adhesion-spreading behaviour
on mercury. Only some other cells (e.g., the alga Dunaliella
tertiolecta [19]) exhibit similar interactions, although none of
them has been reported to actually disintegrate as in the pres-
ent case.

(iii) It is easy to speculate that the well-known exceptional flexi-
bility of thrombocyte membranes is the reason that they are
able to undergo the observed irreversible adhesion-spreading
events on mercury.
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At this stage of studies it is not possible to say whether the ob-
served irreversible adhesion-spreading events also proceed on other
very hydrophobic surfaces. Possible candidates would be solid and
liquid paraffins, teflon, etc. Future studies should be focused on that
question. Another direction of future research is to study how certain
diseases will affect the kinetics of adhesion-spreading events of
thrombocyte vesicles. As it is known that some diseases change the
membrane of thrombocytes, a measurable effect can be expected.
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The flower-like gold nanoparticles together with spherical and convex polyhedron gold nanoparticles were
fabricated on boron-doped diamond (BDD) surface by one-step and simple electrochemical method through
easily controlling the applied potential and the concentration of HAuCl,. The recorded X-ray diffraction (XRD)
patterns confirmed that these three shapes of gold nanoparticles were dominated by different crystal facets.
The cyclic voltammetric results indicated that the morphology of gold nanoparticles plays big role in their
electrochemical behaviors. The direct electrochemistry of hemoglobin (Hb) was realized on all the three
different shapes of nanogold-attached BDD surface without the aid of any electron mediator. In pH 4.5
acetate buffer solutions (ABS), Hb showed a pair of well defined and quasi-reversible redox peaks. However,
the results obtained demonstrated that the redox peak potential, the average surface concentration of
electroactive heme, and the electron transfer rates of Hb are greatly dependent upon the surface morphology
of gold nanoparticles. The electron transfer rate constant of hemoglobin over flower-like nanogold/BDD
electrode was more than two times higher than that over spherical and convex polyhedron nanogold. The
observed differences may be ascribed to the difference in gold particle characteristics including surface
roughness, exposed surface area, and crystal structure.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

As a high performance material with many extreme properties,
conductive boron-doped diamond (BDD) is an alternative to tradi-
tional carbon electrodes that provides superior chemical and physical
features including a wide electrochemical potential window in either
aqueous or non-aqueous media, very low capacitance, low back-
ground currents, low adsorption of organic molecules, high electro-
chemical stability, and high resistance to fouling and insensitivity to
dissolved oxygen [1-3]. The properties mentioned above make BDD
an ideal substrate for biosensor. However, it is usually very difficult for
redox protein to realize direct electron transfer on as-grown BDD
electrode. Many methods have been developed to modify or
immobilize different biocompatible materials on BDD surface to
promote the electron transfer [4-7].

Metal nanoparticles are attracting increasing attention in recent
time and have been used in many electrochemical, electroanalytical
and bioelectrochemical applications owing to their interesting size
and large specific surface area and extraordinary electrocatalytic
activity which are entirely different from their bulk metal counter-
parts [8-12]. Gold nanoparticles, in particular, have been widely used
to bioanalytical applications and the construction of biosensor

* Corresponding author. Tel.: +86 21 65981180; fax: +86 21 65982287.
E-mail addresses: g.zhao@mail.tongji.edu.cn, ghzhao.tongji@hotmail.com,
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because of their excellent ability to immobilize biomolecules and at
the same time retain the biocatalytic activities of those biomolecules
[13-16].

Hemoglobin (Hb) is a kind of heme protein that contains four
polypeptide chains, each of which has one electroactive iron heme as a
prosthetic group. Hb stores in blood and functions as oxygen deliverer
which is of great help to living activities. Investigation of the
heterogeneous electron transfer process between electrode surface
and Hb is very important for the fundamental studies as well as the
impetus for the further developments of bioreactors and biosensors.
However, Hb displays poor redox kinetics at conventional electrodes
due to the sluggish electron transfer. As we know, the electroactive
center of Hb is usually buried deeply inside the non-conductive
peptide chains, resulting in inaccessibility of its electroactive center to
the electrode surface. On the other hand, this slow electron transfer
may be caused by the unfavorable orientation of Hb molecules on the
electrode surface, which increases the distance between its heme
center and electrode surface, and the adsorption of impurities, which
block the electron communication between heme and electrode and
make it denature. Thus, the investigation of the direct electrochem-
istry of Hb is of importance for the understanding of the structure-
function relationship of Hb. Many researchers have focused their
attentions on the enhancement of the electron transfer of Hb by using
nanostructured gold as mediators or promoters [17-22]. Gold
nanoparticles have been attached onto glassy carbon electrode surface
through sulfhydryl-terminated monolayer and a pair of well-defined



mailto:g.zhao@mail.tongji.�edu.cn

mailto:ghzhao.tongji@hotmail.com

mailto:ghzhao@tongji.�edu.cn

http://dx.doi.org/10.1016/j.bioelechem.2008.08.004

http://www.sciencedirect.com/science/journal/15675394



218

Fig. 1. SEM images of the gold nanoparticles electrodeposited on BDD surface
(A) Flower-like nanogold prepared from 0.2 M H,SO, solution containing 2 mM
HAuCl, and (B) Spherical nanogold prepared from 0.2 M H,SO,4 solution containing
0.2 mM HAuCl, with the deposition potential at +0.5 V vs Ag/AgCl, (C) Convex
polyhedron nanogold prepared from 0.2 M H,SO4 solution containing 2 mM HAuCl,
with the deposition potential at 0.1 V vs Ag/AgCl, (D) bare BDD.

redox peaks with formal potential of about -0.085 V for Hb was
obtained on this modified glass carbon electrode. The apparent
heterogeneous electron transfer rate constant was 1.05 s ! [19]. The
direct electrochemical behavior of Hb on gold nanoshells modified
indium tin oxide electrode has been investigated and the formal
potential obtained on this modified electrode was -0.265 V, and the
electron transfer rate constant was 2.39 s~ ! [21]. Hb was immobilized
successfully on nanometer-sized gold colloid particles associated with
a cysteamine monolayer on a gold electrode surface, and the direct
electron transfer between Hb and the modified electrode was
achieved; the formal potential of Hb was —0.051 V and the electron
transfer rate constant was 0.49 s~ ! [22]. As we can see, the size, shape
of the metal nanoparticles and the substrate on which nanostructured
gold modified play key role in the electrochemical behavior of Hb.
Therefore, in this work, different morphology of gold nanoparticles

M. Li et al. / Bioelectrochemistry 74 (2008) 217-221

will be electrodeposited on BDD substrate and their electrocatalytical
activities to Hb will be investigated.

In our present researches, a simple way was introduced to prepare
the size, shape and crystallinity controlled gold nanoparticles, and the
flower-like, spherical, and convex polyhedron gold nanoparticles with
different dominant crystal facets have been easily fabricated by one
step and low cost electrochemical method under various conditions.
The different electrochemical behaviors of these three different
shapes of gold nanoparticles were compared. The three different
gold nanoparticles functioned as an electron transfer-bridge between
BDD and Hb was studied, and the different electrocatalytic behavior of
three different shapes of gold nanoparticles to Hb was obtained. The
effects of surface roughness, exposed surface area, and crystal
structure of gold nanoparticles on electrocatalytic activity to Hb
were investigated.

2. Experimental

Chloroauric acid and hemoglobin were purchased from sigma
chemicals and used as received. Sulfuric acid, ferrous potassium
cyanide and other chemicals from Shanghai Reagent Co., Ltd were of
analytical grade and used without further purification. Buffers were
acetate buffer solutions (ABS). Twice deionized water was used for
preparing electrolyte solutions. And the boron-doped diamond grew
with a microwave plasma chemical vapor deposition was obtained
from CSEM, Swiss.

The BDD was first anodized at +2.8 V in 1 M H,SO4 for 10 s to
remove any impurities on its surface. The gold nanoparticles was
electrochemically deposited on BDD by potentiostatic method from an
aqueous solution containing 2 mM, 0.2 mM HAuCl, and 0.2 M H,SO4
after the BDD was pretreated by scanning the potential from -2.8 V to
0V and then back to -2.8 V for 10 cycles at a sweep rate of 50 mV/s,
and the resulting Au/BDD was dipped into 0.2 M ABS containing 50 tM
hemoglobin (Hb) for 72 h to obtain Hb/Au/BDD modified electrode.

All electrochemical experiments were carried out on a CHI 660C
electrochemical workstation (CH Instrument CO., USA). Traditional
three-electrode system involving a platinum wire as counter-
electrode and a KCl-saturated Ag/AgCl electrode as a reference
electrode was employed for electrodeposition and electrochemical
characterization. Voltammetric experiments at modified electrodes
were performed in buffers containing no proteins. Buffers were
purged with highly purified nitrogen for at least 10 min prior to a
series of experiments. A nitrogen atmosphere was then maintained
during the whole experiment.

The scanning electron microscope (SEM) image was obtained using
Quanta 200 FEG (FEI Company, Japan). The XRD pattern was obtained
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Fig. 2. XRD patterns of (A) Flower-like gold nanoparticles (B) Spherical gold nanoparticles (C) Convex polyhedron gold nanoparticles.
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Table 1
The parameters obtained on different morphology of gold nanoparticles modified BDD

Flower-like Spherical Convex polyhedron
Diameter of nanogold/nm 100-150 70-100 100-150
Inu(i11)/Iau200) 2.82 143 0.87
Ret [Q (After adsorption of Hb) 6000 4100 2900
*/107'° mol cm™2 2.95 2.59 1.99
kefs™! 034 0.16 0.13

by a D/max2550VB3+/PC X-ray diffractometer using Cu (40 kV,
100 mA).

All the results in this paper represent the average over three
parallel experiments.

3. Results and discussion
3.1. Morphology and XRD patterns of gold nanoparticles on BDD

Gold nanoparticles were prepared by one-step potentiostatic
method under various experimental conditions and its surface
morphology was characterized by SEM (shown in Fig. 1A, B, and C
respectively). For comparison, the typical SEM image of as-grown BDD
film was shown in Fig. 1D, a columnar, randomly textured, polycrystal-
line film and grains of an average size of 300-500 nm are clearly
observed. As shown in Fig. 1A, deposition from 2 mM HAuCl4
solutions at the applied potential of +0.5 V gave the beautiful flower-
like nanostructure of gold particles. From the SEM image, we can see
that the particle size of the flower-like nanogold is ranging from
100 nm to 150 nm; the gold nanoparticles look very pretty, just like
many flowers blossom on BDD surface, and the keen-edged leaves
make the surface of nanostructured gold particles very rough and
numerous flower leaves possess large exposed surface area. When a
lower concentration of HAuCl, (0.2 mM) was used, a regular but
featureless spherical nanostructured-gold with the particle size of 70-
100 nm was obtained. We can see that the spherical gold nanopar-
ticles with large specific surface area were evenly distributed on BDD
surface. To investigate the effects of deposition potential on the
formation of gold particle, a comparative study was performed. A
more negative potential, 0.1 V, was applied to BDD electrode, another
shape of convex polyhedron nanoparticles with very irregular face
(Fig. 1C) which is far from flower and sphere can be obtained from
2 mM HAuCly solution. The grain size of this convex polyhedron is
ranging from 150 to 200 nm. As it can be seen, the convex polyhedron
gold nanoparticles cling tightly onto BDD surface; therefore, the
exposed surface area is relatively small.

The crystalline nature of the gold nanoparticles was confirmed by
the corresponding XRD patterns. The XRD diffraction peaks of the

200

electrodeposited flower-like, spherical, and convex polyhedron gold
particles are shown in Fig. 2 (A-C). The observed three sharp peaks in
Fig. 2 can be assigned to the (111), (200) and (220) facets of metal gold,
respectively, indicating that the nanoparticles are composed of pure
crystalline gold with the face-centered cubic structure. Fig. 2A shows
that the intensity of Au (111) peak obtained for the flower-like
particles is much higher than that of Au (200) and Au (220) peaks,
indicating that the flower-like gold nanoparticles is preferentially
dominated by Au (111) facet. From Fig. 2B and C, we can see that the
intensity of Au (111) peak for spherical gold particles is only a slightly
higher than that of Au (200) peaks, but for convex polyhedron gold
particles, the intensity of Au (111) peak is lower than that of Au (200)
peaks. The intensity ratio of Au (111) peak to Au (200) peak for three
kinds of gold nanoparticles is shown in Table 1.

3.2. Electrochemical characterization of different morphology of
nanogold

Fig. 3 depicts the cyclic voltammograms (CVs) obtained on
different gold nanoparticles modified BDD electrodes in 0.1 M
H,S0,. An interesting thing can be seen from Fig. 3A and B. Compared
with CV curve obtained on bare BDD (Fig. 3D), two obvious oxidation
peaks at about +1.4 V and +1.1 V can be observed on both flower-like
and spherical gold nanoparticles modified BDD electrode. However,
on flower-like gold nanoparticles modified BDD electrode, the peak
current at +1.4 V is much higher than that at +1.1 V, while the peak
currents of these two peaks equal to each other on spherical gold
nanoparticles modified BDD electrode. Meanwhile, we can see that
the oxidation peak current at about +1.4 V on flower-like gold
nanoparticles modified BDD electrode is evidently larger than that on
spherical gold. From Fig. 3C, we can see only one oxidation peak at
+1.1 V can be observed on convex polyhedron gold nanoparticles
modified BDD electrode and the oxidation peak near +1.4 V is very
unconspicuous and ill-defined. From the data mentioned above, it can
be deduced that the oxidation peak at +1.4 V is characteristic of the Au
(111) surface and the oxidation peak at +1.1 V is characteristic of the
Au (200) or Au (220) surface. The result agrees with the XRD pattern
very well.

3.3. Electrocatalysis of different morphology of nanogold to Hb

Alternative current (AC) impedance spectroscopy on BDD elec-
trode after the modification of different morphologies of gold
nanoparticles and the adsorption of Hb was further measured in the
presence of equimolar [Fe(CN)6]>7/47, as shown in Fig. 4. Fig. 4D shows
the impedance spectrum of the bare BDD electrode. We can see that
the charge transfer resistance (R.) of [Fe(CN)6]>74~ obtained on bare
BDD is very large and the calculated Rct for the [Fe(CN)6]>7*~ redox
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Fig. 3. Cvs of (A) flower-like gold nanoparticles (B) spherical gold nanoparticles (C) convex polyhedron gold nanoparticles modified BDD electrode (D) bare BDD in 0.1 M H,SO4.
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Fig. 4. Electrochemical impedance spectroscopy of (A) Hb/flower-like nanogold/BDD
(B) Hb/spherical gold/BDD (C) Hb/convex polyhedron gold/BDD (D) Bare BDD (E)
Flower-like gold/BDD electrode in 5 mM KsFe(CN)s/K4Fe(CN)g (1:1) containing 0.10 M
KCI. Applied potential: 0.20 V; frequency range: 0.1 Hz to 100 kHz.

couple was 7800 Q. R, was decreased to 260  when gold
nanoparticles were modified onto BDD electrode surface and then
greatly increased to higher than 2500 Q after the incubation of Hb on
Au/BDD electrode. An interesting thing can be observed from Fig. 4:
the Rct value of [Fe(CN)6]>7/*" obtained on flower-like gold/BDD
almost equals that obtained on spherical and convex polyhedron gold/
BDD owing to the excellent electrical conductivity of gold. However,
when Hb was trapped on Au/BDD surface, the Rct values differ greatly
from each other, as was shown in Table 1. We can see that the charge
transfer resistance increased in the following order: Hb/flower-like
nanogold /BDD>Hb/spherical nanogold /BDD>Hb/convex polyhedron
nanogold /BDD. This order is consistent with the order of exposed
surface area for three different shapes of gold nanoparticles.

CVs of different electrodes were measured in 0.2 M ABS (pH 4.5) at
a sweep rate of 100 mV/s, as shown in Fig. 5. Compared with Au/BDD
electrode, the Hb/Au/BDD electrode gave a couple of well-defined
redox peaks with formal potential of +0.251 V, +0.261 V, +0.283 V for
Hb/flower-like nanogold /BDD, Hb/spherical nanogold/BDD and Hb/
convex polyhedron nanogold/BDD electrodes, respectively, confirm-
ing that the redox peaks on Hb/nanoAu/BDD electrode were attributed
to the electroactive heme center in Hb molecules. But a difference still
can be seen. At Hb/flower-like gold/BDD electrode, the oxidation peak
for heme center is at +0.339 V with the reduction peak potential near
+0.164 V, and the peak-to-peak separation (AEp) is 0.175 V. while at
Hb/spherical gold/BDD and Hb/convex polyhedron gold/BDD electro-
des, the oxidation peak is positively shifted and the reduction peak
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Fig. 6. Plot of the cathodic and anodic peak currents vs. sweep rate (A)
gold/BDD (B)
pH 4.5 ABS.

Hb/flower-like
Hb/spherical gold/BDD (C) Hb/convex polyhedron gold/BDD electrodes in

shifted negatively, and AEp was widened to 0.262 V and 0.290 V
respectively.

More measurements were made to further understand the direct
electrochemistry of hemoglobin on these three different electrodes.
Fig. 5 shows the CVs obtained on Hb/flower-like/BDD, Hb/spherical
gold/BDD, and Hb/convex polyhedron gold/BDD electrodes in ABS
solutions at different sweep rates. It is can be seen, both the peak
currents and the peak potential separation (AEp) between the
cathodic and anodic peaks increase as the scan rate increases. The
linear relationship between the cathodic peak current and scan rate in
the range of 0.05-0.1 V/s (Fig. 6) indicates that the electron transfer
between Hb and three gold nanoparticles modified BDD electrodes is a
surface-controlled quasi-reversible process.

For Hb on flower-like/BDD electrode, the peak-to-peak separations
of the cyclic voltammograms at 50, 60, 70, 80, 90 and 100 mV/s were
138, 145, 152, 159, 169, and 175 mV, respectively (see Fig. 5A).
Supposing the charge transfer coefficient was between 0.3 and 0.7, the
electron transfer rate constant (k) was estimated to be 0.34 s™!
according to Laviron's model with the formula

ks = mnFu/RT (1)

where m is a parameter related to the peak-to-peak separation [23].
The anodic and cathodic peak potentials are linearly dependent on
the logarithm of scan rates (v) when AEp>200/n (Fig. 5B and C),
which is in agreement with the Laviron theory [23]: a plot of Ep versus
log v yields two straight lines with slopes, for the cathodic peak, the
slope is —2.3RT/anF and for the anodic peak, the slope is 2.3RT/(1-)
nF. The electron transfer rate constant (ks) can be estimated to be 0.16
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Fig. 5. Cvs of (A) Hb/flower-like nanogold/BDD (B
0.08, 0.09, 0.1 V/s (from inner to outer).

) Hb/spherical nanogold/BDD (C)Hb/convex polyhedron nanogold/BDD electrodes in pH 4.5 ABS at the sweep rates of 0.05, 0.06, 0.07,
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and 0.13 s°' for Hb on spherical and convex polyhedron gold
nanoparticles modified BDD electrode, respectively, according to the
following equation developed by Laviron.

Igks = alg(1-a) + (1-or)lga-1g(RT /nFv)-a(1-a)nFAE, /2.3RT (2)

With the results forementioned, it can be concluded that the
electron transfer rate constant of electrode reaction increases in the
following order: Hb/flower-like nanogold/BDD>Hb/spherical nano-
gold/BDD>Hb/convex polyhedron nanogold/BDD, indicating that the
electrocatalysis of flower-like nanogold to Hb is the strongest, then the
spherical nanogold, and that of convex polyhedron nanogold is the
weakest.

To further understand the different electrocatalysis of different
morphology of nanogold to Hb, the average surface concentration of
electroactive species was calculated. According to Q=nFAT* [24], the
amount of electroactive species adsorbed on electrode surface can be
easily obtained by integration of CV peaks. Here Q is the charge, n is
the number of electrons transferred, F is Faraday's constant and A is
the working electrode area. From the data in Fig. 5, the surface
concentration (I'*) of Hb on the flower-like gold/BDD, spherical gold/
BDD, and convex polyhedron gold/BDD were estimated to be 2.95,
2.59, and 1.99x107° mol cm™2, respectively.

As is known to us, the chemical properties of the nano-structured
metal are tuned with its size, shape, and crystallinity, and then the
electrocatalytical activity of metal particles is evidently determined by
their physical and chemical properties. Firstly, we can assume that the
topography of gold nanoparticles plays a very significant role and has a
substantial impact on the adsorption and electrochemistry of Hb. As
shown in Fig. 1, the flower-like gold nanoparticles displays the
roughest surface and the largest exposed surface area and exhibits a
surface texture that appears more optimal for Hb adsorption and
electrochemical response, so we can obtain the fastest direct electron
transfer process between Hb and flower-like gold/BDD. The topo-
graphy of convex polyhedron gold nanoparticles is relatively smooth-
est and flattest with the smallest exposed surface area; the
morphology of this style is poor for the adsorption and electro-
chemistry of biomacromolecules. Then the slowest electron transfer
rate constant of electrode reaction is obtained on Hb/convex
polyhedron gold/BDD. The crystallinity of the resulting gold nano-
particles plays another crucial role in its electrocatalysis to Hb. From
the XRD results and electrochemical characterization in 0.1 M H,SO,,
we know that the intensity of the Au (111) peak for the flower-like
particles is much higher than that for spherical and convex
polyhedron gold particles. The experimental results indicate that the
more highly the surface is dominated by Au (111), the faster the
electron transfer rate of Hb is observed. We can presume that the Au
(111) of gold nanoparticle is more active to redox of Hb than that of Au
(200) and Au(220) facets.

4. Conclusions

The flower-like, spherical, and convex polyhedron gold nanopar-
ticles were fabricated on BDD surface by easily manipulating the
electrodeposition potential and the concentration of HAuCl,. Experi-
mental results show that the electrochemical properties of these gold
nanoparticles with different morphologies are quite distinct from each
other. The gold nanoparticles attached on BDD electrode can function
as an electron transfer bridge between Hb and BDD surface. The redox
of hemoglobin immobilized on three different structures of gold
particles shows a surface controlled process with the apparent
heterogeneous electron transfer rate constant of 0.34 s™!, 0.16 5™,
and 0.13 s~ ', respectively.
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Corrigendum to “Insights into genes involved in electricity generation in Geobacter
sulfurreducens via whole genome microarray analysis of the OmcF-deficient mutant”
[Bioelectrochemistry 73(1) (2008) 70-75]

Byoung-Chan Kim *, Bradley L. Postier, Raymond ]. Didonato, Swades K. Chaudhuri,
Kelly P. Nevin, Derek R. Lovley

Department of Microbiology, 203 Morrill Science IVN., University of Massachusetts at Amherst, 639 North Pleasant St. Amherst, Massachusetts, USA

The authors regret that some errors occurred in Tables 1 and 2 of their paper.

In Table 1.

The sequence of 3410QR (CAGCATCTCGCACTCTTTGG) is incorrect. The correct is GTCGGCAACGCCTTTGG.

In Table 2.

The sequence of 3410F (ATGAAAACCACAGCCATCGC) is incorrect. The correct sequence is ATGAAAGCGAACGTTGCAGC.

The sequence for 3410R (GTGAGTCGTGGCTCCTTCTT) is incorrect. The correct sequence is GTTCTTCGCCTCCGCCTTG. The length of amplicon of
GSU3410 should be 228 and not 225.

The authors apologise for any inconvenience caused.
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