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Abstract

Facile demetallation occurs upon contact of the methemoglobin with a mesoporous TiO, host in phosphate buffer media at pH 5.5 but not in
acetate buffer media. As a result, voltammetric signals previously attributed to hemoglobin-based redox processes have to be re-interpreted.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Hemoglobin; Titania; Cytochrome; Electrode; Voltammetry; Sensor

In our recent report [1] the absorption and the reactivity of
methemoglobin in a porous TiO, electrode made from 40 nm
TiO, nanoparticles were investigated. Voltammetric responses
were interpreted based on the assumption that methemoglobin is
binding to the porous host and that electron transfer between
heme sites in the protein and the TiO, are possible. Although
commonly observed in related reports [2], the true nature of the
electrochemically active methemoglobin within the porous host
is not well understood. For example, the potential problem of
methemoglobin denaturation and the facile loss of the
electrochemically active hemin sub-unit have recently been
highlighted [3].

Further investigation of the recently reported [ 1] voltammetric
responses for the reduction of methemoglobin on TiO, shows that
within mesoporous hosts not only the loss of hemin but also
complete demetallation of methemoglobin is possible. Perhaps
surprisingly, voltammograms essentially identical to those
reported recently for methemoglobin [1] can be obtained by
direct immobilization of Fe** into the TiO, film. Fig. 1 shows
voltammograms obtained after immobilization of Fe** into a 10
layer TiO, film electrode (essentially identical to those used in
[1]). In the first potential cycle a characteristic irreversible
reduction at ca. —0.6 V vs. SCE is observed and this is followed
by the appearance of a new chemically reversible oxidation and

* Corresponding author.
E-mail address: F.Marken@bath.ac.uk (F. Marken).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.07.006

reduction peak at ca. —0.08 and —0.32 V vs. SCE, respectively.
These processes are readily explained based on the known redox
chemistry of the Fe***" system under these conditions [4]. Poorly
water-soluble FePO, is formed initially immobilized on the TiO,
surface. In the first reduction process (first cycle) electrons flow
through TiO, at sufficiently negative potential and Fe3(POy,), is
formed. Redistribution of this more water-soluble redox system
occurs during subsequent oxidation and FePO, is deposited
directly onto the ITO electrode surface within the porous host.
The chemically reversible process can be attributed to the FePO,/
Fe;(POy), redox system directly on ITO [4].

This interpretation applies not only to the voltammetric
responses shown in Fig. 1 but also to all voltammetric data
recently attributed to methemoglobin [1]. By carrying out the
voltammetric experiment in the presence of 1| mM EDTA in
0.1 M phosphate buffer (pH 5.5), the Fe*>*** redox system is
removed by complexation after the first reduction (for both
cases immobilized Fe*" or immobilized methemoglobin, not
shown). Methemoglobin immobilized in the presence of 1 mM
EDTA does not lead to a voltammetric response (see Fig. liii)
and in the presence of oxygen no catalytic effect is observed. In
contrast, the same experiment conducted in acetate buffer pH
5.5 instead of phosphate buffer (see Fig. 1iv) does lead to an
enhanced current of the oxygen reduction indicating the
presence of hemin (or methemoglobin). Similar results were
reported recently also for thin film electrodes made from TiO,
and nano-cellulose [5].
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Fig. 1. (i) First potential cycle and (ii) third potential cycle for cyclic
voltammograms (scan rate 0.1 V s~ ') obtained immersed in 0.1 M phosphate
buffer pH 5.5 for the reduction of Fe*" immobilized in a 10 layer TiO, film at
ITO electrodes. Prior to voltammetric experiments, electrodes were immersed
(1 h) in a solution of 60 uM Fe** in water followed by rinsing. (iii) Cyclic
voltammograms (scan rate 0.1 V s ') obtained for the reduction of
methemoglobin immobilized in a 10 layer TiO, film at ITO electrodes in the
absence/presence of oxygen (air) in aqueous 0.1 M phosphate buffer (pH 5.5)
containing 1 mM EDTA. Prior to voltammetric experiments, electrodes were
immersed (1 h) in a solution of I mg mL™' methemoglobin in 0.1 M phosphate
buffer (pH 5.5) containing | mM EDTA. (iv) Cyclic voltammograms (scan rate
0.1 V s~ ") obtained for the reduction of methemoglobin immobilized in a 10
layer TiO, film at ITO electrodes in the absence/presence of oxygen (air) in
aqueous 0.1 M acetate buffer (pH 5.5) containing 1 mM EDTA. Prior to voltammetric
experiments, electrodes were immersed (1 h) in a solution of 1 mg mL ™'
methemoglobin in 0.1 M acetate buffer (pH 5.5) containing | mM EDTA.

Based on these observations it seems likely that demetalla-
tion of methemoglobin occurs in the presence of phosphate (at
pH 5.5) and in the presence of the porous host with negatively
charged surface (phosphate bound to TiO, [6]). In contrast,
acetate binding to the TiO, surface appears weaker thereby
preventing the demetallation process. Hemin demetallation has

been observed previously as a process occurring at pH 5.5 in the
presence of phosphate and apoferritins [7].
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Abstract

Novel composite polypyrrole/chondroitin-4-sulphate films with cation-exchange properties were synthesized by the electrochemical polymerization
of pyrrole in the presence of chondroitin-4-sulphate (CSA) sodium salt, acting as dopant anion at neutral pH. The negatively charged biomolecule was
found to be permanently entrapped in the polypyrrole (PPy) membrane which resulted, as expected, facilitated in the mass transport by mobile cationic
counterions. The porous nature of the substrates was identified as the most influential factor controlling the morphology. The morphology, in turn, affects
the interaction between the material surface and the tissues on a cellular level. In this work in vitro analyses of human fibroblast response to polypyrrole/
chondroitin-4-sulphate films were performed to focus on the different steps of cell reactions towards defined surface properties.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Conducting polymer; Chondroitin-4-sulphate; Cell adhesion; Human fibroblast

1. Introduction

Tissue engineering develops specific tissues replacement
based on synthetic scaffolds that guarantee tissue attachment
and organization. One approach to create new scaffolds involves
the design of materials that could enhance the cell attachment,
proliferation and differentiation into functional tissues. In this
regard, in vitro and in vivo experiments showed that bioma-
terials with electrical properties are able to stimulate bone cells
and nerve regeneration [1,2]. Among different electroactive
materials so far proposed as substrates, electroconducting poly-
mers such as polypyrrole (PPy) or polyaniline (PANI) have
been widely investigated. In particular, polypyrrole has been
shown as suitable material for biomedical applications, since
its biocompatibility with respect to mammalian cells has been
proved [3]. Indeed, PPy-based devices have been developed
as artificial muscles, surgical devices, drug delivery system,
carrier of immobilized enzymes and biosensors [4,5]. The
polymerization can be performed chemically or electrochemi-

* Corresponding author. Tel.: +39 0649913658, fax: +39 06491769.
E-mail address: stefania.panero@uniromal.it (S. Panero).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.11.002

cally by the oxidation of the pyrrole monomer in a proper
electrolytic solution. In particular, the electrochemical poly-
merization allows to choose the synthesis parameters such as the
nature and the concentration of the monomer and the supporting
salt, as well as to control the charge density consumed during
the electrochemical polymerization [6]. For instance, it has been
shown that using a low synthesis current density the polymer
chains are able to grow in an orderly way and the resulting
structure reveals a smooth surface. On the other hand, high
current density leads to irregular and porous surfaces. The
electrochemical synthesis of polypyrrole, which can be per-
formed in aqueous solution, allows to incorporate different
bioactive anions such as proteins, DNA fragments or polyelec-
trolytes [7—9]. Such incorporation has attracted considerable
interest as an avenue for tailoring the chemical and physical
properties of the resulting polymer—polyelectrolyte composites
and imparting appropriate activity, opening up new opportu-
nities including genoelectronic devices, genetic analysis or
probing of DNA charge transfer. The bioactive molecules,
which can be grafted on the polymer chains, are expected to
influence the response of living tissues, which they would come
in contact to. In addition, a composite substrate that
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combines biological activity with electrical properties repre-
sents an excellent substrate for the growth of cells. Panero et al.
[10] reported the electrochemical synthesis of composite films
comprising active polysaccharides (PSacch, namely hyaluronic
acid HA and derivatives) and polypyrrole. The conductivity and
morphology of the resulting PPy polymers strongly depended
on the negative charge distributions in the HA macromolecules
backbone. Other systems based on PPy and heparin (Hep) have
been studied by Wallace et al. [11], who reported the electro-
chemical synthesis and biological characterization of these
conducting films. The authors found that the PPy—Hep com-
posites are well suited to support cells attachment and growth,
since the films displayed high surface hydrophilicity and proper
roughness. The polysaccharide molecules, so far studied to be
incorporated into conducting films, are based on the repetitive
units consisting of a hexosamina (glucosamina) and of another
sugar (glucuronic acid), the sugar units along the chains being
linked by a or B glycosidic bonds. The polyanionic chains
of the polysaccharide molecules, having COO™ and SO3 groups,
allow the PSacch macroions to interact with the positive charged
PPy backbone during the electrosynthesis process. Although
the incorporation of some polysaccharide compounds into
PPy films has been already reported, the present work aims
to complete the characterization extending the investiga-
tion to another member of the PSacch family, taking into
consideration the chondroitin-4-sulphate A (CSA) molecule.
Chondroitin sulphate, which is mainly covalently attached to
proteins in the form of proteoglycan, is an ubiquitous com-
ponent of all connective tissues of the extracellular matrix
where it serves a number of functions. The biological functions
are mainly due to the presence of rare oversulphated structural
building units forming domain structures that interact specifi-
cally with other molecules, such as the regulation of neuronal
patterning in the retina [12], interactions with fibronectin [13],
neurite outgrowth promoting activity [14] and activation of
plasminogen. CSA is also employed as an anti-inflammatory
[15] and antirheumatic drug [16], where several controlled
trials showed its effects with application in the therapy of
osteoarthritis of the knee and articular cartilage with very good
tolerability.

On the basis of these considerations, this paper describes
the preparation and the characteristics of new polypyrrole—
chondroitin-4-sulphate (PPy—CSA) films that can be used
for tissue engineering applications. The in vitro interactions
between PPy—CSA substrates and human fibroblast cells have
been also tested. In particular the morphological modifications
inducted by the cell-substrate interactions have been analyzed
by SEM technique.

2. Materials and methods
2.1. Reagents

Pyrrole (>98%, Aldrich) was purified by passing it through a
short column of neutral alumina (Aldrich) prior to use and kept

refrigerated. Lithium perchlorate (LiClO4>99% Fluka) and
chondroitin sulphate A sodium salt from bovine trachea (CSA,

Sigma), were used without any prior purification. All synthesis
solutions were performed in Milli-Q ultrapure water at room
temperature.

2.2. Polymer synthesis

The PPy-based films were synthesized on indium tin oxide
(ITO) substrates acting as working electrodes (surface area=
1.0 cm?). The ITO electrodes were accurately washed with
absolute ethanol before the synthesis. The pyrrole polymeriza-
tion was performed at room temperature in the galvanostatic
mode (current density ranging between 1.0 and 5.0 mA/cm?) in
a glass cell using a platinum counter electrode and a saturated
calomel reference electrode SCE (electrode potential E=0.241 V
vs SHE). The electrosynthesis solutions were composed by
pyrrole 1 mol/L and chondroitin-4-sulphate (2.0 or 5.0 mg/mL).
In addition, some PPyClO, samples were also synthesized as
control electrodes. The electrochemical polymerizations were
performed using an AMEL potentiostat/galvanostat, model
7050, under computer control.

2.3. Electron microscopy

The morphology of the PPyCSA samples was studied by
the scanning electron microscopy SEM technique (LEO model
1450VP).

2.4. Thermal properties

The thermal properties of the PPyCSA film and of its
component CSA were investigated by Differential Scanning
Calorimetry DSC, and by Thermal Gravimetric TGA analyses.
DSC was carried out with a DSC 821 Mettler—Toledo at a
scanning rate of 10 °C/min in the temperature range from
=50 °C to 250 °C. PPyCSA films and CSA blank were
previously quenched with N, before the DSC measurements.

TGA analyses were performed in a N, atmosphere using a
TGA/SDTA 821 Mettler- thermobalance at a heating rate of
5 °C/min and in a temperature range of 25-300 °C.

2.5. Contact angle measurements

The advancing contact angle measurements were performed
at room temperature by using the Wilhelmy plate method (Cahn
Dynamic Contact Angle Analyzer DCA-312). The polypyrrole
films were synthesized galvanostatically (current density
[=2.0 mA/cm?, synthesis charge density 45 mC/cm?) on a
stainless steel foil (10 mm width % 15 mm height). The doping
anions were CSA and perchlorate (2.0 mg/mL). Stainless steel
foils were treated with HCIl concentrated and washed with bi-
distilled water before the electrosynthesis. The PPyCSA and
PPyClO,4 samples were dried in a desiccator for 4 h at room
temperature before performing the interfacial tension measure-
ments. Then the dried samples were immersed in water (water
plus for HPLC Carlo Erba, surface tension y,,= 72.8 mN/m)
at 200 pm/s immersion rate, in order to limit any possible swelling
process.
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2.6. Swelling measurements

The swelling characteristics of the PPyCSA samples were
studied after their immersion in a phosphate buffer solution
(PBS pH=7.4) at 37 °C for 4 days. The samples were
galvanostatically synthesized at 3.0 mA/cm? (synthesis charge
density 4.0 C/cm?) from an electrolytic solution containing
1 mol/L pyrrole and 2.0 mg/mL CSA. After the synthesis, the
PPy films were carefully dried overnight at 60 °C. The swelling
degree (SD) was calculated according to the following formula:

o/\ Wsw — Way

SD(%) = W (1)
where W, and Wy are the masses of the swollen and dried
sample, respectively. After the immersion into the PBS solution,
the samples were placed between two pieces of dry filter paper
to wipe off the excess of water. The films were weighed until
a constant weight, i.e., a constant mass, was reached. Each
experiment was done in triplicate.

2.7. Electrochemical properties

The electrochemical characteristics of PPyCSA samples were
studied by cyclic voltammetry (CV) tests using an EG&G
Princeton Applied Research Mod. 263A potentiostat/galvano-
stat. The CV measurements were performed at the scan rate of
5 mV/s in a three-electrode glass cell where the PPy sample acted
as working electrode, a platinum foil as the counter electrode
and a SCE as the reference electrode. These experiments were
conducted in aqueous 1 mol/L KCI solution previously de-
aerated by N, gas flow for 10 min. The stability of the PPyCSA
samples after a sterilization process (UVA treatment at room
temperature for 2 h in air) was evaluated by controlling the
electroactivity of the sterilized electrodes during a voltammetric
scan.

2.8. Cell culture

Lung diploid human fibroblasts WI-38 (#CCL-75) pur-
chased from the American Type Culture Collection (USA)
were maintained in RPMI medium (GIBCO-Invitrogen, MI,
Italy) supplemented with 10% fetal calf serum, 1% non-
essential amino acids, 100 units/mL penicillin and 100 pg/
mL streptomycin. In order to sterilize ITO glasses, which are
covered by PPy-based samples, they were put in six well
plate and kept 2 h under UVA rays. After this time, the
samples were washed twice in fresh medium and seeded with
fibroblasts at the concentration of 2x10° cell/mL. Plates
were maintained at 37 °C in humidified atmosphere for at
least 7 days.

2.9. Cell examination by scanning electron microscopy
After 7 days of growth, the cells were fixed with 2.5%

glutaraldehyde for 20 min at room temperature and washed
twice in 0.1 M cacodylate buffer. All samples were postfixed

in 1% osmium tetroxide for 30 min at room temperature,
dehydrated through graded ethanol solutions, critical point,
dried in CO,y) and gold coated by sputtering. The samples
were examined with a Cambridge 360 stereoscan electron
microscope.

3. Results and discussion
3.1. Synthesis and morphology characterization

In our previous work [10], we demonstrated that it is possible
to immobilize the bioactive polysaccharide molecules into the
PPy matrix due to the large distribution of negatively charge
groups in the PSacch backbones. It was also shown that the
synthesis parameters strongly affected the electrochemical and
morphological characteristics of the PPy-based samples. In this
work we have extended the study to another polysaccharide
compound, namely the chondroitin sulphate A molecule, whose
chain-shaped structure exposes sulphonic and carboxylic
groups on the surface.

Many authors reported the influence of the current regimes
on the morphology of PPy-based substrates, showing that
the electropolymerization conducted at high current density
resulted in rough and porous surface characterized by large
aggregates (cauliflower morphology) [17]. In this study we
confirm the results so far presented considering the PPy-X
(X=ClO4, DS™, ToS ") samples formation. In addition, we show
that the case of large polyanions as doping agents, such as CSA,
strongly affect the surface properties of the PPy-based films. In
particular, the affinity of the macroanion to water may influence
the interactions of the polysaccharide chains and the pyrrole
units during the electrosynthesis and this, in turn, may affect
the local organization of the resulting PPyCSA substrate [18].
Fig. 1 shows the morphological characteristics of the PPyCSA
films synthesized at 1.0 mA/cm? from electrosynthesis solu-
tions containing CSA (2.0 or 5.0 mg/mL). The SEM images
show that the surface properties of the PPy films are deter-
mined by the macroanion concentration. In fact, samples
electropolymerized with lower polysaccharide concentration
reveal smooth morphology since the CSA-CSA interactions
decrease during the synthesis (Fig. 1a). Higher CSA concen-
tration results in irregular PPy surface (Fig. 1b).

3.2. Thermal properties

Fig. 2 compares the DSC response of the pure CSA powder
and of the PPyCSA film. As expected, the thermal property of
the chondroitin sulphate A resembles the behavior of the
polysaccharide compounds, showing two endothermic peaks
(at —9.52 °C and around 177.32 °C) related to the water
molecules bonded to the polymer chains, and an exothermic
peak at 233.86 °C, due to the irreversible polysaccharide
degradation process, clearly revealed by the subsequent DSC
cooling scan. Both effects, low-temperature phase transition and
dehydration, can be related to intramolecular and intermolecular
hydrogen bonding capabilities and to hydration and cross-
linking effects [19].
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Fig. 1. Scanning electron micrographs of PPyCSA films synthesized at the
current density /=1.0 mA/cm® from synthesis solutions containing CSA 2.0 mg/
mL (a) or 5.0 mg/mL (b).

The thermal scan of the PPyCSA sample shows two endo-
thermic peaks at —4.37 °C and 10 °C due to the water bonded to
the CSA molecules (see before) and to the water adsorbed
during the synthesis process. The subsequent dehydration pro-
cess points out an endothermic peak at 134.5 °C. Moreover, no
thermal degradation phenomena appear at higher temperature,
this confirming the ability of the polypyrrole ordering matrix

3] CSA powder
2] 1* heating

1 ] J\\
o-ﬁ
;: 2" cooling V /L

l endo

PPyCSA

1* heating

A
=]
=]

T T T T T T T T T T
-50 0 50 100 150 200 250
Temperature / °C

Fig. 2. Differential Scanning Calorimetry scans of CSA blank powder and
PPyCSA film. Thermal scan rate 10 °C/min; Ny, (60 mL/min) flux.

to decrease the dehydration temperature of the polysaccharide
and also to limit the CSA degradation processes.

Fig. 3 shows the thermogravimetric response of the PPyCSA
film and of its component CSA. As expected by the high water
content in the samples, the weight loss curves show a gradual
decrease up to 200 °C due to the water release and a subsequent
thermal process which starts at 227 °C. From the comparison of
the TGA curves here reported, we confirm that the PPy-based
films are able to assure high stability and limited weight loss
even at elevated temperature.

3.3. Contact angle measurements

The surface properties of a biomaterial are of utmost im-
portance for its biocompatibility. For instance, the cell-
material interaction is strongly influenced not only by the
surface topography but also by the surface chemistry includ-
ing surface charge and wettability [20,21]. In this work the
wettability of PPyCSA and PPyClO,4 samples was studied by
contact angle measurements. The results reveal that the presence
of the CSA in the polymer substrate assures to the film a high
degree of hydrophilicity (§=53°) while the ClO4 control anion
gives poor wettability (=104.26°). These surface characteristics
are related to the chemical properties of the CSA polysaccharide
anion, which shows different polar groups along the chains, such
as hydroxyl, carboxylic and sulphate groups. The experimental
results confirm the high water binding ability of CSA, which is
an important property for applications in the field of orthopaedic
implantation and tissue engineering.

3.4. Swelling properties

The water uptake experiments were carried out following the
soaking properties of some PPyCSA films after their immer-
sion in a buffered solution. After 4 days, the polymeric films
appeared still compact and homogeneous and they reported a
swelling degree of about 19%.

100
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Fig. 3. Thermogravimetric curves of CSA blank powder (curve a) and PPyCSA
film (curve b) at 5 °C/min in Ny, (60 mL/min) gas flow.
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Fig. 4. Cyclic voltammetry of the PPyCSA films synthesized in different CSA
solutions: 2.0 mg/mL (—) and 5.0 mg/mL (—). Samples synthesized at 1.0 mA/
cm?. Scan rate 5 mV/s.

3.5. Electrochemical properties

The response of biological tissue to polymer materials in
vivo is one of the most fundamental and complex challenges
of modern restorative medicine. To promote tissue formation
and integration, a biocompatible material provides a surface
which enables cell adhesion, spreading, proliferation and migra-
tion. Moreover, electric fields applied to damaged tissues help
control cell identity, position and movement which are relevant
to any biomedical phenomenon development [22].

In this work, the electrochemical properties of the PPyCSA
samples have been analyzed studying the effect of the synthesis
anions concentration (2.0 or 5.0 mg/mL) on the electro-
chemical characteristics of the resulting films. Fig. 4 reports
in comparison the CV response of two PPyCSA samples syn-
thesized in different CSA solutions. The PPyCSA samples show
well defined voltammetric profiles though the CSA (2.0 mg/mL)-
based film reveals a better electrochemical response in terms

0.06

] not sterilized
sterilized P T P

0.04

I/ mAcm™2
S o o
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N o N
1 1 1

: —
0.8 -0.6 -0.4 02 0.0 0.2
E/V (vs SCE)

Fig. 5. Cyclic voltammogram of PPyCSA film samples before and after UVA
sterilization. Scan rate of 5 mV/s.

of reversibility and doping level (Y=22.50%) in comparison
to Y=21.04% for CSA(5.0 mg/mL)-based sample. The results
can be explained considering the different CSA-water interac-
tions and anion mobility in the two synthesis solutions thus
influencing the overall electrosynthesis process.

Finally, the stability of a PPyCSA electrode after a
sterilization process was studied. Fig. 5 reports in comparison
the voltammetric response of the sample before and after the
UVA treatment. The PPyCSA electrode shows its excellent
electrochemical characteristics even after the sterilization process.

Fig. 6. Scanning electron micrographs of human fibroblast cells seeded onto
PPyCSA: at 600x (a) and at 3.99 kX (b). ITO control sample at 2.01 kX (c).
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3.6. Cell activity on PPyCSA substrates

In this work we confirm that the cellular response is strongly
influenced by the polymeric substrate morphology. For instance,
the PPyCSA samples synthesized at the high current density
(I=5.0 mA/cm?) in a 5.0 mg/mL CSA synthesis solution show
a rough surface morphology. On this surface, the human
fibroblasts present an elongated morphology with few points
of adhesion. The ITO control sample indeed presents a total
cells adhesion on the substrate (Fig. 6a, b and c).

By choosing the proper electrosynthesis conditions, i.e.
lower current synthesis of /=1.0 mA/cm” and in 2.0 mg/mL
CSA synthesis solution, the resulting PPyCSA samples look
like smooth and homogeneous films that offer to the cells a
suitable surface for adhesion and spreading (Fig. 7a) [23].
Similar results are also observed for PPyCSA samples pre-
treated with FCS serum for 2 h before cell tests (Fig. 7b). Even
in this case the human fibroblast cells have similar morphology
than those totally adhered on the ITO control sample.

It is well known that culture cells adhesion on different
surfaces is due to the presence of serum proteins that works as
“bridges” between adhesion molecules, expressed on cell
membrane, and the biomaterial [24]. In our study we have
observed that human fibroblasts interact with PPyCSA films
even with those not-pretreated with FCS. These data indicate

G+ % 1.00 K PHOTC= 1

Fig. 7. Scanning electron micrographs of human fibroblast cells onto PPyCSA
substrates not-treated at 1.50 kX (a) and treated with FCS at 1.00 kX (b).

that the PPyCSA substrates offer a proper surface for cell
adhesion and growth due to the presence of the CSA
biomolecule, which is able to interact with cell proteins
through its RGD sequence [25,26], and probably the CSA
exposed on these films play a pivotal role during these
processes. This is underlined also by the evidence that the
pretreatment with serum proteins does not improve the surface
characteristics.

4. Conclusions

In this work, the electrosynthesis of polypyrrole—chondroitin
sulphate A films has been presented. We have reported the high
influence of the synthesis parameters, such as current density
and doping anion concentration, in the chemical and physico-
chemical properties of the resulting samples. The polypyrrole
samples synthesized at 1.0 mA/cm? from 2.0 mg/mL CSA
starting solution have shown a better electrochemical perfor-
mance and morphology. The PPyCSA substrates have demon-
strated fast kinetics characteristics and good stability even after
a sterilization process. The morphology, in turn, is strongly
related to the current density regime and CSA concentration.
These two factors, surface chemistry and morphology, influence
the cell-substrate interactions, as the in vitro experiments clearly
confirm. Indeed, the SEM analyses have shown a good cell
adhesion on the smooth PPyCSA films even without any FCS
supplement.
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Abstract

The redox behaviour of the anti-cancer drug mitoxantrone was investigated in aprotic media (dimethylsulfoxide-DMSO) by coupled
electrochemical and spectral EPR and UV/VIS absorption techniques. The cyclic voltammetry study with stationary and rotating disc electrode
(RDE) of the reductive pathway of mitoxantrone points to two-electron transfers and evidences as intermediate species the anion radical, the
dianion and the corresponding protonated species. EPR and optical spectra registered during the electrochemical reduction allow the identification
of these species and suggest the possibility of back oxidation of the drug by electron transfer to molecular oxygen. The possibility of reductive
activation of molecular oxygen by the intermediate species in the redox processes of mitoxantrone is discussed in connection with the
cardiotoxicity of the drug. Gas phase and solvent-dependent AM1 and PM3 semiempirical MO calculations allow a rationalization of the

experimental results regarding the reactivity in redox processes.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Redox activation; Mitoxantrone; Spectroelectrochemistry; PM3 semiempirical calculations

1. Introduction

Mitoxantrone (1,4-dihydroxy-5,8-bis (2-((2-hydroxyethyl)
amino)-ethylamino)-9,10-anthracenedione) is an amino-anthra-
quinone anti-cancer drug synthesized to improve the clinical
effectiveness of widely used doxorubicin and other anthracy-
clines [1]. The drug has major clinical activity in the treatment
of several leukaemias and breast cancer [2], the biological
activity being assigned to the interaction with DNA and the
inhibition of topoisomerase II [3,4].

The metabolism of quinone-containing anti-cancer drugs
involves enzymatic reduction of the quinone by one or two
electrons, resulting in the formation of the corresponding
semiquinone or hydroquinone, respectively. The one electron
reduction by a reductase followed by oxidation by molecular
oxygen is known as redox cycling and continues until the system
becomes anaerobic. In the case of the two-electron reduction, the

* Corresponding author. Fax: +40 21 3159249.
E-mail address: volae@gw-chimie.math.unibuc.ro (E. Volanschi).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.10.001

hydroquinone could become stable and is excreted by the
organism in a detoxification pathway [5]. Therefore, the one
electron reduction of these drugs is more damaging for
biological systems by the possible formation of reactive oxygen
species. Early reports indicate that mitoxantrone has a lower risk
of cardiac side effects compared with the naturally occurring
anthracyclines, doxorubicin and daunorubicin. This is probably
due to its smaller tendency to participate to the redox cycling in
cardiac mitochondria, being less effective in producing free
radicals [6,7]. However, this conclusion has been changed in
more recent studies [8,9], which indicate that mitoxantrone
causes chronic cardiotoxicity (Fig.1).

The versatility of the electrochemical methods allows to mimic
the multitude of biological environments, and in conjunction with
spectral and theoretical studies, are a very useful tool for the
investigation of the redox behaviour of anti-cancer drugs in ana-
erobic or aerobic conditions and in different media, and the results
may contribute to the understanding of their cardiotoxicity [10].

The aim of the present study is to investigate the redox
behaviour of mitoxantrone in dimethylsulfoxide (DMSO), in
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Fig. 1. Chemical formula of mitoxantrone.

order to identify the intermediate species and to examine the
possibility of electron transfer from the different intermediates
to molecular oxygen. Coupled electrochemical (cyclic and
linear voltammetry with stationary and rotating disc electrode,
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RDE) and spectral (EPR and UV/VIS) techniques were
employed. The use of DMSO in our experiments is perfectly
justified, as its role as solvent in biological studies, as vehicle
for drug therapy and scavenger for reactive oxygen species was
recently outlined [11]. Gas phase and solvent-dependent
semiempirical MO calculations allow an understanding of the
reactivity in redox processes as well as of the possibility of
reductive activation of molecular oxygen.

2. Materials and methods

Mitoxantrone was obtained from Sigma. Electrochemical
experiments were performed in DMSO spectral grade from
Fluka, used without further purification, with 0.1 M tetra-n-
buthyl ammonium tetrafluoborate (TBABF,;) from Fluka as
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Fig. 2. (a) Cyclic voltammograms of mitoxantrone (c=1.34x 10> M, v=0.2 V/s) in

DMSO, 1-3 successive scans; inset left: cyclic voltammograms in the potential

range 0 to — 1.2 V at different sweep rates, inset right: first scan of the cyclic voltammogram in the presence of tetrabutylammonium hydroxide (TBOH, ¢=3 x 10~ * M).
(b) Digisim simulation of the first 3 cycles with the mechanism and parameters in the text, in the potential range 0 to —1.7 V; inset: cycling in the potential range

0to—13V.
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supporting electrolyte, at a VOLTALAB-32 electrochemical
device, using a Pt-EDI 101 rotating disc working electrode of
2 mm diameter, a Pt counter electrode and SCE and Ag'/Ag
reference electrodes [12]. The concentration of mitoxantrone
solutions used in electrochemical, EPR and spectral experi-
ments was in the range 5% 107> —5x107° M.

Experiments were performed at ambient temperature
T=293 K (20 °C). Numerical simulations of the voltammo-
grams were performed with the BAS Digisim simulator 3.03,
using the default numerical options with assumption of planar
diffusion and a Butler—Volmer law for the electron transfer.

The anion radicals for EPR and optical studies were pre-
pared by in situ techniques previously described [13], using the
same solvent and supporting electrolyte as for the electro-
chemical experiments. The EPR spectra were recorded on a
JEOL-FA 100 spectrometer in the X-band frequency, using
peroxylamine disulphonate as internal standard (an=1.3 mT,
2=2.0055). The simulation of EPR spectra was performed
using the WinSim free software [14]. The optical spectra were
registered during the electrochemical and chemical reduction on
the Unicam Helios-a and C. Zeiss Jena Specord UV-VIS
spectrophotometers.

The semiempirical MO calculations were performed using
the AMI1 and PM3 hamiltonian in the AMPAC 8 program
package and restricted Hartree—Fock (RHF) formalism for
closed shell and both restricted (ROHF) and unrestricted (UHF)
for open shell structures. Conformational search was performed
for the neutral compounds, starting and redox products, in gas
phase and in solvent, using the reaction grid option. All
structures were fully optimised using eigenvector-following
(EF) optimisation algorithm. The influence of the solvent on the
electronic structure was considered in the frame of COSMO
model [15], implemented into AMPAC, based on the dielectric
continuum model. For DMSO a dielectric constant 48.9,
refractive index 1.48 and solvation radius 3 A were used.

3. Results
3.1. Cyclic voltammetry

The cyclic voltammograms of mitoxantrone in DMSO in the
electrode potential range 0 <E/V <|—1.7| are presented in Fig. 2a.

The prewave observed around E=—0.3 V disappears on
successive scans and, based on the linear variation of the peak
current with the sweep rate, was assigned to an adsorption wave.
The redox couple at —0.77 V/=0.42 V (Epc1/Epar) is character-
ized by a well shaped anodic counterpart, especially when the
potential sweep is reversed after the first reduction peak (Fig. 2a,
inset left). The difference between the cathodic and anodic peak
potentials at 0.2 Vs~ Y AE,, allows an estimate of the standard
electron transfer rate, k,, using Nicholson’s dimensionless
parameter ¥ (Eq. (1)), and the tabulated data providing linking
of ¥to AE, [16,17]:

y Y RD)

(nFDomv)'/? M

In this formula v is the scan rate, y=Dg/Dr=1, Do=1x
107° em? s !, n=1 and RT/F=25.67 mV at 298 K (25 °C). A
value of k;=1.5x 10> cms™ ' was obtained, which corresponds
to a quasireversible process, assigned to the monoelectronic
reduction of the substrate.

The ratio of the peak currents I,/ is smaller than unity,
but increases with the sweep rate, and the current function /,./
v decreases slightly with the sweep rate, indicating an EC-
type process. The most commonly encountered chemical re-
action in electrochemical experiments, even in aprotic media, is
the protonation of the anion radical by protic impurities present
in the commercially available solvents in amounts of the order
of the substrate concentration. The rate constant, evaluated from
the dependence of the peak currents ratio on the sweep rate [17],
is about 0.13 s~ .

The wave at —1.5 V (£,,,), apparent at the first scan on the
voltammogram, has no anodic counter part and the analysis
points to a slow electron transfer (ET). From the dependence of
the peak potential on the sweep rate, E,.=f{log (v/Vs™h), a
value of o~0.4 was obtained. This process was assigned to the
reduction of the anion radical of the starting compound to a
diamagnetic dianion.

If the potential scan is extended after the potential correspond-
ing to the formation of the dianion, a redox couple around —1.0 V
(Epe3/Epaz) appears on subsequent cycles (Fig. 2a). After the
second electron transfer, the dianion, which is an electrogenerated
base (EGB), shifts the dissociation equilibrium of mitoxantrone
(hereafter denoted as AH,, due to the presence of the dissociable
phenol groups) towards the dissociated forms AH™ and H'.
Therefore, this redox couple was assigned to the reduction of the
anion AH , obtained by the acid dissociation of the substrate, to a
dianion radical (AH? ). This assignment is supported by the
cyclic voltammograms recorded in the presence of a chemical
base, tetrabutylammonium hydroxide (TBOH), when the anion
AH obtained by the acid dissociation of the phenol groups is
already present in solution. In these conditions, this redox couple
is evidenced from the first reduction scan (Fig. 2a, inset right).

Based on the upper discussed experimental results, the
reductive pathways of mitoxantrone may be synthesized in the
following ECECCE reaction sequence:

AH, + ¢ <AH, (E) EY=-0.6V, ks = 0.0015cms ™!

AH;" + H" < AH; (€) Keq = 100M ™" £ = 0.13M " 's™!

AHy ¢ SAH (B) Ey= 14V, k= 0.000lcms™

AH3” + H" < AH; (©) Keq = 10°M" k= 10°M's™!

AH, + AHY <AH™ + AH;(C) Keq = 100 k¢ = 5x10°M 's7!

AH +e¢ ©AH (E) EY=-1.0V, ks = 0.0lcm/s
The Digisim simulation of the first three cycles starting from

the parameters determined by cyclic voltammetry analysis, is
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Fig. 3. Cyclic voltammograms of mitoxantrone (c=1.34x10"> M) in DMSO,
with initial reduction sweep (a) and initial oxidation sweep (b), sweep rate
v=0.2 VJs.

presented in Fig. 2b and supports the proposed reduction
mechanism. The standard potentials and electron transfer rates
(E°, k) for the electrochemical steps (E), as well as the
equilibrium K.,=k¢/k,) and rate constant (kg) values for the
chemical steps (C) deduced from Digisim simulation, are close
to the starting values determined by cyclic voltammetry
analysis. It should be noted that the standard rate constants
obtained for the electron transfers, k, are apparent rate
constants, not corrected for double layer effects.

Moreover, if cycling is stopped at —1.3 V (inset of Fig. 2b),
i.e. before the second ET, the redox couple Ep,.3/E,3 around
—1.0 V, visible on subsequent cycles, is not apparent. This
supports the assignment of this couple to the reduction of the
anion AH ", generated by the acid dissociation of the phenol
groups of mitoxantrone, under the influence of the EGB dianion
(steps 5 and 6 in the scheme above).

If the scan is extended to positive potentials, the aspect of the
cyclic voltammogram is different if the potential is initiated with
reduction or oxidation.

If the scan is started with reduction (Fig. 3a), on the first scan
the adsorption wave and the redox couple corresponding to the
monoelectronic reduction of the substrate are observed. At
positive potentials an intense oxidation wave is observed,

presumably due to the bielectronic oxidation of mitoxantrone
to the diquinone or quinone-diimine structure, hereafter denoted
by A: AH,—A+2e +2H". On subsequent scans, the new
reduction wave at —0.3 V is assigned to the monoelectronic
reduction of A. The less negative potential of the couple A/A ™
as against that of mitoxantrone (—0.3 V vs. —0.6 V) is in
agreement with the stronger electron acceptor character of the
diquinone or quinone-diimine structures. Support for this
assignment is given by the fact that if the scan is initiated
with oxidation (Fig. 3b), the reduction wave of A appears from
the first cycle.

3.2. RDE linear voltammetry

The results obtained by RDE linear voltammetry confirm
that both reduction steps of mitoxantrone are monoelectronic.
From the plot of £ vs. In((f;—i)/i) (N=12, R=0.998), an E/),
value of —0.66 V was obtained for the first electron transfer, in
agreement with the value derived from cyclic voltammetry. The
plot of the current vs. the square root of the rotating rate (Levich
Eq. (2), N=15, R=0.991) allows the determination of the
diffusion coefficient D,=5.55x10"> cm? s~ '. The plot of the
reciprocal of the current vs. the reciprocal of the square root
of rotating rate (Eq. (3), N=14, R=0.993) allows the deter-
mination of the electron transfer rate and a value of k=
1.97x107° cm s~ was obtained, in good agreement with that
obtained by cyclic voltammetry and Digisim simulation. The
respective relationships are [17]:

ile = 0.620nFA,DY ' v 1/5¢C) 2)

1 1 1
PR 273 . 3)
ik 0.620nFA0DY 0! v 1/6C),

where A, is the electrode area, @ is the rotating rate(s '),
v=0.01896 cm® s~ ' the kinematic viscosity of the solvent
DMSO) and C§ is the bulk substrate concentration (mol/cm?).

3.3. EPR results

In order to identify the paramagnetic species in the reduction
process of mitoxantrone, EPR spectra during the electrochemi-
cal and chemical reduction were recorded. In de-aerated DMSO,
during the electrochemical reduction at the first wave potential a
relatively stable anion radical (g=2.0053) is obtained. The
experimental spectrum, together with the simulated one and the
derived hyperfine constants is presented in Fig. 4.

Assignment of the splitting constants obtained by simula-
tion to the different positions in the molecule is only tentative
and was performed by comparison with literature data [7,18,19]
and with the calculated spin density pattern. Although the
PM3 and AM1 methods are not especially adequate for spin
density calculations, we think that the results can give some
indication about the delocalization of the odd electron on the
different positions of the molecule. Analysis of the ROHF
calculated spin density pattern shows that, for the planar moiety
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Fig. 4. EPR spectrum recorded at the electrochemical reduction of mitoxantrone (c=3x 10"> M) in DMSO+0.1 M TBABF,, at the potential of the first wave,
(a) experimental; (b) simulated; (c) numbering of the different positions of mitoxantrone used in the assignment of the hyperfine splitting constants (see text).

of the molecule, the spin population is almost entirely placed in
p. orbitals, attesting to a w-type radical. The highest spin
densities are obtained for the quinone moiety, followed by
positions 2,3 and 6,7 in the side rings. Therefore, although all
electrons were considered in the present calculations, taking
into account the m-character of the anion radical and literature
data [20,21], the proton hyperfine splittings, ay, may be
evaluated using the p, orbital spin density of the carbon atom
carrying the proton, pc, and a McConnell type formula:
an = Opc (4)
where Q is the spin polarization parameter, expressed in mag-
netic field (induction) units. For the proton, Q" ¢y=|2.7| mT.
For the amine nitrogen a similar relationship may be used with a
spin polarization parameter O™ =3.0 mT and the spin density
in the p, orbital of nitrogen [21].

Evaluation of the hyperfine splittings (hfs) from the
theoretical spin densities may be also performed using the
UHF calculated spin densities and the relationship:
ax = ag(st (5 )
where a¥% is the calculated value for an isolated atom for which
the odd electron resides entirely in the s orbital. The following
values were used for hydrogen af;=50.8 mT and for the
nitrogen atom a%=54.9 mT [20].

Both methods reproduce the general trend experimentally
observed, but the agreement with the experimental splittings is
poor, the calculated hfs being either smaller (0.164/0.165 vs.
0.355 (2H) and 0.099/0.103 vs. 0.092 mT (2H), 0.009/0.013 vs.
0.065 mT (2N), using ROHF spin densities and Eq. (4), or
higher than the experimental ones (in the range 1.168 to
1.575 mT, using the UHF spin densities and Eq. (5). The higher
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Fig. 5. Absorption spectra recorded for the chemical reduction of mitoxantrone (¢=1.6x10"* M) in DMSO in the presence of different concentrations of TBOH,

cteon=0 (spectrum 1), erpon=1.45%10"> M (spectrum 11).

hfs constants obtained using UHF spin densities were expected
because it is known that UHF calculations without annihilation
lead to too large hfs due to spin contamination, in our case (S*)
being in the range 1 to1.34. Both ROHF and UHF calculations
predict higher spin densities for sites 2,3 (ring a) as against 6,7
(ring ¢) and this difference is enhanced in the solvent-dependent
calculations.! Therefore, we think as more probable the
assignment of the highest splitting (0.355 mT) to the protons
in sites 2,3 (ring a) and not 6,7 (ring ¢), as previously done [7].
Comparison with literature data on 5,8-dihydroxy-1,4-
naphtoquinone and quinizarin (1,4-dihydroxi-9,10-anthraqui-
none) anion radicals [18,19] shows an increase of the hfs
constants of the protons adjacent to the OH groups in the OH-
substituted ring from 0.046 to 0.240, for dihydroxy-1,4-
naphtoquinone, all four protons becoming equivalent, and
from 0.100 to 0.190 mT for quinizarin. Therefore, the pre-
ferential delocalization of the odd electron on the OH-substituted
ring a in the case of the anion radical of mitoxantrone does not
seem unreasonable. As the smallest protons hfs are concerned,
their assignment to the NH or OH protons is equally probable.
Calculated hfs from PM3/DMSO-ROHF spin densities in p,
orbital of the nitrogen atom with a spin polarization parameter
NH=3.5 mT are in reasonable agreement with the experimental
ones, i.. 0.011-0.016 vs. 0.020 mT, whereas no such evaluation
is possible for the phenolic protons.
On prolonged electrolysis the spectrum becomes asym-
metric, suggesting a mixture of radical species. The lack of
symmetry is probably due to the superposition of the dianion

! According to B3LYP/EPR-III/B3LYP/6-311+G** in vacuo calculations of
unknown referee, using simplified model compounds (i.e. replacing the NHR
functional group by NHCH3), a$"=-0.255 mT, a};°=-0.172 mT and aj''=
-0.062 mT.

radical (AH? "), formed by the reduction of the anion AH™ and
evidenced by the cyclic voltammetry on subsequent cycles.
Similar EPR spectra but of poorer resolution are obtained in
DMSO in the presence of TBOH, even in the absence of
electrochemical reduction. Reduction of carbonyl compounds
in alkaline media is known to yield anion radicals, but the
mechanism is not completely understood [22].

3.4. Absorption spectra

In order to get more information about the redox behaviour
of mitoxantrone, optical spectra were recorded during the che-
mical and electrochemical reduction and oxidation using in situ
techniques. In DMSO, in the absence of TBOH, mitoxantrone
has absorption bands in the visible region at 675 nm and 623 nm
with a shoulder at 575 nm (Fig. 5, spectrum 1).

In the presence of small amounts of TBOH in DMSO (Fig. 5),
the absorption bands of the starting compound decrease, and a
new absorption maximum at 725 nm appears. This band was
assigned to the anion radical of the substrate, based on the similar
behaviour observed at the electrochemical reduction and was
confirmed by EPR spectroscopy in the same conditions. For
TBOH/mitoxantrone molar ratios up to 1:2 (Fig. 5, spectra 2—5)
a reversible behaviour is observed, the substrate being entirely
recovered by acidifying the solution with water.

For higher TBOH/mitoxantrone ratios (Fig. 5, spectra 6—11),
a new band around 650 nm is apparent, and the band of the
anion radical of the drug decreases in an irreversible way. This
band, visible when the absorption of the drug decreases, was
assigned to the AH ™ species, formed as result of the dissociation
equilibrium of the substrate, which is shifted in the presence of
TBOH towards the dissociated forms, AH™ and H".

The spectra recorded at the electrochemical reduction of
mitoxantrone in DMSO (data not shown) at the potential of the
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first wave on the voltammogram indicate a similar behaviour as
for the chemical reduction in the presence of TBOH. If the
current is stopped and the solution is opened to air, this band
decreases and the starting compound is recovered, attesting for
the reversibility of the first reduction step. A similar absorption
range was observed at prolonged electrolysis, in parallel with
the dianion formation, which plays the role of electrogenerated
base. In strong alkaline media a possible reaction is
AH +HO™ — A% +H,0, so that the band at about 600 nm
was assigned to the A>~ species.

If, after the electrochemical reduction and the formation of
AH and A*> species, the electrochemical oxidation is initiated,
the absorption bands of the starting compound are only partially
recovered, and a new band appears at 440 nm. This band, which
increases on expense of the band at 600 nm, was assigned to
species A, resulting from the oxidation of the dianion A"

4. Discussion

The experimental data may be rationalized in the following
scheme, implying alternative electron and proton transfers. In
this scheme AH, stands for mitoxantrone, A for diquinone or
quinone diimine. The intermediate species were evidenced
either by cyclic voltammetry or spectral experiments.

Starting with mitoxantrone, successive electron transfers
lead to the anion radical (AH") and dianion (AH3") evidenced
by cyclic voltammetry and/or EPR and UV—VIS spectra. These
intermediate species act as electrogenerated bases (EGB) and
shift the dissociation equilibrium of the phenolic groups
towards the phenolate anions (AH ), which can undergo further
monoelectronic reduction to the dianion radical (AH? ),
evidenced by EPR spectra in alkaline media.

The oxidative pathways of mitoxantrone: AH, —»>A+
2e +2H" lead to the electroactive species A (diquinone or
quinone diimine), which is easily reduced at a potential less
negative than the substrate itself to the anion radical (A ) or
dianion (A?"). The oxidative pathways are also supported by
experimental data (Fig. 3a, b).

4.1. MO calculations

The MO calculations were performed in order to furnish
theoretical support for the experimental data previously
discussed and to account for the reactivity of the different
intermediate species involved in redox processes (Scheme 1), in
terms of their electronic structure. At the same time, this is also
an attempt to understand at molecular level the possibility of ET
from the redox activated species of mitoxantrone to molecular
oxygen, presumably responsible for the redox cycling and
cardiotoxicity of the drug.

The first problem to be discussed is the choice of the system
and the method of calculation. Although calculations on smaller
model compounds would in principle be possible in order to
save computing time, we have considered in calculations the
whole drug molecule, for the following reasons. Preliminary
calculations on model compounds for doxorubicin, actinomycin
D and mitoxantrone [23,24] have shown that redox properties

+& Ang'

A «—F*8 , A" «— , A%

Scheme 1. Possible redox pathways of mitoxantrone in DMSO.

are practically determined by the aromatic moiety. However, it
was shown that N-substitution for the amino-anthraquinone
drugs may lead to a decrease of the electron affinity and elec-
tronegativity, that can result in reduced competition with
oxygen for an electron in the mitochondrial electron transport
chain, and therefore can influence the cardiotoxicity of the drug
[25,26]. On another side, our previous studies on several anti-
cancer drugs—DNA interaction (based on a quantum-chemical
approach: Mulliken overlap population) have pointed out the
importance of the ring substituents in the stabilization of the
drug-DNA complexes, by an enhanced contribution of specific
hydrogen bonding and other atom—atom intermolecular inter-
actions [27,28]. For these reasons we have considered that
quantum solvent-dependent calculations on the whole mole-
cule, including conformational analysis, could bring useful in-
formation in the study of the cardiotoxicity of the anti-cancer
drugs.

As the method of calculation is concerned, AM1 semiempi-
rical calculations were already used in an attempt to rationalize
the redox behaviour of reductively activated quinone deriva-
tives [25,26] and in connection with spectroelectrochemical
data on other anti-cancer drugs [29]. From a comparison of
AMI results with ab-initio calculations [26], it was stated that
the AM1 method is capable of predicting trends in redox
capacity and reactivity of substituted quinone drugs. Recently, it
was shown that the PM3 method gives better results than AM1,
especially in solvent-dependent calculations on complex
organic molecules. In the present work, both AM1 and PM3
calculations were performed. Comparison of the results shows
only minor differences in the calculation of redox properties,
but more important in the evaluation of the ET towards
molecular oxygen. Therefore, in the followings only PM3
results will be discussed.

The following strategy was adopted in our calculations:

— in a first step, a conformational search in both gas phase
and solvent (DMSO) was performed for the neutral
compounds, starting drug and its oxidation products, using
the reaction grid option, in order to obtain the most stable
few conformers.

— starting from these conformers, gas phase and solvent-
dependent optimisation was performed for the neutral
compounds (mitoxantrone, diquinone, quinone diimine), as
well as for the intermediate species and products involved in
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Fig. 6. The structure of the mitoxantrone conformer in DMSO, corresponding to
the lowest energy in Table 1, in respect with the rotation around —N—C,, bonds;
the position of the side chains is determined by the dihedral angles ABCD,
A’B’C’D’.

redox processes, evidenced by experimental data (Scheme 1).
Restricted Hartree—Fock (RHF) formalism for closed shell
and both restricted (ROHF) and unrestricted (UHF) for open
shell structures were employed.

— in a last step, the different calculated electronic properties
(charges, spin densities, energies and shape of frontier mo-
lecular orbitals, redox properties) were discussed in connec-
tion with experimental data, and the possibility of ET to
molecular oxygen was analysed.

4.1.1. Geometry optimisation of the neutral compounds

PM3 conformational search of the molecular structure of
mitoxantrone and its oxidation products (diquinone, quinone
diimine) was performed in gas phase and DMSO in respect with
the rotation of the side chains around —N—C,, bonds (dihedral

Table 1

Calculated enthalpies of formation, AH', dihedral angles ABCD and A’B’C’D’
(defined in Fig. 6), and the distance between the amine proton and the carbonyl
oxygen, for the four lower energy conformers of mitoxantrone, in respect with
the rotation around the ~-HN-C,, bonds

Gas phase DMSO

AH' ABCD; dy. o-c AH' ABCD; du. o-c

(kJ/mol) A'BC’D’ (&) (kJ/mol) A’B’C’'D  (A)
1 —859.95 35;-36 1.83;1.83 —923.09 —30;—-30 1.85;1.83
2 —855.72 —36;36 1.83; 1.83 —918.48 40; —40 1.84;1.83
3 —85333 -37;,-36 1.82;1.83 —91526 —30;40 1.85; 1.84
4 —853.12 36; 37 1.83; 1.82 —910.31 50; 50 1.83; 1.84

angles ABCD, A’B’C’D’, Fig. 6) for mitoxantrone and
diquinone, and around =N—CH,— bonds, in the case of quinone
diimine.

The differences between the energies of the different
conformers are only 4—12 kJ mol ', due to the quasi-free
rotation of the side chains for a rotation angle in the range
—120+120. The calculated heats of formation, AH', of the
mitoxantrone conformers corresponding to the minima on the
grid in gas phase and DMSO are presented in Table 1, together
with the characteristic geometrical parameters (the dihedral
angle values and the distance between the amine proton and the
carbonyl oxygen). It may be observed that the most stable
conformer in Table 1, in both gas phase and DMSO, is
characterised by the N—H bond directed towards the carbonyl
oxygen and a CO... HN distance of about 1.85 A, ensuring
strong hydrogen bonding. Therefore, the position of the
saturated side chains in the lowest energy conformers is
determined by the hydrogen bonds between the amino and
carbonyl groups.

4.1.2. Redox properties of neutral compounds
Relevant electronic parameters used in the discussion of
reactivity in redox processes are [25,26]:

— the absolute (vertical) electronegativity (X,), defined as:
X,=1/2(IP+EA) or, taking into account Koopman’s theo-
rem: X,=—1/2(€gomo + ELumo), Where €yomo and £ umo
are the energies of the highest occupied and lowest empty
molecular orbitals.

— the adiabatic ionisation potential (IP,q), calculated as the
variation of enthalpy (AH) in the reaction: X -» X" +e~

— the adiabatic clectron affinity (EA,q), defined as the
negative of enthalpy variation (—AH) in the reaction: X+
e —»X

— the adiabatic electronegativity (Cy,q), calculated as: X,q=
1/2(TP,q+EA,q)

The heats of formation, the relevant orbital energies and
the vertical and adiabatic electronegativities and ionisation

Table 2

Gas phase and DMSO-PM3 calculated enthalpies of formation, AH', energies of
the frontier molecular orbitals, €yomo and & ymo, adiabatic ionisation
potentials, IP,q, and electron affinities, EA,q, vertical X,, and adiabatic X4
electronegativities, and experimental reduction potentials for mitoxantrone,
diquinone and quinone diimine

Compound  AH' fiomo fumo Xy [Py EAw X B
(kJ/mol) (eV) (eV) (eV) (eV) (kI/mol) (eV) (V)

Mitoxantrone

Gas phase —859.95 —835 —1.73 5.04 727 22835 482 -0.60
DMSO —923.09 —849 —1.81 5.15 593 38275 4095
Diquinone

Gas phase  —655.27 —853 —2.09 531 7.41 28948 520 -0.30
DMSO —746.86 —8.79 —239 559 6.19 46421 5.50

Quinone diimine
Gas phase —636.29 —8.94
DMSO —716.65 —9.28

—1.88 541 828 247.12 542
—2.05 567 6.70 41359 549

—-0.30
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Table 3

PM3 calculated reaction enthalpies, A™H, for the different reduction and
oxidation steps ( Scheme 1) for mitoxantrone (AH,), diquinone and quinone
diimine (A), in gas phase and DMSO

Step A™H (kJ/mol)® (gas phase) A'H (kJ/mol)® (DMSO)
AH,+e —AH; - —228.35 —382.75
AH,+2e — AHZ™ ~135.71 ~711.54
AH,—>AH +H" -100.72 -310.98
AH, —A+2H"+2¢~

A=diquinone 204.68 176.23

A=quinone diimine  223.66 206.44
A+e —A™ —289.48 —464.21

(diquinone)

(quinone diimine) —247.12 —413.59
A+2 € —AT —234.97 —834.14

(diquinone)

(quinone diimine) —157.87 —761.74

* A'H= 2 AI_Irl’rod - 2 AHrReact~

potentials for mitoxantrone, diquinone and quinone diimine (the
possible oxidation products of mitoxantrone), in both gas phase
and in a polar solvent (DMSO) are presented in Table 2.

The results indicate enhanced redox properties of mitoxan-
trone, diquinone and quinone diimine in DMSO, as against the
gas phase, reflected in lower ionisation potential, higher
electron affinity and higher vertical and adiabatic electronega-
tivities. The values of & uymo, EA.g, X, and X,q attest that
diquinone or quinone diimine are more reducible than
mitoxantrone, in agreement with the cyclic voltammetry results,
which indicate a less negative reduction potential for diquinone
or quinone diimine. Moreover, the adiabatic and absolute
electronegativities are close to one another, indicating that no
significant geometry modifications arise in the anion radical as
against the starting molecule.

The redox pathways (Scheme 1) as evidenced by experi-
mental data may be considered as a sequence of electron and

proton transfers. Therefore, the energetics of the different steps
was analysed using the values of the formation enthalpies
calculated for all intermediate species, in gas phase and DMSO,
and the results are contained in Table 3.

Examination of the results in Table 3 shows that the mono
and bielectronic reduction steps of mitoxantrone are energeti-
cally favourable in gas phase and especially in DMSO. The acid
dissociation of the substrate is also exothermic. The reduction of
diquinone or quinone diimine (A) to the corresponding anion
radical and dianion is more exothermic compared with
mitoxantrone, in agreement with the less negative reduction
potential evidenced by cyclic voltammetry (E=—0.30 V vs. E=
—0.60 V). The oxidation of mitoxantrone to diquinone or
quinone diimine is endothermic, in agreement with its high
positive oxidation potential, E=+1.45 V.

As far as the influence of the solvent is concerned, the
dielectric continuum model is too simple to account for the
specific effect of the solvent. However, it may be noted that, as
expected, the charged species are stabilized more than neutral
ones, and that the reaction enthalpies are more negative in
DMSO as compared to the gas phase.

The bielectronic oxidation of mitoxantrone may involve
either the hydroxyl groups on ring a leading to a diquinone, or
the amino groups on ring ¢, resulting in a quinone-diimine
structure.

Analysis of the frontier molecular orbitals of mitoxantrone
(Fig. 7) indicates that the HOMO orbital is mainly delocalised
on ring ¢ and amino groups, whereas the LUMO is mainly
delocalised on ring b. Therefore, we may infer that the quinone
moiety should be responsible for the behaviour in reduction
processes, whereas the amino substituents on ring ¢ are
expected to be involved in oxidation processes.

Comparison of the calculated reaction enthalpies for the two
oxidation products (Table 3) shows that oxidation pathways
in gas phase and DMSO are slightly more endothermic for

HOMO

LUMO

Fig. 7. The shape of the frontier molecular orbitals (HOMO and LUMO) of mitoxantrone.
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Table 4

PM3 calculated reaction enthalpies, A'H, for the electron transfer reactions from
the anion radical (AH;") and dianion (AH?) of mitoxantrone to molecular
oxygen, in gas phase and DMSO

Reaction 0," A™H (kJ/mol)® A™H (kJ/mol)®
(gas phase) (DMSO)
AH; "+0,—AH,+0; - 'A, 95.74 —150.63
S, 190.26 -61.25
AH3 +0,—AH; +0; A, ~22525 ~204.59
S -130.72 ~115.22

 For molecular oxygen species the following AH' values were used: —17.51
(2,), 77.01 (*A,) for gas phase, and —18.31 °2,), 71.06 (' A,) for DMSO; for
0,1 —55.60 (gas phase) and —462.22 kJ/mol (DMSO).

b AH= 2 AH{Pwd72 AH{Reacb

quinone diimine, although the structure of the HOMO indicates
as more probable the oxidation to the quinone-diimine structure.
The differences in the reduction enthalpies of diquinone and
quinone diimine to the corresponding anion radicals and
dianions are greater, especially in DMSO, suggesting that
these species may be involved in generation of free radicals.

4.1.3. Reactivity towards molecular oxygen

In regard with the possibility of the reductive activation of
molecular oxygen, the energetics of the ET-reactions in Table 4
was examined for both ground (32g) and singlet (' A o) state of
molecular oxygen, in gas phase and DMSO, using RHF heats of
formation. The reductive activation of molecular oxygen to the
superoxide anion is not energetically favourable from the anion
radical of mitoxantrone in the gas phase but is exothermic in
DMSO. Electron transfer from the dianion of mitoxantrone to
both states of molecular oxygen is energetically favourable,
suggesting that the dianion could play an important role in the
redox cycling of this drug.

For diquinone and quinone diimine, the electron transfer from
the anion radical and dianion to the ground state of molecular
oxygen, in both gas phase and DMSO, is more favourable for
quinone diimine (i.e. from the dianion in DMSO, the RHF
calculated values are —74.07 kJ/mol for diquinone and
—95.86 kJ/mol for quinone diimine).

The reduction potential of mitoxantrone is too negative to
permit involvement of the drug in reductive activation by
reductases, mitoxantrone being therefore less effective in the
formation of free radicals and presenting a smaller cardiotoxicity.
However, experimental and theoretical data indicate that the
monoelectronic reduction of diquinone or quinone diimine
(resulting compounds after bielectronic oxidation of mitoxan-
trone) is more favourable compared with mitoxantrone, and
therefore these structures may be involved in other electron
transfer processes and generation of toxic reactive oxygen species.

In conclusion, it may be stated that, although this attempt to
rationalize the experimental results by means of semiempirical
calculations is only a simplified thermodynamic approach, the
use of electrochemical and spectral (EPR, absorption spectro-
scopy) methods in conjunction with theoretical MO calculations
seems to be promising in the understanding of the reductive
activation and cardiotoxicity of anti-cancer drugs.
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Abstract

Silver chloride@polyaniline (PANI) core—shell (AgCl@PANI) nanocomposites were synthesized in the presence of polyvinylpyrrolidone (PVP).
The obtained AgCl@PANI nanocomposites could be easily dispersed in aqueous media, which overcame the processible issues of PANI. Moreover,
the nanocomposites showed excellent electrochemical behavior at pH neutral environment, and had inhibitive effect on oxidation of ascorbic acid.
Fourier transform infrared spectrophotometry (FTIR) confirmed the existence of PVP in the nanocomposites. The C=0 group of PVP is easy to form
hydrogen bonding with the hydroxyl group of ascorbic acid, which can prevent ascorbic acid from oxidization. A selective dopamine biosensor was
constructed based on the particular characteristic of the AgClI@PANI nanocomposites by the simple drop-coating. The biosensor could detect
dopamine at its very low concentration in the presence of 5000 time concentration of ascorbic acid at neutral environment.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the first report of electrical conductivity in a conjugated
polymer in 1977 [1], conductive polymers have attracted much
interest due to their high conductivity, ease of preparation, good
environmental stability, and large variety of applications in light-
emitting, electronic devices, chemical sensors, separation mem-
branes, and antistatic coatings [2—4]. The most widely studied
conducting polymers include polyanilie (PANI), polypyrole (PPy),
and polythiophene (PTh). During them, PANI has been proven
particularly useful in the development of biosensors, because of its
low cost, ready film-forming ability, chemical and electrochemical
stability, and scope for incorporation of functional groups [5].
However, the poor processability of PANI has greatly restricted its
exploitation in commercial biosensors. Monomer aniline is
carcinogen, and it is insoluble in common solvents [6]. The
processability issues have been overcome by PANI nanostructure
because they can be dispersed in aqueous media [7]. Moreover,
since high surface area, PANI nanostructure allows fast diffusion

* Corresponding author. Tel./fax: +86 25 83594976.
E-mail address: jjzhu@nju.edu.cn (J.-J. Zhu).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.07.003

of target molecules, resulting in the acceleration of electron
transmission and the enhancement of current response[7—8].

Usually, acidic conditions (pH<4) are required for the
formation of the highly conductive form of PANI, and this
greatly restricts applications of PANI in bioelectrochemistry,
which normally needs a neutral pH environment. It was reported
that doping PANI with negatively charged units yielded a redox-
active polymer at neutral and even basic aqueous solution.
PANI nanoparticles doped with dodecyl-benzenesulfonic acid
(DBSA) were used by Morrin et al. to immobilize horseradish
peroxidase (HRP), thus H,O, biosensors were fabricated [7,9].
Glucose biosensors were fabricated by immobilizing Glucose
oxidase (GOx) on Au nanoparticles-conductive PANI nano-
composites, and this biosensor displayed high sensitivity for
glucose sensing [8]. Sulfonate-functionalized Au nanoparticles
(Au-NPs) were incorporated into PANI microrode through
electropolymerization. The PANI/Au-NPs composites showed
good electroactivity at neutral environment, despite that PANI is
redox-active only under acidic condition by itself [10].

A kind of inorganic(@conducting PANI nanocomposites, silver
chloride@PANI core—shell (AgCl@PANI) nanocomposites, was
synthesized [11]. Inorganic@conducting PANI nanocomposites
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with different combinations of the two components have attracted
significant academic and technological attention because of their
unique properties as well as extensive applications in diverse areas
[12]. The AgCl@PANI nanocomposites exhibited excellent
electrochemical behavior at neutral pH environment. Moreover,
different with the PANI composites synthesized by Granot et al.,
which favored catalytic oxidation of ascorbic acid [10],
AgCl@PANI nanocomposites have inhibitive effect on oxidation
of ascorbic acid. Fourier transform infrared spectrophotometry
(FTIR) confirmed the existence of PVP in AgCl@PANI
nanocomposites [11]. The C=0 group in PVP can form hydrogen
bonding with ascorbic acid and prevents it from oxidation. A
Biosensor, which could selectively determine dopamine in the
presence of large excess of ascorbic acid, was successfully
constructed based on the particular characteristic of AgClI@PANI
nanocomposites.

Dopamine is a very important catecholamine neurotransmitter
in the mammalian central nervous system. The change in the level
of dopamine has been proved to be a very effective route toward
brain functions, and the loss of dopamine-containing neurons may
result in serious disease such as Parkinson’s disease [13,14].
Selective and sensitive determination of dopamine has been a
long-standing goal, and electrochemical techniques have been
proved to be one of the most advantageous ways in the deter-
mination of dopamine [13—18]. A major problem in dopamine
detection is the interference of ascorbic acid, which is also present
in biological fluids at very high concentration (100—
500 wmol L"), whereas dopamine levels are much smaller
(<100 nmol L™ ") [19,20]. At bare electrodes, ascorbic acid is
oxidized at a potential very close to that of dopamine [21].
Moreover, electrode surface can be easily fouled by the product of
ascorbic acid oxidation, which results in rather poor selectivity
and reproducibility in the determination of dopamine [22,23].

In this paper, a selective dopamine biosensor was developed
by a very quick and simple drop-coating method. AgCl@PANI
nanocomposites can be easily dispersed in aqueous media. Some
dispersion solution was deposited on a glassy carbon (GC)
electrode. The electrode was dried in air and then coated with a
film of Nafion. The developing method involves no electrochem-
ical steps, so it is easily amenable to mass production [10].
AgCl@PANI nanocomposites have inhibitive effect on oxidation
of ascorbic acid, and Nafion film can suppress oxidative current of
ascorbic acid further through charge discrimination [15,20]. The
biosensor could determine dopamine in the presence of large
excess of ascorbic acid at a neutral pH environment with great
selectivity and sensitivity.

2. Experiment
2.1. Instruments and chemicals

Aniline, silver nitrate, Polyvinylpyrrolidone (PVP), hydro-
chloride (HCI), and ammonium persulfate ((NH,4),S,Og, APS)
were purchased from Shanghai Chemical Reagent Co. Aniline
was distilled under reduced pressure. Nafion, a 5 wt.% solution
in a mixture of lower aliphatic alcohols and 20% water, was
obtained from Aldrich. The 1% Nafion solution used in this study

was prepared by diluting the 5% Nafion in ethanol. Ascorbic acid
and dopamine chloride were purchased from Sigma Chemicals and
used as received. Other chemicals used were of analytical reagent
grade and used without further purification. Aqueous solutions
were prepared with distilled water. Phosphate buffer solution (PBS)
was prepared from NaH,PO, (0.1 M) and Na,HPO, (0.1 M) and
adjusted the pH with 0.1 M H3;PO, and NaOH solutions. Freshly
prepared ascorbic acid and dopamine were used for all experiments.

Electrochemical experiments were performed on a CHI630a
electrochemical workstation (Chenhua Co., Shanghai, China) in a
three-electrode configuration. A saturated calomel electrode
(SCE) and a platinum electrode served as reference and counter
electrode, respectively. All potentials given below were relative to
the SCE. The working electrode was a modified GC electrode.
Buffers were purged with highly purified nitrogen for at least 20
min prior to use and all electrochemical experiments were
performed under nitrogen atmosphere.

Scanning electron microscopy (SEM) pictures were recorded
on a JSM-5900 instrument.

2.2. Synthesis of AgCI@PANI nanocomposites

AgCI@PANI nanocomposites were synthesized according
to reference [11]. AgNO; (0.012 M) and aniline (0.012 M) were
added to 2% or 4% PVP aqueous solution. 5 mL of 1M HCI
aqueous solutions of APS as oxidant were dropped into the above
mixture under stirring at room temperature. The molar ratio of
aniline to APS ([An]: [APS]) was 1:1. The reaction was allowed to
proceed for 24 h. After that, the precipitate was centrifuged and
washed several times with distilled water and ethanol. The final
product was dried in vacuum at 40 °C for 24 h.

2.3. Preparation of the modified GC electrode

A GC electrode was polished to a mirror surface before each
experiment with 0.05 um «-Al,Os slurry, and then ultrasonicated
in distilled water and acetone successively. The cleaned electrode
was dried with a stream of nitrogen immediately before use.
AgCl@PANI nanocomposites were dispersed in distilled water to
form a 1.0 mg/mL solution and ultrasonically treated for 30 min.
The pretreated GC electrode was cast with 5 pL of the blue
suspension of AgCI@PANI nanocomposites in water. The
electrode was dried in air and then coated with 10 uL of 1%
Nafion solution. The solvent was allowed to evaporate at room
temperature. The modified electrode is denoted as Nafion—
AgCl@PANI/GC.

PVP modified GC electrode was prepared by droplet
evaporation of 20 pL of a 0.2% (wt/vol) methanolic PVP
solution followed by drying for 12 min at room temperature.

3. Results and discussion

3.1. Physical characterization of Nafion coated AgCI@PANI
film

The core—shell structure of AgClI@PANI nanocomposites
has been verified by transmission electron microscopy (TEM).
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Shell thickness and core diameter of the nanocomposites is of
20-70 nm separately [11]. Fig. 1 shows the SEM images of the
AgCl@PANI (up) and Nafion coated AgCI@PANI (down) films
on silicon wafers. Uniform films consisted of nanocomposites
are observed. The subtle difference between the two images
results from the membrane of Nafion, which was cast on one of
the silicon wafers after they were coated with AgCl@PANI
nanocomposites.

3.2. Cyclic voltammetric behavior of ascorbic acid and dopamine
at AgCl@PANI nanocomposite modified GC electrode

Fig. 2 depicts the cyclic voltammograms obtained at a bare
GC electrode in pH 7.0 phosphate buffer solution (0.1 M)
(curve a), containing 1 mM ascorbic acid (curve b), 1 mM
dopamine (curve c), and a mixture of 1 mM dopamine and
1 mM ascorbic acid (curve d). As shown in Fig. 2, the oxidation
peak potential of ascorbic acid on the bare GC electrode surface
is 0.175 'V, which is close to that of dopamine (0.21 V). That
oxidation of the two species occurred almost at the same
potential would result in an overlapped voltammetric response.
Actually, cyclic voltammogram obtained for the mixture of
ascorbic acid and dopamine exhibits only one anodic peak. It is
believed that oxidized dopamine acts as a catalyst for oxidation
of ascorbic acid, which is also one of the reasons why only one
oxidation peak with great peak current was obtained for

Fig. 1. SEM images of AgCl@PANI nanocomposite (up) and Nafion coated
AgCl@PANI nanocomposite films (down) on silicon wafers.
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Fig. 2. Cyclic voltammograms of bare GC electrode. Curve (a): pH 7.0
phosphate buffer (0.1 M); Curve (b): (a) +1 mM ascorbic acid; Curve (c):

(a) +1 mM dopamine; Curve (d): (a) + a mixture of | mM dopamine and 1 mM

ascorbic acid. Scan rate: 0.1 Vs~ .

ascorbic and dopamine mixture. These observations clearly
indicated that the existence of ascorbic acid had seriously
interfered with the determination of dopamine at bare GC
electrode [24-26].

The curve (a) of Fig. 3 shows the cyclic voltammetric
behavior of the modified GC electrode in 0.1M PBS (pH 7.0).
Only one pair of broad redox peaks was observed, which is the
overlap of two redox processes normally found for the PANI
system under acidic conditions. GC electrode modified with
AgCl@PANI nanocomposites shows two pairs of redox peaks
in solution with pH value below 4 [11]. It is well known that
PANI exists in three well-defined oxidation states: leucoemer-
aldine, emeraldine and pernigraniline, and the two oxidation
peaks are assigned to the transition of leucoemeraldine to
emeraldine salt and the transition of emeraldine salt to
pernigraniline separately [5, 27]. The two pairs of redox
peaks of AgClI@PANI nanocomposites moved close with the
increase of pH value and finally merged to show only one pair
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Fig. 3. Cyclic voltammograms of AgCI@PANI/GC electrode. Curve (a): pH 7.0
phosphate buffer (0.1 M); Curve (b): (a) +1 mM dopamine; Curve (c):
(a) +1 mM ascorbic acid (Scan rate: 0.1 V s '). The insert shows the enlarged
view of the region indicated by the arrow.
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Fig. 4. Square-wave voltammograms of AgCI@PANI/GC electrode. Curve (a):
pH 7.0 phosphate buffer; Curve (b): (a) +0.1 mM dopamine; Curve (c):
(a) +1 mM ascorbic acid.

of broad redox peaks when pH value reached 4, and the redox
peaks could still be observed even when pH value was 8 [11],
indicating that AgCI@PANI nanocomposites could show
excellent electrochemical behavior at pH neutral environment.

PANI is redoxactive only in acid media (pH <4) by itself [5].
This greatly restricts its applicability in bioelectrochemistry,
which normally requires a neutral pH environment. It was
shown, however, doping PANI with negatively charged
sulfonate units [28], or the incorporation of negatively charged
poly (acrylic acid) [29] or DNA units [30], yields a redox-active
polymer at neutral and even basic aqueous solutions. Although
the mechanism why AgCI@PANI nanocomposites show good
electrochemical activity in neutral media has not been clear yet,
we believe that large amounts of negatively charged chloride
ions have provided the anionic doping that made AgCl@PANI
nanocomposites redox-active at neutral and even slightly basic
aqueous solutions [31].

Certain amounts of AgClI@PANI nanocomposite dispersion
solutions were dropped on the surface of GC electrode and then
dried in air. The prepared modified GC electrode is referred as
AgCl@PANI/GC electrode. The electrochemical behaviors of
dopamine (curve b) and ascorbic acid (curve ¢) in pH 7.0 PBS at
AgCI@PANI/GC electrode were examined using cyclic vol-
tammetry. In curve b, there is a shoulder peak at 0.22 V, whereas
no obvious shoulder peak appears in curve c. It can be seen in
Fig. 2 that dopamine showed a couple of quasi-reversible redox
peaks at bare GC electrode, but no reduction peak belonging to
dopamine was observed in Fig. 3. In the mean time, both the
oxidation and reduction peak currents of AgClI@PANI nano-
composites decreased. These observations suggest that there
should be considerable interaction between the AgCl@PANI
nanocomposites and dopamine or its oxidation products.
Oxidation of ascorbic acid at bare GC electrode is believed to
be totally irreversible, and at AgCI@PANI/GC electrode, no
peak corresponding to reduction of ascorbic acid could be
observed too. However, oxidation peak could not be observed at
the same time, indicating that there are interactions between
ascorbic acid and AgCI@PANI nanocomposites too.

3.3. Square-wave voltammetric behavior of ascorbic acid and
dopamine at AgCI@PANI/GC electrode

Fig. 4 is the Square-wave voltammograms obtained at
AgCI@PANI/GC electrode in pH 7.0 phosphate buffer (curve a),
containing | mM dopamine (curve b), or | mM ascorbic acid
(curve c). In curve a, oxidation peak at 0.02 V corresponds to the
transition of leucoemeraldine to pernigraniline. When dopamine
was added, a new oxidation peak at 0.22 V appeared. At the same
time, the oxidation peak current of AgCl@PANI nanocomposites
dropped due to the interaction between the nanocomposites and
dopamine or its reduction products. A small broad wave at c.a.
0.22 V was observed when ascorbic acid was added into the buffer
solution. It can be seen that although the concentration of ascorbic
acid was ten times as much as that of dopamine, the oxidation peak
current of ascorbic acid was much smaller. As we know, both PANI
and dopamine carry positively charged amino groups at neutral
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Fig. 5. Molecular structures of PVP (a), dopamine (b), ascorbic acid (c) and
intramolecular hydrogen bonding of ascorbic acid (d) (A).Cyclic voltammo-
grams of PVP modified GC electrode. Curve (a): pH 7.0 phosphate buffer
(0.1 M); Curve (b): (a) +1 mM ascorbic acid; Curve (c): (a) +1 mM dopamine
(Scan rate: 0.1 Vs~ 1) (B).
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Fig. 6. Cyclic voltammograms of AgCI@PANI/GC electrode (a) and Nafion—
AgCI@PANI/GC electrode (b) in pH 7.0 phosphate buffer (0.1 M). Scan rate:
0.1 Vs

environment. The electrostatic repulsion between positively
charged PANI shell of the AgClI@PANI nanocomposites and
dopamine explains the reason why the oxidation peak current of
dopamine at the electrode was much smaller than that at bare GC
electrode. Ascorbic acid exists as a negatively charged ascorbate
species in a neutral media, and the electrostatic attraction between
ascorbic acid and PANI can enhance the surface concentration of
ascorbic acid at the electrode. That is the reason why PANI is
usually believed to favor catalytic oxidation of ascorbic acid.
However, AgCI@PANI nanocomposites showed completely
different characteristic. Although the surface concentration of
ascorbic acid at the electrode had been improved through the
interaction between positively charged PANI shell and negatively
charged ascorbate, the oxidation of ascorbic acid at AgCl@PANI/
GC electrode could hardly be decerned by cyclic voltammetry.
Even by square-wave voltammetry, when the concentration of
ascorbic acid reached 1 mM, only a small broad wave correspon-
ding to oxidation of ascorbic acid could be observed. This indicates
that not only does AgCl@PANI nanocomposites have no catalytic
effect on oxidation of ascorbic acid, but also inhibit its oxidation.
When ascorbic acid was added into the phosphate buffer solution,
it can be observed that the redox peak currents of AgCl@PANI
nanocomposites decreased (Fig. 3), indicating an unknown
interaction between ascorbic acid and AgCI@PANI nanocompo-
sites, which had hampered oxidation of ascorbic acid.

The molecular structure of AgCI@PANI nanocomposites was
characterized by Fourier Transform infrared spectrophotometry
(FTIR). The characteristic peak at 1651 cm™ ' assignable to C=0
could prove the presence of PVP in the nanocomposites [11]. Fig.
SA displays the molecular structures of PVP, dopamine
hydrochloride and ascorbic acid. Ascorbic acid in aqueous
solution, as in the crystal, exists exclusively as its enol tautomer
(structure c) [32], and the tautomer can gain additional stability by
the forming of intramolecular hydrogen bond (structure d). When
pH value is over 5, however, the intramolecular hydrogen bond
will break for the deprotonation of the hydroxyl group at C(3).
PANI is positively charged at neutral environment, meanwhile
ascorbic acid is negatively charged. Ascorbic acid can be adsorbed
on the modified electrode surface through the electrostatic

attraction. It has been proved that the C=0 group in PVP is
easy to form hydrogen bond with other atoms like oxygen,
nitrogen and fluorin [33], thus the PVP in the nanocomposites can
form intermolecular hydrogen bond with ascorbic acid, and
prevents the hydroxyl group at C(2) from oxidization. Fig. 5B
shows the cyclic voltammograms obtained at the PVP modified
GC electrode in pH 7.0 phosphate buffer solution (curve a),
containing 1 mM ascorbic acid (curve b), or | mM dopamine
(curve ¢). A couple of redox peaks at 0.15V can be observed on
curve b, whereas no redox peaks could be observed on curve c,
indicating that PVP has prevented oxidation of ascorbic acid.

3.4. Square-wave voltammetric application for the determination
of dopamine at Nafion—AgCI@PANI/GC electrode

In order to eliminate the interference of ascorbic acid with
detection of dopamine completely, Nafion, a cation-exchange
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Fig. 7. (A) Square-wave voltammograms of ascorbic acid and dopamine at
Nafion—AgCl@PANI/GC electrode in 0.1 M phosphate buffer solution (pH 7.0).
[Dopamine] changed and [ascorbic acid] kept constant (i.e., [ascorbic acid]=
1 mM, [Dopamine]: (a) 0.2, (b) 0.4, () 0.6, (d) 0.8, (e) 1.0, (f) 1.4, (g) 1.8, (h) 2.2,
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is the square-wave voltammograms at Nafion—AgCI@PANI/GC electrode in
0.1 M phosphate buffer solution (pH 7.0) when [ascorbic acid] was 1 mM.
(B) Relationship between the anodic peak currents and the concentration of
dopamine.
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polymer, whose films are highly permeable to cations but almost
impermeable to anions, was used to coat AgCI@PANI nano-
composite modified GC electrode. Fig. 6 shows the cyclic
voltammograms of AgCI@PANI/GC electrode (curve a) and
Nafion—AgCI@PANI/GC electrode (curve b) obtained in pH 7.0
phosphate buffer solutions. At Nafion—AgCI@PANI/GC elec-
trode, the peak separation between redox peaks (4E,) was
136 mV, which was small than that at AgCl@PANI/GC electrode
(332 mV). The decrease of AE, might result from that Nafion
film had provided enough negative charges for the PANI shell
of nanocomposites, and then the conductivity of AgCl@PANI
nanocomposites was improved [32]. In the meantime, the peak
currents of PANI at Nafion—AgCI@PANI/GC electrode in-
creased, which could be attributed to the fact that the membrane
of Nafion had prevented AgCl@PANI nanocomposites at GC
electrode from diffusing into the electrolytes.

Since dopamine exists in cationic form and ascorbic acid exists
in anionic form at neutral environment, the Nafion membrane can
strongly repulse anionic ascorbic acid and highly attract cationic
dopamine. Fig. 7A represents the SWVs of different concentra-
tion of dopamine at Nafion—AgCI@PANI/GC electrode where
the concentration of ascorbic acid kept the same (1 mM). From the
insert of Fig. 7A, it can be seen that almost no response could be
observed when 1 mM ascorbic acid was added into the phosphate
buffer solution. This clearly indicates that Nafion film on the
electrode surface have prevented anionic ascorbic acid from
reaching the electrode surface, and made the electron exchange
between ascorbic acid and the modified electrode almost
impossible. Thus the selectivity of the AgCI@PANI/GC electrode
towards dopamine was improved after it was coated with Nafion
film. It was observed in Fig. 7 that with the increase of dopamine
concentration, the peak currents for AgCI@PANI nanocompo-
sites increased. The Nafion—AgCI@PANI/GC electrode can
sense the increase in low level of dopamine (0.2 pM) in the
presence of high concentration of ascorbic acid (1 mM), and the
anodic peak currents for dopamine increased linearly with the
increase of dopamine concentration with the correlation coeffi-
cient of 0.996 and sensitivity of 0.49 pA pM ™' (Fig. 7B).

3.5. Conclusion

AgCl@PANI nanocomposites have showed excellent redox-
active behavior at neutral environment. Moreover, they had in-
hibitive effect on oxidation of ascorbic acid. The remaining PVP
in the nanocomposites can form hydrogen bonding with ascorbic
acid, and prevent it from oxidization. A highly selective dopamine
biosensor was constructed based on the particular characteristic
of AgCI@PANI nanocomposites. The biosensor could detect
dopamine at its very low concentration in the presence of 5000
times concentration of ascorbic acid at neutral environment.
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Abstract

A label-free biosensor for the detection of oligonucleotides related to hepatitis B virus sequence via the interactions of DNA with redox-active
complex, 2,9-dimethyl-1,10-phenantroline cobalt [Co(dmp)(H,O)(NOs),] is described. The study was carried out by the hybridization of 21-mer
probe DNA modified on glassy carbon electrode (GCE) with target DNA, and [Co(dmp)(H,O)(NOj3),] whose sizes are comparable to those of the
small groove of native double-helix DNA was used as an electrochemical indicator. Electrochemical detection was performed by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) over the potential range where the [Co(dmp)(H,O)(NOs),] was active. Under the
optimum conditions, the electrical signal had a linear relationship with the concentration of target DNA ranging from 3.96x 107 to 1.32x 10" ® M,
and the detection limit was 1.94x 10”8 M (S/N=3). The biosensor has good selectivity by detecting the three-base mismatch sequence ssDNA.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Hepatitis B virus; 2,9-Dimethyl-1,10-phenanthroline cobalt; Electrochemical indicator; DNA biosensor

1. Introdution

DNA biosensor for the detection of short sequence DNA
makes it possible for people to study organism in molecular level,
so it has become an important topic in the fields of gene mutation,
disease diagnosis, drug screening, and forensic activation analysis
[1-6]. Compared with nearly all other analytical techniques,
electrochemical detection assays have the advantage of being
inexpensive, robust and relatively simple to operate. On this basis
alone, electrochemical biosensors for DNA hybridization present
attractive prospects for real-world clinical applications which
represent a substantial driver to achieve reliable, sensitive, quan-
titative detection of DNA hybridization [7]. Electrochemical
sensors based on impedance [8—10] or voltammetry [11,12]
have been reported. And in recent years, conducting copolymer
[13—17] and metal nanoparticles [18—20] have been applied for
electrochemical DNA sensors with high sensitivities.

* Corresponding author. Tel./fax: +86 532 84022750.
E-mail address: shushzhang@126.com (S. Zhang).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.11.001

Electrochemical DNA biosensors commonly rely on the con-
version of the hybridization event into useful electrical signals.
Barton and co-workers had developed an electrochemical DNA
detector that can detect single-base pair mismatches without
requiring any stringent washings. The concept relies on long-
range charge transfer through DNA helix [21-23]. Electrons have
been shown to transfer through DNA helix, but not through single
stranded DNA, to the intercalator at the distal end of the DNA
[24]. The recognition capabilities of DNA through hybridization
reactions are well established, but adequate transducers are
needed to generate a physically measurable signal from the hy-
bridization events. For this purpose, various electroactive metal
complexes with rigid bidentate ligands, such as 1,10-phenanthro-
line or 2,2’-bipyridyl were often investigated because the mode of
the interaction between these complexes and DNA are interca-
lative or electrostatic which could make more stable biosensors
due to their potential application in the molecular recognition
of nucleic acids [25-31]. Transition metal complexes using
1,10-phenanthroline as ligands are capable of selectively
binding DNA through intercalation [32—34]. Cobalt complexes
have the interesting characteristics of metallointercalation and
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DNA cleaving properties [35]. The interactions between the
complexes and DNA were studied via electrochemical methods
[36,37].

One recent focus in our group has been the searching for more
efficient and sensitive electroactive indicators for the direct
monitoring of DNA hybridization/recognition events [38—41]. In
present work, an electrochemical transducers have been devel-
oped for monitoring the hybridization event of HBV DNA
fragments in connection with electroactive hybridization indica-
tors, [Co(dmp)(H,O)(NOs),]. We attempted to determine the
nature of the interaction between DNA and the complex, because
the planar aromatic ring of the ligand may enhance the interaction
with DNA via intercalation and hydrogen-bonding interaction.
Under the optimal conditions, the HBV DNA could be quantified
over the range from 3.96x10°7 M to 1.32x10°° M, and a
detection limit of 1.94x 10 % M.

2. Experimental
2.1. Materials

The complex of [Co(dmp)(H,O)(NOs3),] (Scheme 1)
was prepared as described in the literature [42]. 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide solution (EDC) and
N-hydroxysuccinimide solution (NHS) were purchased from
Sigma and used without further purification. Double-stranded
salmon sperm DNA (dsDNA) were purchased from Shanghai
Huashun Biological Engineering Company (A4,40/42580>1.8).
The 21-mer synthetic oligonucleotided for the HBV were
purchased from the SBS Genetech company (Beijing, China),
with the following base sequences:

e immobilized probe sequence (S;): 5'-GAG-GAG-TTG-GGG-
GAG-CAC-ATT-3.

e target sequence (S,): 5'-AAT-GTG-CTC-CCC-CAA-CTC-
CTC-3'.

® three-base mismatch sequence (S3): 5'-AAT-GTG-CTC-
TCC-GGA-CTC-CTC-3".

All stock solutions of the 21-base oligonucleotides
(100 pg-mL ") and salmon sperm DNA were dissolved in Tris-
EDTA buffer (TE, pH 8.00). The concentration of dsDNA
was determined by the ultraviolet absorption at 260 nm

Scheme 1. The molecular structure of [Co(NO3),(C14H2N;)(H,0)].

(e=6600 L-mol '-cm ™ "). 0.10 M NaOAc—HOACc buffer solution
(pH 4.60), 50 mM Na,HPO,—NaH,PO, buffer solution (pH 7.40),
and 20 mM Tris—HCI buffer solution (pH 7.00) were used in this
work. Other chemicals were all of analytical grade. All solutions
were prepared with doubly distilled water throughout.

2.2. Apparatus

All electrochemical experiments were performed by using
CHI 832B and 660C electrochemical analyzer (ChenHua
Instruments, China) with a three-electrode system consisted of a
platinum wire that served as an auxiliary electrode, an Ag/AgCl
electrode as reference electrode, and a GCE (a geometric area of
0.071 cm?®) as working electrode. All potentials are reported
versus Ag/AgCl reference at room temperature.

2.3. Electrochemical studies of the interaction between [Co(dmp)
(H>0O)(NOj3),] and dsDNA

Appropriate amount of [Co(dmp)(H,O)(NOs),] solution
were added to 2 mL of 0.10 M NaOAc—HOACc buffer solution
(pH 4.60), and then different quantities of dsSDNA were added to
the solution followed by recording the cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) curves. For CV scan-
ning, the potential scanning range was from —0.20 V to 0.40 V,
the scanning rate was 0.10 V-s~'. For DPV,, the initial potential
was —0.20 'V, the final potential was 0.40 V, amplitude was 0.05 V.

2.4. The fabrication of biosensor

2.4.1. Covalent immobilization of probe DNA

The GCE was polished with 1.0, 0.3 and 0.05 pm alumina,
respectively, sonicated in doubly distilled water, ethanol, and
oxidized at +0.50 V for 1 min in 50 mM phosphate buffer (PBS,
pH 7.40) followed by thorough rinse with DDW. The electrode
was inverted and activated by evaporation to dryness of 20 pL
of a solution containing 5 mM DEC and 8 mM NHS in 50 mM
phosphate buffer (pH 7.00). After rinsing, ssDNA (S;) was
then coupled to the surface by evaporating to dryness 20 pL
of 1 mg'-mL™" ssDNA in the TE buffer. The electrode was
rinsed with water to eliminate the absorbed ssDNA. Electrodes
thus modified was rinsed and stored in 20 mM Tris—HCI buffer
(pH 7.00) at 4 °C.

2.4.2. Hybridization reaction

Hybridizations were performed at 42 °C by immersing the
ssDNA-immobilized electrode to 2 mL of 20 mM Tris—HCl buffer
solution (pH 7.00) containing the complementary ssDNA (S,), or
three-base mismatched ssDNA (Ss). And the dsDNA-immobi-
lized electrode was washed with Tris—HCI buffer and then water
to remove ssDNA bound nonspecifically.

2.4.3. Indicator binding to the hybrid

The [Co(dmp)(H,O)(NOs),] was accumulated onto the hybrid
by immersing the electrode into the stirred 0.10 M NaOAc—
HOAc buffer solution (pH 4.60) containing 4.0x 10"* M [Co
(dmp)(H,0)(NO3),] for 20 min.
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2.5. Electrochemical detection

After the modified electrode was rinsed with the Tris—HCl
buffer to eliminate the [Co(dmp)(H>O)(NOs),] adsorbed on the
electrode surface, the accumulated [Co(dmp)(H,O)(NO3),] was
measured by CVand DPV using electrochemical analyzer in the
0.10 M NaOAc—HOACc buffer solution.

Electrochemical impedance measurements were perform in a
solution of 0.1 M KCI containing 10 mM Fe(CN); */Fe(CN)g *
with the frequencies ranging from 10° to 10”2 Hz.

3. Results and discussion

3.1. Electrochemical study on the interaction between [Co(dmp)
(H>0)(NO3),] and dsDNA

To explore the application of [Co(dmp)(H,O)(NOs),] in
electrochemical DNA biosensors, an electrochemical study on
[Co(dmp)(H,O)(NO3),] and its interaction with dsDNA was
performed at room temperature. Typical CVs of [Co(dmp)(H,0)
(NOs),] in the absence and presence of dsDNA are showed in
Fig. 1. There was a reversible redox peak in the range of —0.2—
0.4 V. The anodic peak potential Ej,, and the cathodic peak
potential £, were 0.155 and 0.119 V (curve a), respectively, then
the separation of the anodic and the cathodic peak potentials
(AE,) was 36 mV, and its formal potential E°, take as the average
of Ep,, and £, was 0.137 V. It was observed that the peak current
of complex was greatly decreased with addition of dSDNA and no
new redox peaks appeared after adding dsDNA (curve b). The
peak potential shifted positively a little, so the initial conclusion
can be drawn that [Co(dmp)(H,O)(NOs),] was interacted with the
dsDNA in solution.

The phenomena mentioned above were further studied by
DPV, as shown in Fig. 2. The curve a is the voltammogram of the
[Co(dmp)(H,O)(NO3),] solution in the absence of dsDNA, while
the curves b, ¢ and d were the results when [Co(dmp)(H,O)
(NOs),] interact with different concentrations of dsDNA for
20 min. It was can be seen from the figure that the peak current

1,/107A

0.4 0.3 0.2 0.1 0.0 -0.1 -0.2

Fig. 1. The cyclic voltammograms of 3.27 x 10~* M [Co(dmp)(H,0)(NO),] before
and after the addition of dsDNA in a 0.10 M NaOAc—-HOACc buffer (pH 4.60) at
200 mV-s . Cyepna (a) 0, (b) 8.75% 107° M.
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Fig. 2. The DPV of 2.02x10 * M [Co(dmp)(H,O)(NOs),] with different
concentrations of dsSDNA (10> M) in a 0.10 M NaOAc—HOAc buffer (pH 4.60):
(a) 0, (b) 0.84, (c) 1.68, (d) 3.36.

decreased with the increasing of the concentration of dsDNA.
This strongly demonstrated that the interaction of [Co(dmp)(H,0)
(NOs),] with dsDNA occurred. When the concentration of
dsDNA came to some extent, the anodic peak of [Co(dmp)(H,0)
(NOs3),] would reach a constant value, indicating that [Co(dmp)
(H,0)(NO3),] in the 0.10 M NaOAc—HOAc buffer solution
interacted completely with dsDNA. The anodic peak potential
also shifted positively a little.

3.2. Optimization of experimental parameters

The influence of experimental parameters including the pH
value of NaOAc—HOAC buffer solution and the [Co(dmp)(H,0)
(NOs),] accumulation time on the sensitivity of the present
method were explored for optimum analytical performance. PH
4.60 and an incubation time of 20 min were adopted with the
maximum peak current.

3.3. Characterizaton of the biosensor fabrication

The CV (A) and DPV (B) curves for [Co(dmp)(H,O)(NO3),]
at a concentration of 6.02x10~* M were shown in Fig. 3. The
peak currents decreased in the order of bare GCE (curve a),
ssDNA/GCE (curve b) and dsDNA/GCE (curve c) with the
potentials shifted positively a little. The changes in the current
signal were more pronounced for the dsSDNA than for the single
ssDNA. The decreases were attributed to the accumulation of the
indicators at the electrode surface as a result of the different
interaction of the planar ring between the ssDNA and dsDNA.
The electrochemically active metal centers of [Co(dmp)(H,0)
(NOs3),] were enveloped by the bulky DNA molecule on the
GCE surface and the signal of [Co(dmp)(H>O)(NO3),] was thus
reduced. Because of the dsDNA helix, the [Co(dmp)(H,O)
(NOs3),] intercalated only into the dsSDNA but not into the ssDNA.
In addition, this proved that ssDNA or dsDNA could be im-
mobilized on the GCE surface, and the target ssDNA was
hybridized with the probe ssDNA. The peak current for [Co(dmp)
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Fig. 3. The cyclic voltammograms (A) and the differential pulse voltammograms
(B)of bare GCE (a), ssDNA/GCE (b) and dsSDNA/GCE (c)ina 0.10 M NaOAc—
HOACc buffer (pH 4.60) containing 6.02x 10> M [Co(dmp)(H,0)(NO5),].

(H>O)(NO3),] would come to a constant value at ssDNA/GCE or
dsDNA/GCE soak for more than 20 min.

Electrochemical impedance spectroscopy (EIS) was also
applied to monitor the whole procedure in preparing modified
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Fig. 4. Electrochemical impedance spectroscopy for bare GCE (a), ssDNA/GCE
(b), dsDNA/GCE (c) in a solution of 0.1 M KCI containing 10 mM Fe(CN)g >/
Fe(CN)g ™.
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Fig. 5. The differential pulse voltammograms of [Co(dmp)(H,O)(NOs),] on
S1—S,/GCE (a); S;—S3/GCE (b); S;/GCE (c) and bare GCE (d) in a 0.10 M
NaOAc—HOAc buffer (pH 4.60).

electrodes, which could provide useful information for probing
the changes of the surface modification in the modification
process. The curve of the EIS includes a semicircular part and a
linear part. The semicircular part at higher frequencies cor-
responds to the electron-transfer-limited process and its diameter
is equal to the electron transfer resistance (Ret), which controls
the electron transfer kinetics of the redox probe at the electrode
interface. Meanwhile, the linear part at lower frequencies cor-
responds to the diffusion process. By using Fe(CN); *~ redox
couples as the electrochemical probe, Fig. 4 showed the typical
results of EIS curves of the bare GCE (curve a), ssDNA/GCE
(curve b), dsDNA/GCE (curve c), respectively. Significant dif-
ferences in EIS were observed. When ssDNA was modified on
the GCE, the diameter of semicircle greatly increased, suggest-
ing the ssDNA obstructed the electron transfer of the redox-
prode. While the diameter of semicircle for dSSDNA/GCE further
increased. The highest electron-transfer resistance (R.) was
attributed to the bad conductivity of dsDNA double helix
structure, which slowed down the redox reaction of Fe(CN)z ™.
This also proved that ssDNA was immobilized on the GCE

2 4 6 8 10 12 14 16
Cpona/107M

Fig. 6. Plot of the peak current vs. the concentration of complementary target from
3.96x10 7 M to 1.32x 10" ® M in a 0.10 M NaOAc-HOAc buffer (pH 4.60).
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Fig. 7. Differential pulse voltammograms of [Co(dmp)(H,0)(NO;),] on a DNA
probe denaturation/regeneration working cycle. The original ssDNA probe
(a), regeneration of the dsSDNA probe (b), and hybridization (c).

surface, and target ssDNA was hybridizated with the probe
ssDNA.

3.4. Recognition of the target sequence by HBV DNA sensor

The DNA biosensor using [Co(dmp)(H,O)(NOs),] as electro-
chemical hybridization label for detection of a synthetic 21-mer
sequence of hepatitis B virus was studied, as shown in Fig. 5.
Curves a, b and ¢ were the representative DPV curves obtained in
NaOAc—HOACc buffer solution using S;-modified GCE, S;—-S;
hybridized GCE and S-S, hybridized GCE as working electrode
respectively. Each measurement was performed after [Co(dmp)
(H,0)(NOs),] accumulation. It was found that the electrochemical
response of Sj-modified GCE or S;—S3 hybridized GCE was
very little. Significant increases in the voltammetric signal were
observed in curve a, indicating that [Co(dmp)(H,O)(NOs),] in-
tercalated within the hybrid on the surface. These results suggested
that [Co(dmp)(H,O)(NO3),] can be used as an electrochemical
indicator for recognizing the HBV target sequence. The inter-
action of [Co(dmp)(H,0O)(NO3),] and dsDNA was mainly the
intercalative process.

3.5. Quantitative analysis of target ssDNA

The analytical performance of the DNA biosensor was as-
sessed using different concentrations of target sSDNA ranging
from 2.64x 10”7 to 1.58 x 10~ ® M. The target ssDNA calibration
curve, measured using background subtracted ssDNA/GCE,
was shown in Fig. 6. The different current value obtained in the
DPV of [Co(dmp)(H,0)(NOs3),] after hybridization of probe with
target DNA was recorded with three repetitive measurements.
Results showed that different current obtained in DPV measure-
ment increased with the increasing of the concentration of
target DNA. The current responses had a linear relationship with
the concentration of the complementary DNA (S,) ranging from
3.96x1077 to 1.32x10°° M. The regression equation was
v=0.4209x—0.1619 (x was the concentration of the target DNA,
107 M; y was the DPV peak current of [Co(dmp)(H,O)(NO5),])

with a coefficient of 0.9951. The detection limit of 1.94x 10~ M
of target DNA could be estimated using 30 (n=11).

3.6. Regeneration of modified electrode

The regeneration of the modified electrode was studied as
shown in Fig. 7. In present study, the hybridized electrode was
reproduced by washing the electrode with preheated 100 °C water
for 3 min. The electrode response returned to its original signal
(curve a), indicating that the dsDNA hybrid was dissociated into
single strands and that the signal of the immobilized probe ssDNA
was not destroyed after the regeneration. The regenerated sensor
(curve b) produced a similar decrease of the DPV when hybridized
with the target DNA, demonstrating the regeneration and stability
ofthe DNA biosensor. This feature of the biosensor was useful for
continuous monitoring of the target DNA in the future research.

4. Conclusions

Interaction between [Co(dmp)(H,O)(NOs),] and salmon sperm
DNA was studied using CV and DPV. Results showed that
[Co(dmp)(H,0)(NO3),] could intercalate into the base pairs
of the dsDNA. With [Co(dmp)(H,O)(NOs3),] used as a new
electroactive indicator, selectively detection of the short DNA
segments related to HBV was performed. The current respond
had a linear relationship with the concentration of target DNA
ranging from 3.96x 10”7 to 1.32x10~° M, and the detection
limit was 1.94 x 10~ ® M of target DNA was obtained. The suc-
cessful discrimination between the complementary ssDNA and
three-base mismatched ssDNA displayed a good selectivity
for the biosensor. So the utility of the new electrochemical
hybridization indicator and developed electrochemical DNA
sensor might have promising utilities in real-world clinical
applications such as drug designing and diagnosis of diseases.
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Abstract

The in vivo formation of B-pleated protein aggregates underlies a number of fatal neurodegenerative disorders, such as Alzheimer disease.
Since molecular mechanisms of protein misfolding and aggregation remain poorly understood, this has been calling for many diverse biophysical
tools capable of addressing different dynamic and conformational aspects of the phenomenon. The two model polypeptides used in this study are
poly(L-tyrosine) and insulin. According to FT-IR spectra, poly(L-tyrosine) produced two distinct types of films with dominant either disordered or
antiparallel B-sheet conformations depending on carrier solvent used for film’s deposition. Electrochemical analysis of both the types of
polypeptide films by the means of cyclic voltammetry and differential pulse voltammetry proved that different electrochemical behaviour of the
tyrosine residues is determined by the conformation of polypeptide chains. We have rationalized this difference in terms of varying
electrochemical accessibility of Tyr residues in each structure.

We have also carried out spectral and electrochemical characterization of insulin 3-sheet-rich amyloid fibrils. It appears that the detectable
electrochemical response of the protein stems from the presence of four tyrosine residues per insulin monomer. Since hydrophobic residues,
among them tyrosines play an important role in the formation of protein amyloid fibrils, but, on a molecular level, may be also critical in
explaining neurotoxic properties of aggregates, their electrochemical properties may become a very valuable complementary tool in biophysical

studies on protein misfolding.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Amyloids; Polyaminoacids; Tyrosine; Electrochemistry; Differential pulse voltammetry

1. Introduction

Aggregation and formation of 3-pleated fibrils are what often
follow when native protein structure is destabilized. The
importance of this phenomenon stems from the fact that such
R-sheet-rich, non-native protein assemblies (the so-called
amyloids) were implicated in the etiology of several degener-
ative disorders, such as Alzheimer disease [1,2]. Many proteins,
even with a marginal sequential propensity to the B-sheet fold
(e.g., myoglobin) [3] may acquire the ability to form fibrils under
destabilizing conditions. One of the most interesting, yet least
understood aspects of protein aggregation, is its polymorphism,
which often manifests in a number of distinct (in terms of

* Corresponding author. Tel.: +488220211x389; fax: +48228225996.
E-mail address: pakrys@chem.uw.edu.pl (P. Krysinski).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.07.004

morphology, conformation, and biological activity) types of
fibrils being formed out of a single amino acid sequence [4] This
problem is particularly important in light of the so-called “prion
strains”, when subtle, self-propagating conformational variabil-
ity is accompanied by dramatic clinical consequences. As it can
be rationalized that non-polar amino acids, among them
tyrosines, are critical in determining stacking modes associated
with particular types of protein fibrils [5], adequate biophysical
tools that would address this problem are sought. Electrochem-
istry is an as yet unexplored approach in this field. Because
electrochemical activity of tyrosine is expected to depend
strongly on fine topological and nano-environmental features of
its surroundings, this has motivated our interest as to whether
electrochemistry can provide conformation-sensitive tools for
biophysics. Given that burial of non-polar amino acid residues
and the ensuing increase in solvent entropy [6] is thought to be
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one of the main driving forces of protein aggregation, focusing
on electrochemical properties of non-polar, bulky tyrosine
aromatic rings can provide a unique insight into the dynamics of
aggregating or aggregation-prone protein conformations. This is
so because molecular-scale factors affecting electrochemical
activity of these residues, such as: solvent-accessibility, local
dielectric constant, presence of neighbouring charged residues,
or T—m interactions with other aromatic moieties are determined
by conformation and dynamics of a polypeptide backbone.

We used insulin amyloid as model B-pleated protein fibrils,
which are well-characterized structurally, including their strain-
like behaviour [7,8]. While the presence of 4 tyrosines per
insulin monomer suggests feasibility of electrochemical studies
of insulin fibrils, it is necessary to put forward a mechanism
of electrochemical activity of the tyrosine residues using a
simplified, yet adequate polypeptide model. Poly(L-tyrosine)
proves to be an excellent model in this respect.

2. Experimental
2.1. Samples

Anhydrous LiClO4 (BDH laboratory reagents), poly-(L-Tyr)
(MW 29,700 Da, Sigma ), bovine insulin (Sigma), saturated
NH; aqueous solution (NHj; ,q) (Chempur) and tetrahydrofuran
(THF, Sigma) were used without further purification. All solutions
were prepared using deionised water (from Q-Millipore). Insulin
amyloid was obtained through a 48 h incubation of 1 wt.% native
protein in 0.1 M NaCl, pD 1.9 at 60 °C (pH was adjusted using
solution of DCI in D,0 for the case of FTIR experiments or HCI
and H,O for electrochemical ones), pH adjustment was controlled
using pH-meter. The D,O environment enabled acquisition of
protein FTIR spectra in the transmission mode. Poly(L-tyrosine)
films were obtained by dropping a diluted solution of the
polypeptide (either in NHj3 ,q or THF) onto a substrate surface
(CaF, window for FT-IR, and GCE working electrode for
electrochemical measurements) and leaving it to dry up at room
temperature. After the acquisition of dry film spectra, the same
sample was covered with deuterated electrolyte solution, tight-
covered with a second CaF, window and FTIR spectra in the
transmission mode were recorded again.

2.2. Electrochemistry/FTIR spectroscopy

Electrochemical measurements were performed with an
AUTOLAB analyzer (ECO CHEMIE, Switzerland). A standard
cell with three-electrode system was used. A glassy carbon
electrode (GCE, Bioanalytical Systems, and Inc.BASI, USA)
was used as a working electrode. Prior to each measurement the
GCE electrode (0.07 cm? geometric area, Bioanalytical Systems,
Inc., USA) was polished with 0.05 pm grade Al,Oj3 slurry and
washed thoroughly in deionised water. For all experiments, an
Ag/AgCl/IMKCl,q electrode was used as the reference
electrode, while platinum wire was used as the counter electrode.
All experiments were carried out at 25 °C in deaerated solutions.
Electrochemical measurements were conducted at pH 2-7.
Within this range of pH neither poly(L-tyrosine) nor amyloid

films are soluble, which allowed for an electrochemical
characterization of the solid film deposits of the polypeptide
and the protein.

Infrared spectra were collected on a Nicolet NEXUS FT-IR
spectrometer. For each spectrum, 256 interferograms of 2 cm™ '
resolution were co-added. For data processing, GRAMS
(ThermoNicolet) was used.

3. Results and discussion

Poly(L-tyrosine) was chosen as the simplest tyrosine-rich
polypeptide capable of formation of B-pleated conformation, a
property shared with other protein aggregates and amyloid
fibrils in particular. A number of polymerized amino acids (e.g.
polylysine) are capable of adopting distinct secondary folds
depending on conditions of pH, temperature and the presence of
non-polar co-solvents [6,9]. These effects can be rationalized in
terms of repulsive interactions between charged side chains (i.e.
only within the charge-depleting pH range an ordered structure
is allowed), and compensation of the cost of decreasing
configurational entropy of orderly-stacked chains with the
increasing overall solvent entropy [6]. We have taken advantage
of these effects to create two distinct backbone conformations of
poly(L-tyrosine) and compare their electrochemical behaviour.

Fig. 1 shows FTIR spectra of poly(L-tyrosine) dry films
formed through solvent evaporation from saturated solutions of
the polypeptide in NH; ., (Fig. 1A, solid line) and THF
(Fig. 1B, solid line). Fig. 1C shows spectra of native (dashed
line) and aggregated insulin (insulin amyloid, solid line).
Subsequently, the same polypeptide films were measured after
immersion in deuterated electrolyte solution (Fig. 1A and B,
dashed lines). The reason for the FTIR experiments in
deuterated solution will be discussed below.

The conformation-sensitive amide I band visible between
1600 and 1700 cm™ ' undergoes the characteristic splitting when
NH; ,q has been used as the solvent in poly(L-tyrosine) films
preparation. The presence of the two bands: major at 1632 cm™ !
and minor at 1695 cm™ ' (in an undeuterated protein) points to an
antiparallel p-sheet as the basic secondary component of the
polypeptide film [6]. If NH3 , is replaced with THF for the film
preparation, the amide I band reveals quite different character-
istics: a broad peak centered at 1655 cm™ ' which should be
attributed to unordered conformations with a likely overlap from
some helical structures. The spectra show a number of other
bands that are less diagnostically useful, and are attributed to
tyrosine aromatic rings [10]. Fig. 1 shows also the difference
between the native and aggregated insulin spectra. The band at
1649 cm ™' (dashed line) is characteristic for a-helical confor-
mation of native protein, while the band around 1628 cm™ ' (solid
line) reflects the presence of the parallel B-sheet: the dominant
secondary structure in the aggregated insulin. The data in Fig. 1A
and B show how the conformation of poly(L-tyrosine) in the films
can be controlled by the “history of solvation” rather than by any
chemical modifications, which allows (once the films are dried) to
carry out a comparative electrochemical characterization of both
conformations under an identical set of physicochemical condi-
tions. In unison to the FTIR results, the electrochemical behaviour
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Fig. 1. (A) FTIR spectra of undeuterated poly(L-tyrosine) film obtained from NHj 4 (3-sheet structure; solid line) and the same film in deuterated electrolyte solution
(dashed line); (B) FTIR spectra of undeuterated poly(L-tyrosine) film obtained from THF (random coil structure; solid line) and the same film in deuterated electrolyte
solution (dashed line); (C) FTIR spectra of deuterated native (dashed line) and deuterated aggregated insulin (solid line).

of films deposited on GCE depends on the solution from which
they were formed. In order to eliminate a possible effect of
electrolyte solution re-wetting the films, the FTIR spectra of the
same polypeptide films were measured after their immersion in
deuterated electrolyte solution (Fig. 1A and B, dashed lines).
There are no changes in spectral characteristics and therefore in
secondary structure of dry films of poly(L-tyrosine) after their
immersion in the electrolyte solution. Since the duration of FTIR
acquisition was comparable to the electrochemical experiments,
we can rationalize that the observed behaviour described below, is
due solely to the electrooxidation of these films. The differential
pulse voltammetry (DPV) technique shows significant difference
between poly(L-tyrosine) films (Fig. 2). Measurements were
carried out in 0.01 M HCIOy,, 0.1 M LiClO;, solution.

First, it is evident that the films deposited from NH; ,4 are
oxidized at less positive potentials (at ca. 850 mV, Fig. 2A) as
compared to the films deposited from THF (at ca. 1050 mV,
Fig. 2B). Since DPV is a differential technique, the current/
voltage response of the system under study corresponds to the first
derivative of a conventional voltammogram, with the peak
potential approximately identifiable with the half-way potential.
Having said that, it is evident that ca. 20 kJ/mol per electron
transfer less free energy is required to oxidize the same
polypeptide in a film deposited from a hydrophilic solvent as
compared with the hydrophobic one. We believe that this may
result from different electrochemical accessibility of Tyr residues
in well-ordered, PB-pleated films obtained from NHj3 ,4 as
compared to random coil structures obtained from THF solutions.
Moreover, the subsequent scan reveals a decrease of these peaks
in both systems, while for the case of poly(L-tyrosine) films from
NHj; .4 a new peak appears at ca .410 mV on the oxidation scan.
This feature is not observed for the films from THF.

It appears that depending on solvents used for dry films
deposition, the electrooxidation products of poly(L-tyrosine)

vary. One might question however, whether the observed
behaviour is not determined by the interactions between the
polypeptide and the electrode surface, and not by the structural
conformations in the “bulk” of the deposited films. Obviously,
we could not eliminate such interactions, yet the glassy carbon
and carbon-based electrodes are widely used as an “inert”
electrode in terms of peptide electrochemistry [11-14,21-23].
To the contrary, the use of gold electrode in our experiments
yielded only one type of voltammetric curve for the systems
studied (as in Fig. 2A), regardless of the solvent from which the
films were formed (data not shown).

In order to assign the characteristic features observed on these
two voltammograms to particular redox processes, we have
conducted a series of cyclic voltammograms of insulin amyloid,
poly(L-tyrosine) film (from NHj ,4 solution) and L-tyrosine, all in
0.01 M HCIQy, 0.1 M LiClO, aqueous solutions, pH=2 (Fig. 3).

Cyclic voltammetry upon the first anodic scan produced a
poorly developed peak characteristic for the Tyr oxidation
(~950 mV) [11-14]. Even though Fig. 3 shows that cyclic
voltammetry is not the technique of choice for this case, it reveals
some interesting behaviour of the studied systems. In the case of
amyloid and poly(L-tyrosine) films the oxidation peaks appear at
roughly the same position. In all three cases, subsequent scans
resulted in the decrease of these peaks. A closer inspection of the
cyclic voltammograms reveals that while for the L-tyrosine film no
additional peaks are found upon the reverse scan and continuous
cycling, both the amyloid film (Fig. 3A) and poly(L-tyrosine) film
(Fig. 3B) show a pair of peaks centered around 350 mV. The
peak on the cathodic branch (at ca. 250 mV) appears
immediately upon return from the first anodic scan if reversed
at 1100—1200 mV. It will not appear if CV scan is reversed at
the threshold of the anodic peak (ca. 800 mV). The same holds
true for the anodic peak at ca. 460 mV. Since such a behaviour
is not observed for the case of L-tyrosine film (Fig. 3C), it is
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evident that the oxidation products of Tyr residues in insulin or
poly(L-tyrosine) films are different from those obtained for
“free” tyrosine molecules.

Because poorly developed characteristics discussed above
are difficult to test (particularly for the case of the amyloid films
with only 4 Tyr units per insulin molecule), we decided to use
the differential pulse voltammetry (DPV) technique that allows
for a better resolution of voltammetric peaks, which proved
advantageous in earlier protein [15] and amyloid studies [16].
Particularly, the studies by Vestergaard et al. [16] on the
electrochemical detection, characterization and kinetics of the

aggregation of Alzheimer’s disease amyloid  peptides (AB-40
and Ap-42) proved the usefulness of DPV technique for such
experiments. These studies are of particular relevance to the
present work, since the aggregation kinetics was monitored via
the oxidation of Tyr residues of the amyloid peptides.

Fig. 4 shows that in accordance to the cyclic voltammetry
experiments, the electrochemical responses of amyloid (Fig. 4A)
and poly(L-tyrosine) (Fig. 4B) show a similar behaviour in terms
of the anodic peak at 410 mV (this peak corresponds to the
460 mV peak in cyclic voltammetry technique). And, as expected,
no peak is detected for the “free” Tyr system (Fig. 4C). The same
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rate.
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CV and DPV measurements were done for native insulin in
electrolyte (0.01 M HCIO,4, 0.1 M LiClOy) solution (data not
shown) and results were analogous to those obtained for the
amyloid. Similar results were obtained by Brabec [14] for native
insulin.

There exists a vast literature concerning the quite complex
oxidation process of tyrosine in solution under similar
conditions (electrode material, pH range) as we used. According
to the literature data, the major irreversible oxidation peak that
appears in all the cases studied in this work at the most positive
potentials is connected with radical formation and its position is
pH dependent [11-14,17]. This electrooxidation of dissolved L-
tyrosine is followed by a chemical step — decarboxylation and
then deamination leading to lower aldehyde [18—20], both
products being non-electroactive in the potential range studied.
Other data suggest the possibility of polymerization [21] as well
as formation of cyclohexadienol derivative [21,22] or quinone-
type products [19,22,23]. For all of those studies carbon
electrodes were used (mostly GCE) and measurements were
done for the similar pH range. In our view the chemical steps
involving decarboxylation and deamination can be excluded,
since both functionalities are involved in the formation of
peptide chains in the amyloid as well as poly-L-Tyr films. This
fact, along with the appearance of the pair of CV peaks centered
around 350 mV solely for the amyloid and poly-L-Tyr films,
points towards the reaction path leading to the quinone-type
products. Such a pathway that involves hydroxylation leading
to quinone derivatives has already been reported for electro-
oxidation of tyramine [23] as well as for the enzymatic
hydroxylation of tyrosine [24] both processes leading to the
catechol, DOPA or dopamine. What is most important is that
those results [23,24] were also obtained for carbon electrodes in
the same pH range as we used in the present work. These
reactions, though of small yield (ca. 10%), resulted in the
appearance of voltammetric peaks characteristic for the
quinone/hydroquinone redox pair and centered on ca. 410 mV

for pH 2. Comparing the amount of charge under the oxidation
peak at +0.9 V with that above 0.41 V in the cyclic voltammetry
experiments shows indeed that only a very small part of the
oxidation product formed above +0.9 V is converted into the
electroactive pair [23], the other products remain unknown.
Therefore, we believe that the final electrooxidation product of
amyloid film as well as poly-L-Tyr film deposited on GCE
electrode from NHj ,4 is an o-quinone-type product, giving the
pair of redox peaks centered around 410 mV at pH 2. Our
preliminary conclusions are supported also by spectral data of
Ogura et al. [20] who studied the electrochemical oxidation of
free L-tyrosine. By means of in-situ FTIR they have concluded
that one of the products of amino acid electrooxidation is
phenol. The same product was detected by Zinola et al. [19]
who also found a complex signal at 1650—1675 cm ' that
originated from the vibration of the carbonyl group of a
benzoquinone.

We have tested also the dependence of observed DPV
oxidation peaks on pH. The anodic peak at 0.90 V as well as the
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Fig. 5. pH dependence of tyrosine oxidation peak (triangles) and quinone-type
product of tyrosine oxidation (squares) corresponding to E™* of DPV peak.
Measurements were done in appropriate mixture of 0.01 M HCIO,4 and 0.1 M
LiClO, for pH adjustment, keeping the ionic strength constant.
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Scheme 1. Proposed mechanism of electrooxidation of tyrosine in polypeptide and protein involving diol formation and ortho-quinone as a final product of reaction on

electrode.

pair of peaks around 0.41 V should be pH dependent [25,26]. As
shown in Fig. 5, both peaks exhibit similar linear dependencies of
their position on pH. The slopes of these dependencies are close
to 59 mV per unit pH, therefore characteristic for the number of
electrons to protons ratio (e/H") equal to one for both redox
processes. The position of DPV oxidation peak, that is
characteristic for Tyr (as well as other phenol derivatives)
oxidation (Fig. 5, triangles), changes from 900 mV (pH=2) to
700 mV (pH=6). Linearity of this characteristics with slope
equal to 51 mV seems to be in agreement with H'/e ratio close to
unity for the oxidation process. This behaviour is well known and
described [11-14,27].

The position of DPV peak connected with the redox couple
(Fig. 5, squares) changes linearly with the characteristic slope of
56 mV per unit pH. This result is similar to that obtained for
dopamine [26], L-DOPA [28] and adrenaline [29]; in all cases
the final product was a quinone derivative.

Based on these results we propose the following preliminary
mechanism for Tyr oxidation, which is supposed to be the same
for both the amyloid and model poly-L-Tyr polypeptide chains
(Scheme 1).

The first stage of oxidation is the formation of phenoxyr-
adical, which is a typical and well described mechanism for
electrooxidation of phenolic compounds [30—33]. The next step
is chemical reaction — the hydroxylation process leading to the
formation of a diol. The last step is the quasi-reversible
electrooxidation of this diol to ortho-quinone. The first and the
last steps are responsible for the electrochemical signals at ca.
900 mV and 410 mV, respectively, at pH=2 electrolyte. We are
aware that this scheme accounting for our results is a
preliminary one that is worth of detailed experimental
elaboration in our future work.

Similar interpretation of the reaction route was presented by
Longchamp et al. [34] to explain electrochemical properties of
plasmin adsorbed onto a carbon paste electrode. This protein
contains both the tyrosine and tryptophan residues and it was
suggested that upon oxidation these groups form quinone
derivatives on the electrode surface. Yet another example of
similar reaction pathway is the electrochemical oxidation of
neurotransmitter serotonin. 5-Hydroxytryptamine (serotonin) is a
phenolic derivative and similar to tyrosine, the para position in its
ring is inactive for electrooxidation [35,36]. Moreover the
oxidation of Tyr to dopaquinone and then to other products
occurs in living organisms. Under physiological conditions these
two steps are enzymatically catalyzed by tyrosinase [37]. For
example this reaction is involved in biosynthesis of melanin [38].

Electrochemical oxidizability of proteins can be exploited
for the investigation of the accessibility of tyrosine residues in
protein molecules for interaction with their environment (what
was suggested earlier by Brabec [14]). It seems to be very
important and can be useful especially in analysis of amyloid
fibril structure since amino acid configuration inside and
outside fibril remains unknown.

4. Conclusions

Poly(L-tyrosine) was used as a model for electrooxidation of
insulin amyloid. By means of FTIR experiments, two
morphologically distinct secondary structures were shown for
this polyaminoacid that depend only on the hydrophilicity and
transient pH of the solution from which the films were formed
(“history of solvation”). One of these structures — 3-sheet — is
the common structure motif in both poly(L-tyrosine) deposited
from NH3 .4 and insulin amyloid. Electrooxidation of tyrosine
residues in these species was followed on a glassy carbon
electrode. It was also shown that the electrooxidation pathway
depends upon the type of the solvent from which the
polypeptide films were deposited on the electrode surface.
Similarities in the electrochemical behaviour of insulin amyloid
and poly(L-Tyr) film that was deposited from NHj3 ,, were
interpreted in terms of similar, 3-pleated structures formed in
the peptide. This was supported by FTIR experiments. The
spectrum of poly(L-Tyr) films deposited from THF showed no
such structures and their electrochemical behaviour differs as
well. We explain these observations in terms of better
electrochemical accessibility of Tyr residues in well-ordered,
B-pleated films as compared to random coil structures obtained
from THF solution. Thus, poly(L-tyrosine) is a good model for
analysis of insulin amyloid behaviour on the electrodes.
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Abstract

Dental magnetic attachments, usually applied locally to oral cavities, produce stray fields (flux leakage) spreading in adjacent tissues. It has
been found that human periodontal ligament (PDL) cells change their geometry and the structure of their cytoskeleton F-actins when the cell
cultures are exposed to B-field strengths of B = 10mT and 120mT, respectively, which are similar to those generated by dental magnetic
attachments. Analytically, after long-time exposures to B-fields for 12h, 36h and 60h, respectively, cytoskeleton F-actins are labeled with a
fluorescent dye and observed under a laser scanning confocal microscope. The geometrical cell parameters of cell length and cell width and the
fluorescence emission of labeled F-actins, respectively, were determined and subjected to an automatic image analysis using a special software.
The results on cell shrinkage and filament reorganizations were statistically analyzed by the program ANOVA (P < 0.05). It was found that only
long-time (hours) exposure to high fields in the order of 0.1T may produce tissue irritations during long-time medical treatments using open- and

closed-field dental magnetic attachments.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Magnetic dental attachment; Static magnetic B-fields; Periodontal ligament cell; Cytoskeleton; Confocal fluorescence microscopy

1. Introduction

There is appreciable continuous public concern on potential
health hazards from technical electromagnetic field (EMF)
radiations experienced in daily life of our civilization. The
targets of concern are the high voltage power transmission lines,
industrial machines, household appliances, communication
equipments and medical electromagnetic instruments, including
NMR devices, in the diagnosis and during treatment of diseases
[1-4].

Specifically, magnetic fields are also used in clinical
prosthodontics. Several types of dental magnetic attachments
have been applied to aid the retention of prosthesis with
claimed “favorable effects” [5]. Dental magnetic attachments
utilize the static magnetic field generated by strong permanent
magnets to aid the retention and stability of dentures. Early
magnetic attachments are of the open-field type and have

* Corresponding author. Fax: +86 21 63135412.
E-mail address: imxuchun@163.com (Y.-L. Chao).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.11.009

relatively small retentive forces. The most frequently used
magnetic attachments are of the closed-field type, which are
composed of Nd2Fe14B magnets with “yokes and keepers” of
soft magnetic alloy.

In 1979, Wertheimer and Leeper reported that children
resided near transmission lines had 2 to 3 times higher risk of
cancer occurrences [6]. Their report revived appreciable
attentions on potential biological effects of even small magnetic
fields and small exposure time. There are many reports and
claims on beneficial effects as well as negative EMF effects on
all kinds of biological materials [7—10]. Many of the claims of
biological effects of magnetic B-fields are hardly biophysically
rationalizable and are thus controversially discussed [11-25].

In the context of medical B-field treatments, both the
open-field and the closed-field dental magnetic attachments
produce stray fields, called flux leakages, spreading to the
adjacent tissues, for instance, when locally used in the oral
cavity [5,26].

Presently there are few reports about the biological effects of
B-fields generated by magnetic attachments on human tissues
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and, in vitro, on cell cultures. We previously reported that B-
fields, similar in intensity to those generated by dental magnetic
attachments, lead to changes in the cell morphology and
proliferation of human periodontal ligament (PDL) cells [27].
These B-fields obviously affect the cytoskeleton filaments,
which are known as key components in maintaining the overall
shape of cells [11,28,29].

The present study reports that B-fields and long exposure
time cause cell shrinkage and structural reorganizations of
the cytoskeleton F-actins in human PDL cells. The applied
fields are comparable to those generated by dental magnetic
attachments.

2. Materials and methods
2.1. Cell culture

Human PDL cells were isolated from the ligament tissues of
a periodontally healthy, non-carious human tooth extracted for
orthodontic reason from one donor (14-year-old male) with
informed consent. The cells were maintained and expanded in
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Grand
Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS, Hyclone Laboratories, Logan, UT, USA) and antibiotics
(100U ml~ ' penicillin, 100pg ml~ ' streptomycin). PDL cells
were used in these experiments at passage 5 to 6.

2.2. Magnetic exposure

A cellular B-field exposure system utilizing arrays of
Nd2Fel4B permanent magnets has been developed by the

authors. It consists of 5 components: array of permanent
magnets, pedestal, loading platform, vernier scale and magnetic
shield (Fig. 1).

Cell culture dishes were placed on the loading platform
above the magnetic array and cells cultured on the dishes
were exposed the B-fields. The distance between the loading
platform and the array was adjustable. Because the B-fields
around magnets decrease with distance from the surfaces of
the magnets [30], the B-field strength is adjusted via altering
the height of the loading platform. Based on previous
results, obtained with two commonly used commercial
magnetic attachments (Magfit EX600W and Magnedisc
800, Aichi steel Co. Ltd, Japan) [26], the specifications of
B = 10mT and B = 120mT were selected, to simulate the
conditions of the closed-field and the open-field magnetic
attachments, respectively.

Human PDL cells were plated on 60mm culture dishes at a
concentration of 2 x 10° cells/dish and cultured in a CO,
incubator (Model MCO-15AC, Sanyo electric Co. Ltd, Japan)
at 37°C in a humidified 5% CO, atmosphere. After 3days of
cultivation, PDL cells were exposed to B = 10mT and to B =
120mT, respectively, each for 12h, 36h and 60h, respectively,
12h per day; the exposure system is located in the CO,
incubator. The mode of 12h exposure per day is to simulate the
clinical situation of magnetic attachment denture, which is worn
by patients only during day time. Control cells were cultured
outside of the exposure system in the CO, incubator at 37°C in a
humidified 5% CO, atmosphere and were exposed to
geomagnetic fields in the range of 0.03 < B/mT < 0.07, as
measured with a digital Teslameter (Model 7010, F.W.Bell,
USA).
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Fig. 1. Sketch map of the structure of the B-field exposure system. 1: array of the permanent magnets, 2: pedestal, 3: loading platform, 4: vernier scale, 5: magnetic

shield.
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Fig. 2. Image analysis of the LSCM photo of human PDL cells. The area
encircled by the red line represents the cross section area of the cell. The white
arrowed line and blue line represent the major axis and minor axis of the cell,
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

2.3. Observation of cytoskeleton F-actins and analysis

PDL cells, including the controls, were washed twice
with phosphate buffered saline (PBS), fixed with 40g/L
paraformaldehyde for 20min, then washed with PBS again.
The washed PDL cells were incubated with BODIPY FL
phallacidin (1:50, Molecular Probes Inc., Eugene, OR, USA)
and BOBO-3 (1:800, Molecular Probes Inc., Eugene, OR,
USA) at 37°C for 1h to label F-actin and nucleus,
respectively. After washing with PBS, the labeled cells
were observed with a laser scanning confocal microscope
(LSCM, Model MRC 1024ES, Bio-Rad, UK), using the
laser scanning parameters: power 100W, iris 6.2, gain 1139,
offset 0. The LSCM photos were analyzed by the LSCM
operator with image analysis software (Image-Pro Plus,
Version4.5, Media Cybernetics Inc., Silver Spring, MD,
USA). For each sample, 4 cells with clear outline in the
LSCM photos were selected randomly and automatically
image-analyzed, using the built-in software, calculating the
cross section area Ac of the cell, cell length (defined along
the major axis), the cell width (defined along the minor
axis) (Fig. 2).

Fig. 3. LSCM photos of the F-actin cytoskeletons of human PDL cells. 600%. a) Control cells 12 h, b) Control cells 36 h, ¢) Control cells 60 h, d) cells after exposure to
B=10 mT for 12 h, e): after exposure to B=10 mT for 36 h, f) after exposure to 10 mT for 60 h, g) B=120 mT for 12 h, h) B=120 mT for 36 h, i) B=10 mT for 60 h.
The cytoskeleton F-actins of PDL cells are represented in green fluorescence and the nuclei in red fluorescence, respectively. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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The green fluorescence density /= (F'/ Fo) / Ac in terms of
the ratio  of the length L and the width # according to:

r=L/W (1)

was used in the quantification of the B-field effect on
cotoskeleton F-actins. The content of labeled F-actins was
quantified by the area integrated optical density, defined as:

10D = f'Ac(F /Fo)/Ac (2)

where F is the fluorescence emission intensity scaled in terms of
the apparatus settings relative to the reference Fo. Similar to the
Lambert—Beer law of the light attenuation, the fluorescence F'is
proportional to the concentration of labeled F-actins for not too
large absorption of the emitted fluorescence light.

2.4. Statistical analysis

The statistical significance of differences was tested by one-
way analysis of variance (ANOVA) followed by the Least-
significant difference (LSD) test. Statistical significance was
established at the P < 0.05 level.

3. Results and discussion

It is recalled that the cytoskeleton elements of eukaryotic
cells include microfilaments, microtubules and intermediate
filaments, among which the microfilaments predominantly
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maintain the normal shape of the cell. Actin is the basic
component of microfilaments. There are two types of actins: F-
actins in filamentous form and G-actins in the free form, in
normal cells they are in reactive dynamic balance [28].

For optical monitoring, we labeled the cytoskeleton F-actins
of human PDL cells, using the fluorescent dye BODIPY FL
phallacidin, which is specifically bound to F-actins. The image
analysis software (Image-Pro Plus, Version4.5, Media Cyber-
netics Inc., Silver Spring, MD, USA) automatically calculates
and scales the length—width ratio 7, according to Eq. (1) and
quantifies the fluorescent F-actins according to Eq. (2). The
LSCM photos are shown in Fig. 3.

The cytoskeleton F-actins of control cells were of clearly
visible filamentous configuration and were arranged parallel to
the long axes of cells (Fig. 3a, b and ¢). After exposure to B =
10mT for 12h, size and shape of the cells were apparently not
changed as compared to those of the control cells. Also, at this
condition of low B-field and short exposure time, the
cytoskeleton F-actins remained clearly visible and orderly
arranged (Fig. 3d). However, at B = 10mT SMF for 36h and
60h, respectively, PDL cells did shrink and the cytoskeleton F-
actins became shorter and disordered compared to the controls
(Fig. 3e and f). The exposure to B = 10mT and the long
exposure time of 60h caused the cells to shrink to an oval shape
and the filament configuration of the F-actins can hardly be
optically discerned (Fig. 3f).

After exposure to 120mT, cell shrinkage, i.e., shortening and
disordering of the structure of the cytoskeleton F-actins is even
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Fig. 5. The IOD given as a function of exposure time #// at the given B-field strength and as a function of the B-field, B/mT, at the given exposure time.
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Table 1
Area Ac of cell cross section (mean+standard deviation, unit: pixel)

Exposure time (h) Control group 10 mT group 120 mT group P-value
12 23052+10938 19304+5455 12615+8269  0.266
36 18397+5851 11239+9070 7523+3767 0.113
60 1931642977  6941+3607* 5673+2048*  0.000
P-value 0.652 0.064 0.222

? P<0.05, vs control group.

more evident (Fig. 3g, h, and 1). Under the extreme condition of
120mT for 60h, the configuration of the F-actins within the
shrunken cells was not discernable anymore (Fig. 3i).

These observations suggest that the targets of the B-field
forces are the cytoskeleton F-actins. The B-field induced
structural changes of the filaments obviously precede the
changes of the overall cell shape.

The length—width ratio r and IOD given as a function of
exposure time ¢ / h at the given B-field strength, and, too, as a
function of the B-field, B/mT, at the given exposure time, are
shown in Figs 4 and 5 respectively.

For both the B = 10mT and B = 120mT exposure cells, the
length—width ratio » decreased with the exposure time #/h
increased (Fig. 4), consistent with the concept that amplification
and accumulation effects are the basis of the effects of EMFs
[31]. The IOD did not change much with the exposure time #/4
and B-field B/mT increased (Fig. 5).

Statistical analysis of the image data revealed differences in
the cross section area Ac, concomitant with changes in the r
values and the IOD values, indicative for changes in the content
of the F-actins (Tables 1-3).

Overall, the optical results suggest that the cell shape
changes before the cross section is reduced by shrinkage due to
contraction of the cytoskeleton microfilaments. The IOD values
of F-actins as a function of the B-field intensity and exposure
time are consistent with the concept that it is primarily the
contraction of the F-actin filaments, and not the disassembly of
the F-actins, that are causative for the observed geometrical
changes.

It is reported that in another “in vitro” system with the human
malignant melanoma cells, the exposure to very large B-fields in
the range 0.5 < B/ T <4.7 decreases the ability of cells to remain
adherent to the surface of culture dish. It was suggested that the

Table 2

Length/width ratio, r, of the PDL cells (mean+standard deviation)

Exposure  Control group 10 mT group 120 mT group  P-value

time (h)

12 4.5369+ 2.5030+0.5409° 2.7248+ 0.001
0.7023 0.4102*

36 49919+ 1.7235+0.3725® 25510+ 0.020
1.6752 1.6179*

60 6.1003+ 1.6039+0.1294* > 15430+ 0.000
0.9345 0.4008"

P- value 0.211 0.019 0.244

2P<0.05, vs control group; > P<0.05,vs 12 h group.

Table 3
Integrated optical density (IOD, mean=+standard deviation) of cytoskeleton F-
actins

Exposure Control group 10 mT group 120 mT group P-value

time (h)

12 1880055+ 895295+ 804371+ 0.039
741192 5610627 1786057

36 1300155+ 911181+ 635167+ 0.053
224983 386399 351148

60 1159661+ 716858+ 621039+ 0.122
367843 373194 306870

P-value 0.148 0.798 0.622

? P<0.05, vs control group.

reduction in adherence is caused by a field-induced structural
change in the integrin molecules located on the cell surfaces.
This structure is presumed to subsequently affect the transmem-
brane signal transduction, finally leading to a decrease in the
cellular adhesive ability [32]. Here, the shrinkage of the treated
cells to oval forms indicate, too, a reduction in the adhering
ability of cells.

In further conclusion, if our “in vitro” cell data can be
projected on to the B-field treatments of humans, there is a
potential health risk for high B-fields and very long exposure
time for patients exposed to open-field dental magnetic
attachments. On the same line, also closed-field magnetic
attachments should be carefully designed and manufactured to
reduce the stray fields (flux leakage) to minimize adverse
effects.
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Abstract

A new voltammetric enzyme-linked immunoassay system of 3,3’—diaminobenzidine (DAB)—H,O,—horseradish peroxidase (HRP) has been
presented and used for the sensitive detection of carcinoembryonic antigen (CEA) in human serum. In this proposed procedure, DAB was firstly
used as the electroactive substrate in the HRP catalyzed oxidation reaction in the present of H>O,. The generated product produced a sensitive
second-order derivative linear sweep voltammetric peak at potential of —0.62 V (vs. SCE) in Britton-Robinson (BR) buffer solution. The free HRP
could be measured in a linear range from 2.5x10 °®—2.5x 102 unit/ml and a detection limit of about 1.5x 10~ ° unit/ml. Under the optimal
experiment conditions, CEA could be detected in the linear range from 0.50 to 80 ng/ml with a detection limit of 0.5 ng/ml. The proposed
electrochemical enzyme-linked immunosorbent assay method is simple, inexpensive, reproducible and sensitive, which shows promising for

detecting CEA in the clinical diagnosis.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Carcionembryonic antigen; 3,3’—diaminobenzidine; Electrochemical immunoassay; Horseradish peroxidase; Voltammetric enzyme-linked immunoassay

1. Introduction

Carcinoembryonic antigen (CEA) is one of the most widely
used tumor markers. It was first described in 1965 by Gold and
Freedman [1] as a tumor-specific antigen in the diagnosis of
colonic cancer. Up to now, it has been found that the serum CEA
level is related to colon cancer [1-4], lung cancer [5,6], ovarian
carcinoma [7], breast cancer [8—10] etc. Also, the determination
of CEA is very helpful for evaluating curative effect, judging
recrudescence or metastasis [11—15]. Thus, the detection of
serum CEA level plays an important role in the initial diagnostic
evaluation and the follow-up examination during therapy.

The traditional detection of serum CEA is usually performed
by immunological methods, based on the specificity and
selectivity of antibody—antigen reaction [16,17]. Owing to the

Abbreviations: BR, Britton-Robinson; CEA, Carcinoembryonic antigen;
DAB, 3,3’-diaminobenzidine; ELISA, Enzyme-linked immunosorbent assay;
HRP, Horseradish peroxidase; PBS, Phosphate buffer solution; TMB, 3,3’,5,5’-
Tetramethyl benzidine.

* Corresponding author. Tel.: +86 532 84022750; fax: +86 532 84023927.

E-mail address: shushzhang@126.com (S. Zhang).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.11.011

disadvantages of radioimmunoassay, strong efforts have been
undertaken to replace the radioactive substances. Enzyme-
linked immunosorbent assay (ELISA) is a conventional assay
for clinic examination, but its detection limit is relatively poor
by spectrophotometry. Recently, electrochemical technique
emerges as the very attractive alternative in ELISA due to the
prominent characteristics such as the fast detection rate under
the enzyme catalysis and the low detection limit [18—24].
Also, the voltammetric enzyme immunoassay has been
successfully proposed and used in the detection of tumor
markers [25-28]. The obtained linear sweep second-order
derivative polarography possesses the advantages such as high
sensitivity, low detection limit, short experimental time, fast
electrochemical procedure and simple manipulation. Compared
with the expensive microtiter plate reader used in the traditional
spectrophotometric detection, the microtiter plates used in the
voltammetric enzyme immunoassay were low cost, sensitive
and free from color and turbid interferences [25-28]. The
enzymes used widely as labels in enzyme immunoassay include
horseradish peroxidase (HRP) and alkaline phosphatase [29].
HRP or labelled HRP could catalyze the substrate oxidation by
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Fig. 1. Second-order derivative linear-sweep voltammogram of BR+H,0, (1),
BR+DAB+H,0; (2), BR+DAB+H,0,+HRP (3).

H,0,, and the obtained product was reduced in the dropping
mercury electrode to produce a sensitive voltammetric peak. A
series of substrates for HRP-mediated electrochemical assay
have been reported such as o-dianisidine [25], m-aminophenol
[26], o-phenylenediamine [27] and 3,3’,5,5'-tetramethyl benzi-
dine (TMB) [28].

In current study, a new voltammetric enzyme immunoassay
system was proposed for the detection of CEA in human serum.
3,3’-diaminobenzidine (DAB) was firstly used as the substrate
in HRP catalysis reaction. The electroactive product 4,4’-
diimino-bicyclohexylidene-2,5,2’,5'-tetraene-3,3’-diamine,
obtained from the oxidation reaction of DAB in HRP-H,0,
system in pH 5.0 BR buffer solution, could be measured by
voltammetric method. In comparison with the traditional
ELISA method, this proposed method improved the sensitivity
of CEA about ten times. And also the method was practical,
conventional and reliable, implying a promising alternative
approach for detecting serum CEA in the clinical diagnosis.

2. Materials and methods
2.1. Instrumentation

The electrochemical measurement was carried out with a
MP-2 voltammetric analyzer (Shandong No. 7 Electric Com-
munication Corp., China). A three-electrode system was
employed with a dropping mercury electrode or a hanging
mercury drop electrode as working electrode, a platinum
electrode as auxiliary electrode and a saturated calomel
electrode (SCE) as reference electrode. The instrumental
conditions were as follows: initial potential, —0.20 V; mercury
drop standing time, 7 s; potential scanning rate, 300 mV/s.
OG3022A enzyme-linked immunity measure implement (Hua-
dong Electronal Group Medical Treatment Instrument Ltd.,
China) was used for the spectrophotometric ELISA.

2.2. Chemicals

DAB working solution was prepared by dissolving 0.0108 g
DAB (Acros Organics, 99%) in doubly distilled water and
diluted to 50.0 ml (1.0 mM). The solution of HRP (250 units per
mg enzyme, Xueman Biochemical Technique Corp., China) was
prepared by dissolving 10.00 mg HRP in 10.0 ml doubly distilled
water (250 unit/ml), and then was stored at 4 °C. The CEA
ELISA kit was purchased from Shanghai Jiemen Biotechnique
Company and stored at 2—8 °C. The kit included microplate
coated by anti-CEA serum, HRP labeled anti-CEA, standard
sample of CEA, TMB substrate solution, rinsing solution (PBS)
and stop liquid (H,SO,4). Other chemicals were of analytical
grade and were prepared by the doubly distilled water.

3. Results and discussion
3.1. The second-order derivative linear-sweep voltammograms

Differential pulse voltammetry, modern square wave voltam-
metry and linear sweep second-order derivative polarography all
have excellent voltammetric peaks or polarographic waves in the
detection of the product formed by H,0O, oxidizing DAB, which
is catalyzed by HRP in 0.2 M BR at pH 3.5. Among these
methods, linear sweep second-order derivative polarography
was the most optimal method with the advantages such as high
sensitivity, low detection limit, short experimental time and
simple manipulation. The product of the enzyme-catalyzed
reaction has a well-defined voltammetric peak. Fig. 1 shows the
results of the second-order derivative linear-sweep voltammo-
grams. Curve 1 is the voltammogram of BR buffer solution,
which has no voltammetric peak. Curve 2 is that of the BR—
DAB-H,0,, which has a small voltammetric peak at —0.62 V.
The small peak is due to the product of slow oxidation of DAB
by H,0,. Curve 3 is that of the enzyme-catalyzed reaction
solution. Owing to the addition of HRP, which quickens greatly
the oxidation of DAB by H»O,, the reaction product produces a
large and well-defined voltammetric peak at —0.62 V. Although
the HRP content is as low as 1.5x 10~ unit/ml, a distinctive
increase of this voltammetric peak still can be observed. The
oxidation of DAB by H,0, yields a stable product, if the enzyme
catalyzed reaction happens in 0.2 M BR at pH 5.0.

3.2. Optimal conditions for enzyme-catalyzed reaction

As seen from the voltammograms, HRP intensely catalyzed the
oxidation reaction of DAB by H,0,. Considering the structure of
the product and catalysis cycle of HRP in reaction, the process of
HRP-catalyzed oxidation reaction of DAB by H,O, is concluded in
Scheme 1. The enzymatic oxidation of DAB yielded a stable

NH, NH,
HoN

H,N

Scheme 1. The process of the HRP-catalyzed oxidation reaction of DAB by
HzOz.
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product, 4,4’—diimino—bicyclohexylidene—2,5,2’,5'—tetraene—
3,3’—diamine in BR buffer solution at pH 3.5.

Through measuring the electrochemical response of the
enzymatic product, the effect of pH on enzyme-catalyzed
reaction was studied between 2.0 to 12.0. The electrochemical
peak current reached the maximum value at pH 3.5 BR buffer
solution. Additionally, the concentrations of each component of
the substrate solution, including BR buffer solution, DAB and
H,0,, were also optimized. When the final 10 ml substrate
solution consisted of 2.0 ml of BR buffer solution (0.2 M, pH
3.5), 2.0 ml DAB solution (1.0 mM) and 1.0 ml H,O, solution
(1.0 mM), the electrochemical peak current reached the
maximum value. Under the above optimal conditions, the
electrochemical peak current of the product changed slightly
after 40 min at 37 °C, indicating the reaction reached the
equilibrium. Thus, 40 min was selected as the optimal
incubation time for the enzyme-catalyzed reaction.

3.3. Optimal electrochemical conditions for the detection

The fine second-order derivative linear-sweep voltammetric
peak for the enzyme-catalyzed product was obtained in BR
buffer solution. After the enzyme-catalyzed reaction, the effect
of pH value on the second-order derivative linear-sweep
voltammetric peak of enzymatic product was investigated.
Results showed that the peak potential shifted negatively with
the increased pH. The peak current reached the maximum value
at pH 5.0. Thus pH 5.0 was selected as the optimal pH value of
BR for the electrochemical detection.

3.4. The electrode procedure of the enzymatic product

For the enzymatic solution, the linear sweep voltammetric
peak was linearly increased with the scanning rate. This means
that the product of the enzymatic reaction could be adsorbed on
the mercury electrode. Under the optimal conditions, the single
sweep cyclic voltammogram (shown in Fig. 2) and the multiple
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Fig. 2. Cyclic voltammograms of enzymatic product in BR buffer solution at pH
5.0. The enzymatic product was generated by oxidation reaction of DAB in BR
buffer solution at pH 3.5. T=1s, v=300 mV/s.
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Fig. 3. Multiple-sweep cyclic voltammograms of the BR+DAB+H,0,+HRP.
T=1s, v=300 mV/s.

sweep cyclic voltammogram (shown in Fig. 3) were recorded.
The peak current on the multiple sweep cyclic voltammogram
decreased with the increasing scanning times. This result
indicated that both the electrode reactant and the product could
be strongly adsorbed on the mercury electrode, and the reaction
rate on the mercury electrode was improved. This is the
characteristic of an adsorptive in-reversible wave.

The electrode process was shown in Scheme 2. Based on the
theory advanced by Nicholson [30], where W, is the width of
the peak at half height. The value of

W2 = 3.53RT/nF = 90.6/n(mV, 25°C)

W1, in this experimental is about 48 mV. So this is a two-
electron in-reversible electrode process. The oxidation product
of DAB by H,0,, 4,4’—diimino—bicyclohexylidene-2,5,2',5'—
tetraene—3,3’—diamine, was produced in BR at pH 3.5. In pH
5.0 BR, such enzyme-oxidized product could be reduced
through a two-electron transfer process. Based on such electro-
reduction peak, free HRP and labelled HRP can be determined.

3.5. Electrochemical determination of free HRP

Different concentrations of free HRP were used to catalyze
the oxidation reaction of DAB by H,O,. 2.0 ml of 1.0 mM
DAB, 1.0 ml of 1.0 mM H,0, and 2.0 ml of 0.2 M BR at pH 3.5
was mixed with 1.0 ml of HRP solution with different
concentrations. The mixture was diluted to 10.0 ml and kept
at 37 °C for 40 min in a water bath. Then, 3.0 ml of the above
solution and 7.0 ml of 0.2 M BR at pH 5.0 were mixed in a
10.0 ml colorimetric tube, and then was detected by the MP-2

NH, NH,
)
H,N

H,N

Scheme 2. A two-electron redox process of HRP-catalyzed oxidation reaction
product of DAB in BR buffer solution.
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voltammetric analyzer in a 10 ml electrolyte cell. The second-
order derivative linear-sweep voltammogram was recorded. The
peak current in BR exhibits a good linear relation with HRP
concentration in the range of 2.5x 10" ®—2.5x 10~ unit/ml and
a detection limit of about 1.5x10 ® unit/ml. The relative
standard derivative (RSD, n=11) of HRP response to
1.25x10"° unit/ml HRP is 2.1%.

3.6. Determination of labelled HRP

Similar with free HRP, labelled HRP could also be
determined. We compared the sensitivity for determining free
HRP and labelled HRP using five HRP-conjugated antibodies
including a-Fetus Proteid (aFPAb—HRP, 1), Ferritin—Ab—HRP
(2), Carcinoma Embryo (CEAAb—HRP, 3), PSA (PSAAb-—
HRP, 4), Full-mouthed Disease (FMDAb—HRP, 5). The dilution
curves shown in Fig. 4 demonstrated the proposed sensitive
method for the detection of labeled HRP. In comparison with the
TMB spectrophotometric ELISA, the newly developed method
showed higher sensitivity. The highest dilution ratios for the two
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Fig. 4. Dilution curves of detecting the labelled HRP of aFPAb—HRP (1),
FerritinAb—HRP (2), CEAAb—HRP (3), PSAAb—HRP (4), and FMDAb-HRP
(5) by electrochemical ELISA (a) and spectrophotometric ELISA (b).

Table 1
The comparisons of electrochemical ELISA (i,) with spectrophotometric ELISA
(A4s0) for the detection of labelled HRP using HRP labeled anti-CEA

Dilution ratio 1:10 1:10% 1:10° 1:10* 1:10°
iy (NA) 0.656 0.380 0.154 0.016 0
Auso 0.94 0.47 0.10 0.00 0.00

methods were shown in Table 1. The highest dilution ratio of
electrochemical method was 1:10,000, whereas, that of the
TMB spectrophotometric ELISA method was 1:1000. Thus, the
proposed electrochemical enzyme-linked immunoassay system
could detect 10 times lower concentration of labelled HRP than
that of the TMB spectrophotometric ELISA.

3.7. The linear range, the detection limit and the precision of
CEA detection

The detection of CEA was based on sandwich immunoassay
format. The immunoassay conditions were controlled according
to the procedure recommended by the commercial CEA Kit.
50 pl of CEA solutions with different concentrations were
added to the wells coated by CEA monoclonal antibody. The
mixture was incubated for 20 min at 37 °C, and then rinsed with
PBS (300 pl) and doubly distilled water respectively. After that,
100 pl HRP labeled anti-CEA were added to the wells and
incubated for 15 min. After the wells were rinsed, 300 pl of the
substrate solutions were added to each well and incubated for
40 min, and then transferred to a 5 ml electrochemical cell for
the electrochemical detection. The second-order derivative
linear-sweep voltammogram was recorded in the presence of
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Fig. 5. Calibration plot for detection of CEA by electrochemical ELISA and
spectrophotometric ELISA.
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Table 2
The comparison of results of this method with the TMB spectrophotometric
ELISA method for the detection of CEA in human serum

Sample This method TMB spectrophotometric ELISA method
(ng/ml) (ng/ml)

1 2.86 -

2 7.99 7.50

3 9.02 8.65

4 15.7 15.9

5 24.0 26.6

6 3.56 -

7 32.0 31.2

8 425 -

9 63.9 62.3

10 74.9 75.4

700 pl BR buffer (pH 5.0). For comparison, spectrophotometric
detection of ELISA was also preformed in parallel using
0G3022A enzyme-linked immunity measure implement.

Under the optimized conditions, the proposed new DAB—
H,0,—HRP system could detect CEA in a linear range from 0.5 to
80 ng/ml with a detection limit of 0.5 ng/ml. The calibration plot
was shown in Fig. 5a. The regression is y=0.01161+0.0087x
(y=0.9989), where y means Ai,", i," is the peak current (nA), x
is the concentration of CEA. For TMB spectrophotometric
ELISA method, the linear range of CEA is 5.0-80 ng/ml with a
detection limit of 5.0 ng/ml as shown in Fig. 5B. The equation of
linear regression is A=—0.327+0.50LogC (y=0.9995), where 4
is the absorbency, C is the concentration of CEA. Therefore, the
detection limit of our electrochemical enzyme-linked immunoas-
say method was 10 times lower than that of the TMB
spectrophotometric ELISA method.

3.8. Determination of CEA in human serum samples

The CEA levels in the human serum samples were detected
using both electrochemical and spectrophotometric ELISA
methods. The comparison results were listed in Table 2. We
could find that the two methods showed good agreement. The
results of electrochemical method are linear proportional to that
of spectrophotometric method. The regression is y=0.2587+
0.9922x (y=0.9988), where x is the results of electrochemical
method, y is results of spectrophotometric method.

The specificity for detecting CEA was investigated using
dilutions of CEA, a-fetoprotein (AFP), prostate specific antigen
(PSA), ferritin, and full-mouthed disease (FMD). 0.2 ng/ml CEA
could be readily detected. However, there were no significant
reactions with the AFP, PSA, ferritin and FMD samples in the
concentration of 10.0-1.0 pg-ml~'. In addition, uninfected
human serum and human serum infected with AFP, PSA, ferritin
and FMD, respectively, gave no detectable reactions.

4. Conclusions
Based on the new system of DAB—H,0,—HRP, the developed

electrochemical enzyme-linked immunoassay showed promising
performance for detection of CEA in human serum. The processes

of the enzyme-catalyzed reaction and electro-reduction of the
product on the electrode was investigated. The detection limit for
CEA is 10 times lower than that of the traditional spectro-
photometric ELISA method. The simple, inexpensive, reprodu-
cible and sensitive assay showed a promising alternative approach
in the clinical diagnosis.
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Abstract

Heavy metal ions, lead, cadmium and nickel, are well known carcinogens with natural different origins and their direct mode of action is still
not fully understood. A dsDNA-electrochemical biosensor, employing differential pulse voltammetry, was used for the in situ evaluation of Pb>",
Cd*>" and Ni%" interaction with dsDNA. The results confirm that Pb>", Cd*" and NiZ* bind to dsDNA, and that this interaction leads to different
modifications in the dsDNA structure. These modifications were electrochemically recognized as changes in the oxidation peaks of guanosine and
adenosine bases. Using homopolynucleotides of guanine and adenine it has been proved that the interaction between Pb>" and DNA causes
oxidative damage and preferentially takes place at adenine-containing segments, with the formation of 2,8-dihydroxyadenine, the oxidation
product of adenine residues and a biomarker of DNA oxidative damage. The Pb®" bound to dsDNA can still undergo oxidation. The interaction of
Cd*" and Ni*" causes conformational changes, destabilizing the double helix, which can enable the action of other oxidative agents on DNA.

© 2007 Elsevier B.V. All rights reserved.

Keywords: dsDNA-electrochemical biosensor; Heavy metal ions; Differential pulse voltammetry; Oxidative damage; 2,8-dihydroxyadenine

1. Introduction

Metal ion—DNA interactions are important in nature, often
changing the genetic material’s structure and function. The
interaction of DNA with heavy metals, such as Pb, Cd and Ni, has
been extensively investigated since they are involved in processes
leading to DNA damage. The ions of Pb, Cd and Ni have been
found in different sources, foods, beverages, soil, plants, natural
waters, etc. The International Agency for Research on Cancer
(IARC) lists Pb and Cd compounds as possible human carcino-
gens, based on experimental animal trials, while the carcinogenic
properties of Ni are related to tumour promotion [1].

The DNA has four different potential sites for binding of
metal ions, the negatively charged phosphate oxygen atoms, the
ribose hydroxyls, the base ring nitrogens, and the exocyclic base
keto groups [2]. Most transition metal ions interact with more
than two different sites and their interactions with DNA are more
complicated. They frequently bind indirectly to the phosphate
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E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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groups and directly to the bases with the N7 atom of purines or
N3 of pyrimidines [3].

Various methods with great sensitivity and specificity have
helped to characterize the nature of Pb**, Cd** and Ni**
interactions with DNA, such as UV-VIS, IR and Raman
spectroscopy [4—6], HPLC [5], electrochemistry [7—12], among
others [13—18]. However, the direct mechanism of Pb, Cd and Ni
metal ions induced tumour formation is poorly understood and
conflicting results have been reported [15,19,20].

Electrochemical techniques, such as pulse techniques, are
suitable for studies of biological systems, for instance DNA—heavy
metal interactions [8—10,12], since they are fast, low cost and have
high sensitivity. One advantage of the use of pulse techniques, is
that they bring a great improvement in signal-to-noise ratio
compared to steady state techniques and in many cases greater
selectivity [21]. The DNA-electrochemical biosensor, using
differential pulse voltammetry, has been successfully utilized to
investigate the interaction of small molecules with DNA, and
comparing with other methods shows great sensitivity towards
detecting small perturbations of the double-helical structure.

An electrochemical DNA biosensor is an integrated receptor-
transducer device that uses DNA as a biomolecular recognition
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element to measure specific binding processes with DNA,
through electrochemical transduction. The most important fac-
tor for the construction of efficient DNA-based electrochemi-
cal biosensors is the immobilization of the DNA probe on the
electrode surface [22-25].

Among the electrochemical transducers, carbon electrodes
demonstrate several unique properties. The extensive potential
window in the positive direction allows sensitive electrochemical
detection of the oxidative damage caused to DNA by monitoring
the appearance of the oxidation peaks of the DNA bases. Different
adsorption immobilization procedures, electrostatic adsorption or
evaporation, of a monolayer or multilayer DNA films have been
used. The multilayer dsDNA-electrochemical biosensor consists
of an electrode with dSDNA deposited on the transducer surface
by successive monolayer coverage. Mac Mode AFM images have
shown that the multilayer immobilization method leads to total
coverage of the carbon electrode surface, thus the adsorption of
undesired substances on the transducer surface does not occur,
and the biosensor response is due only to the interaction of the
substance with dsDNA [24,25].

Additionally, the electrochemical oxidation signal of
the components of DNA, such as, nucleotides, nucleosides,
purine and pyrimidine bases, can be employed as biological
recognition elements for the determination of a more specific
interaction. Different DNA-electrochemical biosensors can be
prepared from known selected sequences of the DNA com-
ponents, as in homopolynucleotides and heteropolynucleotides.
Thus, multilayer dsDNA-electrochemical biosensors can be a
powerful tool in elucidating the nature of DNA-metal ion
binding and detecting the conformational changes or oxidative
damage resulting from these interactions.

Indicators of DNA oxidative damage are 8-oxo-7,8-dihydro-
guanine (8-oxoGua) and 2,8-dihydroxyadenine (2,8-oxoAde),
which are the oxidation products of guanine and adenine,
respectively [24,25]. These oxidation products can form relatively
stable base pairs with cytosine or thymine during DNA
replication, being considered one of the natural causes of
mutagenesis. The direct oxidation of DNA by hydroxy radicals
has been reported to generate a substantial amount of 8-oxoGua,
but only a small quantity of 2,8-oxoAde. In contrast, 2,8-oxoAde
is exclusively generated by the oxidation of dATP in the
nucleotide pool. The difference in the origins of each oxidized
base suggests that 8-oxoGua and 2,8-oxoAde cause mutagenesis
in different manners [26], hence the importance of screening
for the occurrence of each base oxidation products.

The current study is aimed at giving a better understanding of
the nature of the mechanism of interaction of Pb>", Cd*" and
Ni*" with and binding to dsDNA in aqueous solution, using a
multilayer dsDNA-electrochemical biosensor and differential
pulse voltammetry detection.

2. Experimental
2.1. Materials and reagents

Lead (IT) and cadmium (II) nitrate, and nickel (IT) chloride
analytical grade were from Merck. Calf thymus dsDNA, poly-

guanylic (poly[G]) and polyadenylic (poly[A]) acid were from
Sigma and used without further purification. Stock solutions of
4 mM Pb**, Cd** and Ni**, and 300 pug mL ™" dsDNA, poly[G]
and poly[A] were prepared in deionised water and diluted
to the desired concentration. All solutions were prepared using
analytical grade reagents and purified water from a Millipore
Milli-Q system (conductivity <0.1 pScm ™). Nafion” solution,
5 wt.% in alcohol and water, was from Aldrich. Nafion” films
were prepared according to a previously described procedure
[27], applying 5 pL of a 0.25% solution of Nafion” in
ethanol over the electrode surface, followed immediately by
3 uM of N, N'-dimethylformamide casting solvent. The solvents
were evaporated in a warm air stream.

Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microliter Pippettes (Rainin Instrument Co. Inc.,
Woburn, USA). The pH measurements were carried out using
a Crison micropH 2001 pH-meter with an Ingold combined
glass electrode. All experiments were done at room temperature
(25+1 °C).

2.2. Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a pAutolab
running with GPES 4.9 software, Eco-Chemie, Utrecht, The
Netherlands. The experimental conditions for differential pulse
voltammetry (DPV) were: pulse amplitude 50 mV, pulse width
70 ms, scan rate 5 mV s !. Measurements were carried out
using a glassy carbon electrode (GCE) (d=1.5 mm), with a Pt
wire counter electrode, and a Ag/AgCl (3 M KCl) electrode as
reference, in a 0.5 mL one-compartment electrochemical cell.

The GCE was polished using diamond spray (particle size
6 pm) before every electrochemical assay. After polishing, the
electrode was rinsed thoroughly with Milli-Q water for 30 s;
then it was sonicated for | min in an ultrasound bath and again
rinsed with water. After this mechanical treatment, the GCE
was placed in buffer supporting electrolyte and various DP

04 06 08 10 12 14
E/V vs. Ag/AgCl

Fig. 1. Background-subtracted DP voltammograms in pH 4.5 0.1 M acetate
buffer with a multilayer dsDNA-electrochemical biosensor: (e®e) before and
(=) after incubation during 1 h with Pb>" utilizing Procedure 1, and (===) after
incubation during 48 h with Pb** following Procedure 2.
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voltammograms were recorded until a steady state baseline
voltammogram was obtained. This procedure ensured very re-
producible experimental results.

2.3. Acquisition and presentation of voltammetric data

All the voltammograms presented were background-sub-
tracted and baseline-corrected using the moving average with
a step window of 5 mV included in GPES version 4.9 software.
This mathematical treatment improves the visualization and
identification of peaks over the baseline without introducing
any artifact, although the peak height is in some cases reduced
(<10%) relative to that of the untreated curve. Nevertheless, this
mathematical treatment of the original voltammograms was used
in the presentation of all experimental voltammograms for a better
and clearer identification of the peaks. The values for peak current
presented in all graphs were determined from the original un-
treated voltammograms after subtraction of the baseline.

2.4. DNA-biosensor preparation and incubation procedure

The multilayer dsDNA biosensors were prepared by successive
covering of the GCE surface with three drops of 5 uL each of 60 pug
mL~" dsDNA solution. After placing each drop on the electrode
surface the biosensor was dried under a constant flux of N,. The
poly[G] and poly[A] biosensors were prepared in the same way.

Two different procedures for the incubation with metals ions
were used:

Procedure 1: The incubation was carried out by covering the
DNA-biosensor surface with two drops of 5 uL
each of a 2 mM metal ion solution and allowing the
surface to dry in normal atmosphere, for different
periods of time.

Procedure 2: The incubation with the metal ions was carried out
by immersing the biosensor in a 2 mM metal ion
solution, for different periods of time.

3. Results and discussion
3.1. In situ evaluation of Pb*>" metal ion interaction with DNA

The multilayer dsDNA-electrochemical biosensor was used
to evaluate the possible interaction involving metal ions and
DNA. The effects of metal ions on dsDNA were followed by DP
voltammetry, comparing the changes of the dsDNA-biosensor
signals before and after the interaction. For each experiment a
new multilayer dsDNA biosensor was prepared.

The dsDNA biosensor was always prepared as described in
Section 2.4 and characterized in pH 4.5 0.1 M acetate buffer by
DP voltammetry. The results showed well-defined small oxida-
tion peaks due to the oxidation of desoxyguanosine (dGuo) at
Ey=+1.03 V, and desoxyadenosine (dAdo) at £,,=+1.28 V,
Fig. 1. The DP voltammogram of the dsDNA biosensor shows
small oxidation peaks due to the difficulty of the electron trans-
fer from the inside of the double-stranded rigid form of DNA to
the electrode surface [24,25].

dGuo

+133V

20 nA

04 06 08 10 12 14
E/V vs. Ag/AgCl

Fig. 2. Background-subtracted DP voltammograms in pH 4.5 0.1 M acetate
buffer with a multilayer poly[G]-electrochemical biosensor: (®®®) before and
(=) after incubation during 15 h in Pb>" utilizing Procedure 1.

A newly prepared dsDNA biosensor was incubated during 1 h
in Pb>" solution, following Procedure 1, then washed
with deionised water in order to remove the unbound ions and
transferred to pH 4.5 0.1 M acetate buffer where the DP vol-
tammogram was recorded. The voltammogram shows an increase
of'the height of the oxidation peaks of dGuo and dAdo, and a new
oxidation peak at E,,=+1.33 V, Fig. 1, corresponding to the
oxidation of Pb*" to Pb*". The results indicate that Procedure 1
leads to a pre-concentration of Pb>* ions in the film, which then
interact with the dsSDNA. After incubation following Procedure 1,
the dsDNA film was removed from electrode surface and a DP
voltammogram was recorded in buffer. No peak corresponding to
the oxidation of Pb*" to Pb*" was observed, proving the total
coverage of the electrode surface after modification with dSDNA.

A control experiment was performed, to enable the clarifica-
tion of the occurrence of the peak at £,,=+1.33 V, using a GCE
modified by a Nafion” film, instead of the dsSDNA film on the
GCE. The GCE modified by a Nafion” film was prepared and
Procedure 1 was repeated and in the DP voltammogram the peak
at £y,,=+1.33 V still appeared, confirming that it was not a result
of Pb*" interaction with DNA, but corresponded to the oxidation
of Pb*" to Pb*". This experiment also showed that adsorption
of Pb*" takes place within the DNA film, and that besides the
interaction with DNA, as shown by the increase of the oxida-
tion peaks of dGuo and dAdo, Fig. 2, the free Pb*" is pre-
concentrated in the DNA film and can undergo oxidation. DNA
is a biopolymer and deposited on the electrode surface behaves
as a matrix like any polymer modified electrode surface enabling
pre-concentration, in this case of the free Pb>", in the DNA
biopolymer film on the electrode.

In another experiment, a new dsDNA biosensor was
incubated for 48 h in the Pb** solution, following Procedure 2.
The results also show an increase of the oxidation peak curents
of dGuo and dAdo, while a new peak at £,,=+0.45 V appeared,
but no peak at Ep,=+1.33 V occurred, Fig. 1.

Other experiments with different concentrations of Pb*" and
incubation times were carried out following Procedure 2. An
increase in current of the peak at E,,=+0.45 V and of the
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Fig. 3. Background-subtracted DP voltammograms in pH 4.5 0.1 M acetate
buffer with a multilayer poly[A]-electrochemical biosensor: (e®e) before and
(=) after incubation during 3 h in Pb>" utilizing Procedure 1.

oxidation peaks of dGuo and dAdo, proportional to the increase
of Pb?" concentration and incubation time, was noted.

The data obtained suggest that Pb>" interacts with dsDNA
immobilized on the GCE surface leading to modifications in the
double-helical structure in a time-dependent manner. As the
double helix unwinds, the DNA bases are more exposed to the
electrode surface thus facilitating their oxidation, which can
explain the occurrence of higher peak currents for dGuo and
dAdo with increasing incubation times. Thus, the results of this
study already confirm the toxic effects of Pb>" on dsDNA and
the dsDNA-electrochemical biosensor enables a fast and easy
DNA damage detection procedure.

Moreover, the oxidative damage caused to DNA by Pb*" can
also to be detected electrochemically by monitoring the ap-
pearance of the oxidation product peak, which will be identified
below as 2,8-oxoadenine, at E,,=+0.45 V, in pH 4.5 0.1 M
acetate buffer [28—30].

3.2. In situ evaluation of Pb>" ion interaction with homopoly-
nucleotides

In order to obtain more information about the origin of
the peak at £,,=+0.45 V several experiments were performed,
using a GCE modified with homopolynucleotides of chosen
bases, namely poly[G] and poly[A]. The poly[A] and poly[G]
modified electrodes were only used in order to clarify with
which base, adenine (A) or guanine (G), occurs a more specific
interaction.

The GCE surface was modified as described in Section 2.4
with poly[G], the homopolynucleotide that contains only
guanine residues. The DP voltammogram in pH 4.5 0.1 M
acetate buffer shows a peak at E,,=+1.02 V, corresponding
to dGuo oxidation, Fig. 2. In a subsequent experiment, the poly
[G]-electrochemical biosensor was incubated during 15 h,
folowing Procedure 1, and then transferred to acetate buffer
where DPV was performed. Compared with the previous results,
there is an increase in the height of the peaks corresponding to
dGuo oxidation and of Pb*" to Pb*", E,,=+1.33 V, Fig. 2.

However, no peak at £,,,=+0.45 V was observed, indicating that
no guanine oxidative damage had occurred. The dGuo peak
current increase can be explained considering conformational
changes, by the unwinding of the quadruple and/or double helix
structure of poly[G] in acid media, pH 4.5 [2,31,32], thus
exposing the guanine bases for oxidation, but not leading to the
formation of oxidation products.

The above experiment was repeated modifying the GCE
with poly[A], the homopolynucleotide that contains only
adenine residues. The DP voltammogram of the poly[A]
biosensor, recorded in pH 4.5 0.1 M acetate buffer, showed a
peak at E,,=+1.26 V corresponding to dAdo oxidation, Fig. 3.
The poly[A] biosensor was incubated for 3 h with Pb>", also
following Procedure 1, and then transferred to acetate buffer
where DPV was performed. The results showed a decrease of the
signals corresponding to dAdo oxidation, and the appearance of a
peak at £,,=+0.45 V, corresponding to oxidation of 2,8-oxoAde
[30], indicating that poly[A] oxidative damage had occurred. No
peak at E,,=+1.33 V was observed. The dAdo peak current
decrease can be explained considering either that the poly[A]
underwent oxidative damage through the oxidation of the adenine
residues in a process that led to the formation of 2,8-oxoAde, and/
or the formation of a metal complex between adenine residues and
Pb*" [33], no free Pb>" remaining, as confirmed by the absence of
the lead oxidation peak, E,,=+1.33 V.

The experiments using poly[G] and poly[A] multilayer
biosensors added new information to the understanding of the
molecular mechanism involved in Pb>*~DNA interaction, clearly
showing that the peak at £,,,=+0.45 V is directly associated with
the oxidation of the adenine residues of the multilayer dsDNA
biosensor, since the oxidation potential corresponds to the oxi-
dation of 2,8-oxo0Ade.

3.3. Insitu evaluation of Cd”" and Ni*" ions interaction with DNA

The ions of the metals cadmium and nickel are known
carcinogens to humans and to animals. The interaction of these
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Fig. 4. Background-subtracted DP voltammograms in pH 4.5 0.1 M acetate
buffer of a multilayer dsDNA-electrochemical biosensor: (e®e) before and (=)
after incubation during 60 h in Cd*" utilizing Procedure 2, and (===) after
incubation during 48 h in Ni** utilizing Procedure 2.
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metals with DNA is frequently discussed and the possible oc-
currence of DNA oxidative damage. Thus, the above experi-
ments were repeated with Cd** and Ni** in order to investigate
their potential in inducing hydrogen bonding cleavage and/or
oxidative damage to DNA using the multilayer dSDNA biosensor.

A DP voltammogram was obtained after incubating a
multilayer dsDNA biosensor during 60 h in a Cd*" solution,
following Procedure 2, Fig. 4. The results showed only a large
increase in current of the oxidation peaks corresponding to
dGuo and dAdo residues, while no other oxidation peaks were
recorded.

In another experiment, a multilayer dsDNA biosensor was
incubated during 48 h in Ni*" solution, following Procedure
2. While the data shows similar results, Fig. 4, as in the case of
Cd*"—DNA interaction, it can be noted that higher peak currents
were obtained after the incubation of the dsDNA biosensor with
Ni*" than with Cd*". Consequently, these experiments clearly
demonstrate that both Cd*" and Ni*" interact by binding to
dsDNA strands causing conformational changes, but in addition
suggest that the Ni** ions have a greater affinity for dsDNA
than the Cd*" ions. Nevertheless, in both cases no evidence of
DNA oxidative damage caused by Cd*" and Ni** was observed,
Fig. 4.

Other experiments with different concentrations of Cd*" and
Ni?" and incubation times were carried out following Procedure
2. In all cases only a current increase of the oxidation peaks
of dGuo and dAdo was seen, which was proportional to the
increase of Cd*" and Ni*" concentration and incubation time
(not shown).

In both cases, the peak current increase was due to the
loosening of the double helix structure of dsDNA, breaking of
the hydrogen bonds and unlocking of the bases for oxidation on
the GCE surface, but the interaction did not lead to the base
oxidation products. However, this conformation effect leaves
the DNA bases more exposed to the action of other oxidative
agents.

4. Conclusions

The study of the interaction of DNA with the heavy metal
ions of Pb, Cd and Ni, using a multilayer dsDNA biosensor,
helped clarify the mechanism by which these metals bind to
dsDNA and their possible mutagenic properties. The different
interaction of Pb>" with dsDNA, leading to oxidative damage,
compared with Ni*" and Cd**, which only caused conformation
structural changes, was shown.

Using modified electrodes with polynucleotides of known
sequences, it was confirmed that Pb>" interacts with dsDNA
preferentially at adenine-containing segments, leading to oxida-
tive damage and formation of the 2,8-oxoAde oxidation product.
These results enable a better understanding of the molecular
mechanism involved in Pb®" induced neoplasia.

While no oxidative damage to dsDNA by Cd*" and Ni*" was
observed, the results indicate that these heavy metal ions also
affect the double helix structure of dsDNA, causing conforma-
tional changes and opening the way to initiation of the action of
other oxidative agents.

The sensitivity of the multilayer dsDNA-electrochemical
biosensor also offers the possibility to follow the interaction
of metal ions with DNA under different conditions. However,
it is evident that a correlation between multilayer dsDNA-
electrochemical biosensor results and data obtained by means
of other methods, especially in vivo methods, is necessary.
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Abstract

Within the context of application of platinum derivates based effective cytostatics, we can suppose that these risk metals can get into aquatic
ecosystems where they can show biologic availability for food chain. In the present work we report on investigation of affecting of duckweed
(Lemna minor) by various doses of cisplatin (0, 5, 10, 20, 40, 80 and 160 uM) for 4 days. The toxic influence of cisplatin was evaluated on the
basis of growth inhibition expressed as number of leaves, growth rate, and total amount of biomass. The result value of 96hECsy, calculated from
growth inhibition with comparison of growth rates, was 6.93 pM. Moreover we aimed on determination of cisplatin content using differential
pulse voltammetry. The highest content of cisplatin (320 ng g ' of fresh weight) was determined in plants treated by 80 uM at the second day of
treatment. Plants protect themselves against heavy metals by means of synthesis of cysteine-rich peptides such as glutathione and phytochelatins.
Thus thiol determination in the treated plants by means of Brdicka reaction followed. The marked increase in thiol concentration detected is

associated with defence reaction of the plant against stress caused by cisplatin.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Adsorptive transfer stripping technique; Catalytic signal, Environment monitoring; Water pollution; Platinum based compounds

1. Introduction

Due to increasing population around the world, coming
changes in climate and limited sources of drinking water, wasting
of water supplies has become a concern. Recently, acute environ-
mental load assessment focuses increasingly also on platinum
metals, namely platinum (Pt), palladium (Pd) and rhodium (Rh),
which enter to the environment from automobile catalytic con-
verters and waste the water supplies [1-5]. Moreover it could be

* Corresponding author. Tel.: +420 5 4513 3350; fax: +420 5 4521 1128.
E-mail address: kizek@sci.muni.cz (R. Kizek).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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assumed that other source of environment contamination comes
from hospitals’ waste waters, where treatment of cancer patients
take place using platinum based cytostatics. The first platinum
based cytostatic drug — cisplatin, is still one of the most fre-
quently used ones [6].

Vascular plants of duckweed family (Lemnaceae) belong to
the group of bioindicators of ecotoxicological changes, mainly
in aquatic system. Two species of Lemna genus are commonly
used in toxicological tests: Lemna minor and Lemna gibba [7].
These species, which make a common part of aquatic eco-
systems, have been used from the thirties of last century as
suitable test organisms to define the first herbicides effects on the
plants in aquatic system [7—9]. A number of investigations based
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on duckweeds ability to accumulate metals have been published,
because this property makes them suitable for water quality
monitoring [7,10—12].

In the present work we report on investigation of affecting of
duckweed (L. minor) by various doses of cisplatin. Mainly, we
were interested in the issues if the plants could be utilized as
bioindicators of such pollution and if they could be used for
remediation of cisplatin polluted water supplies. For the solving
of these tasks we attempted various electrochemical methods.

2. Experimentals
2.1. Reagents

Water of ACS purity and other chemicals used were
purchased from Sigma Aldrich (USA) unless noted otherwise.
The chemotherapeutic drug of cisplatin was synthesized and
provided by Pliva-Lachema (Brno, Czech Republic). Stock
standard solutions of cisplatin (500 pg ml~ ') were prepared
with sodium chloride solution (0.75 M, pH 5.0) and stored
in the dark at —20 °C [15]. Working standard solutions were
prepared daily by dilution of the stock solutions in the
phosphate buffer (100 mM).

2.2. Apparatus

2.2.1. pH measurements

The pH value was measured using WTW InoLab Level 3
with terminal Level 3 (MultiLab Pilot, Weilheim, Germany),
controlled by the personal computer program (MultiLab Pilot;
Weilheim, Germany). The pH-electrode (SenTix-H, pH 0—14/
3 M KCl) was regularly calibrated by set of WTW buffers
(Weilheim, Germany).

2.2.2. Electrochemical measurements

Electrochemical measurements were performed with the
AUTOLAB Analyser (EcoChemie, Netherlands) connected to
VA-Stand 663 (Metrohm, Switzerland), using a standard cell
with three electrodes. The hanging mercury drop electrode
(HMDE) with the drop area of 0.4 mm” was the working elec-
trode, the Ag/AgCl/3M KCl electrode serve as reference elec-
trode and the graphite electrode as auxiliary ones. The analysed
samples were deoxygenated prior to measurements by purging
with argon (99.999%), saturated with water for 120 s. All expe-
riments were carried out at room temperature unless noted
otherwise. For smoothing and baseline correction [13], the
software GPES 4.4 supplied by EcoChemie was employed.

2.2.2.1. Differential pulse voltammetry of cisplatin. The
electrochemical determination of cisplatin was done according
to Vrana and Brabec [14] with modifications [15]. The sup-
porting electrolyte (sodium chloride 0.75 M pH 5.0) was
purchased from Sigma Aldrich in ACS purity. DPV parameters
were as follows: the initial potential of —1.0 V, the end potential
—1.75 V, the modulation time 0.057 s, the time interval 0.2 s, the
step potential 1.05 mV, the modulation amplitude of 25 mV. The
pH of solution analysed was measured using pX module in

connection with pH-electrode (SenTix-H, pH 0-14/3 M KCI).
For more details see in Ref. [15].

2.2.2.2. Adsorptive transfer stripping technique differential pulse
voltammetry Brdicka reaction of thiols.  The plant samples have
been analysed by adsorptive transfer stripping technique in
connection with differential pulse voltammetry — Brdicka
reaction [16]. Principle of the adsorptive transfer stripping
technique (AdTS) is based on the strong adsorbing of the target
molecule on the electrode surface at an open electrode circuit
[17]. The electrode is washed in a rinsing buffer. The electrode is
further transferred to the supporting electrolyte and measured.
The Brdicka supporting electrolyte containing 1 mM Co
(NH3)6Cl; and 1 M ammonia buffer (NHs(aq)+NH4CI,
pH=9.6) was used; surface-active agent was not added. The
electrolyte was changed after five analyses. AATS DPV Brdicka
reaction parameters were as follows: the initial potential of —0.6 V,
the end potential —1.6 V, the modulation time 0.057 s, the time
interval 0.2 s, the step potential of 1.05 mV, the modulation
amplitude of 250 mV, E,4s=0 V, the temperature 4 °C.

2.3. Procedures

2.3.1. Experimental design

Modified method of OECD 221 Lemna sp. Growth Inhi-
bition Test was used for duckweed test. In comparison to this
method, the total time of the test was shortened from 7 days
(168 h) to 4 days (96 h). Freshwater plant Lesser Duckweed
L. minor cultivated in a laboratory to age of 2 weeks was used
for testing. L. minor colonies in the phase of two or three leaves
were cultivated in glass beakers of the volume of 150 ml filled
with 100 ml of medium. Synthetically prepared nutrient solu-
tion of SIS (Swedish Standards Institute) diluted with distilled
water was used as control. Beakers with test plants were covered
with food foil wrapper and kept under fluorescent lamps at non-
stop lighting of 6.500—10.000 1x and temperature of 24+2 °C.
Static method without change of medium was chosen. Plants
condition and number of leaves were controlled and recorded
every 24 h at particular concentrations. Light magnifier was used
for observing the plants. The effect of tested substance on final
amount of biomass was evaluated on the basis of fresh biomass
weight.

The plants harvested from particular testing beakers were
washed off on the plastic sieve with distilled water, 0.2 M EDTA,
and distilled water. After short drying on the filter paper, the plants
were weighted. Cisplatin was tested in the concentration range of
5, 10, 20, 40, 80 and 160 uM. Four repetitions were made for
every concentration and control. After every 24 h, the fresh bio-
mass was weighted in one of the four replications. The results of
particular tests were evaluated on the basis of the determination of
growth inhibition with comparison of the growth rate (/,), on the
basis of the determination of inhibition with comparison of the
areas under growth curves (/,), and on the basis of total biomass.
Calculating of these values resulted from changes of the leaves
number founded during four days exposition to every concentra-
tion and at every control. The result value of 96hECs, was
described in Results and discussion section.
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Effect of cisplatin
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<> (Insets 3.5% enlarged)
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Time of treatment (4 d)

Fig. 1. Illustration of dependence of growth, shape and colouring of Lemna minor on cisplatin concentration (0, 5, 10, 20, 40, 80 and 160 uM) after 4 days of
cultivation in cisplatin containing water. Insets are 3.5 x enlarged. Other details see in the Experimentals section.

2.3.2. Preparation of plant tissues prior to analysis The mixture was homogenised by shaking on Vortex-2 Genie

Duckweed tissues (approximately 0.2 g) were frozen by (Scientific Industries, New York, USA) at 4 °C for time of
liquid nitrogen in a test-tube to disrupt the cells. Frozen tissues 30 min. The homogenate was centrifuged (14 000 g) for 30 min
were spread in mortar and then exactly 1000 ul of 0.2 M at 4 °C using a Universal 32 R centrifuge (Hettich-Zentrifugen
phosphate buffer (pH 7.2) was added to the obtained powder. GmbH, Tuttlingen, Germany). The supernatant was filtered
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Fig. 2. Growth curves of Lemna minor treated with different cisplatin doses expressed as fresh weight (A) and number of leaves (B). Other details see in the

Experimentals section.
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through a membrane filter (0.45 pm Nylon filter disk, Millipore,
Billerica, Mass., USA) prior to measurements of cisplatin or
total concentration of thiols. For other experimental details see
Ref. [18].

3. Results and discussion

The duckweed has many properties, which make it suitable
for laboratory testing of toxicity of various compounds and for
assessment of pollution of water ecosystems. A paper, where
metal phytotoxicity was evaluated with the use of L. minor and
the green algae Selenastrum capricornutum, has been pub-
lished. Based on these results the duckweed showed higher
sensitivity than the algae [19]. On the other hand, the effect of
cisplatin on duckweed has not been investigated yet.

3.1. Influence of cisplatin on basic growth characteristic of
L. minor

We attempted to investigate the effect of cisplatin on duck-
weed (L. minor). The plants were treated by 0, 5, 10, 20, 40, 80
and 160 uM of cisplatin for four days (Fig. 1). The basic cha-
racteristic as growth curve, length of roots, numbers of leaves
and observable microscopic changes have been observed during

Analysis of cisplatin

the treatment (Fig. 2A). The decrease in growth varied from 50%
at 5 uM to 80% at 160 uM in comparison to control during the
fourth day of treatment (Fig. 2A). On the other hand, we ob-
served slight increase in fresh weight at variants treated by 5—
80 uM of cisplatin at the very beginning of the treatment (first
day). The increase probably associate with higher metabolic
activity of plants as can be observable at other plant species such
as maize and spruce embryos [18,20,21].

The same effect as described above was observable, if we
counted the number of leaves. The number of leaves of control
variant of the duckweed was about 60 at the end of the experiment,
but the number of leaves of treated variants was within 20 to 30
according to dose of cisplatin (Fig. 2B). In addition, we observed
marked affecting of growth of roots by cisplatin, which decreased
with increasing cisplatin concentration. It clearly follows from the
results obtained that hallmarks of growth depression appeared at
all of the variants investigated. Appearing of chlorosis on leaves
can be also observed. The concentration of cisplatin increased, the
chlorosis appeared markedly. Particularly, plants treated by higher
concentration of cisplatin than 40 pM poorly grown and lost more
than 40% of chlorophyll in comparison to control (Fig. 1). The
result value of 96hECs, calculated from growth inhibition with
comparison of growth rates, was 6.93 uM (confidence interval of
95%=6.51-7.34). The value of ECs, calculated from growth
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inhibition with comparison of areas under growth curves, was
<5 uM. The experiment showed that cisplatin shows toxic effect
on L. minor and influences its growth significantly. The following
step in our experiments was to detect concentration of cisplatin in
tissues of treated plants.

3.2. Electrochemical analysis of cisplatin

Electroanalytical techniques belong to preferred technique in
the field of cisplatin analysis due to their low operating costs
and very low detection limits for platinum and platinum based
compounds [22,23]. Recently, we have reported on sensitive
determination of cisplatin [15]. We have found out that the most
suitable supporting electrolyte determination of cisplatin was
0.75 M NaCl, pH 5.0. Typical DP voltammograms of cisplatin
(25, 50 and 100 nM) measured in the presence of 0.75 M NaCl
(pH 5.0) is shown in Fig. 3A. Signals corresponding to cisplatin
observed at potential of —1.45 V were well developed and
detectable. We construed dependence of cisplatin peak height
on its concentration within the range from 1.95 to 125 nM
(Fig. 3B). The height of the peak was linearly proportional to
concentration of cisplatin. The dependence obtained was strictly
linear (y=0.9022x+0.632, R*=0.9983, R.S.D. 2.2%). Based
on the results obtained detection limit for cisplatin expressed as
3S/N was estimated as 95 pM. The detection limit was calcu-
lated according to Long [24], whereas N was expressed as
standard deviation of noise determined in the signal domain.
The other approaches of for estimation of detection limits were
reported by Lavagnini et al. [25].

3.2.1. Changes in cisplatin level in duckweed

Content of a “free” heavy metal, that means metal, which is not
bound by any compounds, has a crucial biological importance,
because these metal ions affect biochemical pathways directly
[20,26,27]. Utilizing of the electrochemical techniques for deter-
mination of content of “free” heavy metal is very suitable. Thus,
we used technique described above and obtained well reprodu-
cible peaks of cisplatin after baseline correction (Fig. 3C). Peaks of
cisplatin shifted to more positive potential during analysis of the
duckweed samples. It clearly follows from the results obtained that
the technique can be used to detect cisplatin in duckweed treated
by cisplatin (Fig. 3C).

The content of cisplatin increased with increasing time of
treatment and dose of cisplatin up to second day of cultivation
and dose of 80 uM, then, the content decreased (Fig. 3D). The
highest content of cisplatin (320 ng g~ ' FW) was determined in
plants treated by 80 uM at the second day of treatment. The
decrease of cisplatin content at the third and fourth day of
cultivation relates with affecting of DNA replication and in-
crease synthesis of thiols [26]. Under affecting of duckweed by
dose of cisplatin 160 uM, the content of cisplatin was highest at
the first day of treatment and then decreased. This different
behaviour could be associated with toxicity of cisplatin and with
attempting of plants to protect themselves through preventing of
uptake of the cisplatin. To evaluate our assumption that treated
plants protect themselves through synthesis of thiols, determina-
tion of thiols followed.

3.3. Analysis of thiols

Plants protect themselves against heavy metals by means of
synthesis of cysteine-rich peptides such as glutathione and
phytochelatins [28]. Chromatographic techniques coupled with
different detectors have been intensively used for the determi-
nation of these thiols [18,21,29-31]. These techniques suffer
from difficulties associated with high cost. In contrast to this,
stationary electrochemical methods used for determination of
plant thiols are an attractive alternative method for electroactive
species detection, because of its inherent advantages of sim-
plicity, ease of miniaturization, high sensitivity and relatively
low cost [26,32—36]. Thus, we utilized electroanalytical method
called Brdicka reaction to determine total content of plant thiols
in tissues of treated duckweed.

3.3.1. Concentration of thiols in duckweed tissues treated with
cisplatin

Homogenates of duckweed tissues were 10x diluted prior to
electrochemical analysis with ACS water. We decided to use Cat2
signals for quantification of thiols (other details see in [16]).
Concentration of thiols changed with increasing time of treatment
and dose of cisplatin. Up to second day of the treatment con-
centration of thiols was low and decreased with increasing dose of
cisplatin. It could be assumed that cisplatin interacts with DNA
and, thus, influences proteome-synthetic apparatus of a cell
(Fig. 4). This assumption relates with the increasing content of
cisplatin at beginning of the experiment (Fig. 3). From the third
day of the treatment marked metabolic change appeared, which
means that content of free cisplatin decreased, whereas thiol
concentration increased (1500-2500 ug g ' FW, Fig. 4). The
marked increase in thiol concentration is associated with protective
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Fig. 4. Influence of different doses of cisplatin on thiols concentration. The
results were obtained by means of Brdicka reaction (n=5). Other details see in
the Experimentals section.
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reaction of the plant against stress caused by metabolically active
compounds. The results obtained show the ability of the plant to
trigger protective pathway. The similar changes have been ob-
served at different plant model systems such as maize, sugar beet
and spruce embryos [20,21,29].

4. Conclusion

Prior to assessment of water pollution by heavy metals new
bioindicators of such polluting need to be evaluated. In the present
work, we tested the influence of cisplatin on duckweed with respect
to utilize this plant specie as bioindicator of cisplatin pollution. We
showed that the lowest dose of cisplatin resulted in both visible and
non-visible (metabolic) changes. Based on these results we assume
that duckweed can be utilized as the bioindicator.

Moreover, the other aim of this work was to investigate the
possibility of using of duckweed for remediation of cisplatin
polluted water supplies (mainly wastewater from hospitals). For
these purposes we determined total content of thiols as a marker
of ability of a plant withstands heavy metal stress. The cisplatin
treatment resulted in enhancing of thiol synthesis more than
three times in comparison with control plants (Fig. 4). This
phenomenon encourages us to propose this plant as suitable for
phytoremediation purposes.
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Abstract

Multilayer films of glucose oxidase (GOx) and poly(dimethyl diallyl ammonium chloride) (PDDA) prepared by layer-by-layer deposition were
studied using scanning electrochemical microscopy (SECM). Aminated glass slides were coated with five bilayers of poly(styrene sulfonate)
(PSS) and PDDA and used as substrates onto which GOx/PDDA multilayers were deposited. UV—Vis experiments confirmed multilayer growth,
scanning force microscopic images provided morphological information about the films. SECM current—distance curves enabled the
determination of kinetic information about GOx in GOx/PDDA multilayers as a function of layer number, film termination, inert covering layers,
and enzyme substrate concentration after fitting to numerical models. The results indicate that only the topmost layers contributed significantly to
the conversion. An odd—even pattern was observed for PDDA-terminated films or GOx-terminated films that correlated with morphological

changes.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Scanning electrochemical microscopy (SECM); Layer-by-layer deposition; Glucose oxidase; Scanning force microscopy; Polyelectrolytes

1. Introduction

Popularised in the 1990s by Decher and Hong [1,2], layer-by-
layer (LbL) deposition of polyelectrolytes (PE) on charged
surfaces found widespread application in thin film preparation.
Biological molecules can be incorporated in LbL films if the pH
during deposition differs from their isoelectric point. This
approach has been used to obtain functional films [3-5].
Probably due to mild adsorption conditions and preferable
microenvironments in the films, many enzymes kept their
activity after immobilisation [6]. Numerous studies investigated
the growth of enzyme/PE multilayer films and the activity of
incorporated enzymes. Most often, spectrophotometrical and
electrochemical methods were employed to measure enzymatic
reaction [7—12]. For electrochemical experiments, multilayer
films were deposited onto electrode surfaces and mediated
electron transfer between redox-enzymes and the supporting

* Corresponding author. Tel.: +49 441 798 3971; fax: +49 441 798 3979.
E-mail address: gunther.wittstock@uni-oldenburg.de (G. Wittstock).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
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electrode surface, or the detection of reaction products at the
supporting electrode were used to monitor the enzyme reaction
rate [9—15]. The mediator may be provided in bulk solution or
co-immobilised in the film. LbL deposition of enzyme layers
represents an attractive non-manual way of enzyme immobilisa-
tion both on conducting surfaces (e.g. for amperometric sensors)
as well as on insulating surfaces (e.g. for microreactors or optical
sensors) [16]. The substrates can be templated by charged
monolayers providing access to micropatterened PE films [17].

Scanning electrochemical microscopy (SECM) is a scanning
probe technique that uses a positionable ultramicroelectrode
(UME) as probe [18-20]. It is a powerful tool that enables
mapping local chemical reactivities at interfaces and extraction
of local kinetic data of heterogeneous reactions. The latter are
obtained by recording current—distance curves in the so-called
feedback mode where a mediator provided in the bulk solution
is converted at the UME and its recovery at the sample surface is
determined and compared to numerical simulations [21-23]. A
large number of systems has been investigated including
pioneering work on glassy carbon electrodes [22], semiconduc-
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tors [24], enzyme layers [25] and so forth. SECM-based
determination allows kinetic investigations of enzymes immo-
bilised on microstructured insulating supports such as glass,
polymeric membranes, microbeads etc. [26—31].

Our long term goal is the preparation and characterisation of
patterned enzymatically active microstructures based on LbL
films. In this study, PE multilayer films consisting of GOx and
PDDA were prepared on an insulating support. UV-Vis
measurements confirmed multilayer growth, AFM images
provided morphological information. Using SECM approach
curves, local kinetic information of the embedded enzyme was
obtained. Their kinetics were characterised with respect to layer
number, film termination, substrate concentration, and inert PE
termination layers in order to analyse the interplay between
diffusion in the solution, mass transport in the film and local
enzymatic activity.

2. Materials and methods
2.1. Materials

The following chemicals were used without further purifica-
tion: polystyrene sulfonate (PSS, MW ~70,000 g mol ', 30% in
water, Aldrich, St. Louis, MO, USA), poly(diallyl dimethyl
ammonium chloride) (PDDA, MW 100,000—200,000 g molfl,
20% in water, Aldrich, St. Louis, MO, USA), glucose oxidase
(GOx, from Aspergillus niger, EC 1.1.3.4, 40,300 units g ',
Sigma, St. Louis, MO, USA), NaCl (Sigma, St. Louis, MO, USA),
ferrocene methanol, (Fc, ABCR GmbH, Karlsruhe, Germany),
Na,HPO4-2H,0 (Scharlau, Barcelona, Spain), NaH,PO42H,O
(Fluka, Buchs, Switzerland), and D-(+)-glucose (99.5%, Sigma, St.
Louis, MO, USA). Solutions were prepared using deionised water
obtained from a water purification system (resistance >18.2 ()
cm !, Seralpur PRO 90 C, Seralpur, Ransbach, Germany).
Aminated microscope slides of glass were obtained from
Menzel-Glaeser (Braunschweig, Germany).

2.2. Sample preparation

A precursor layer consisting of five bilayers of PSS and
PDDA [(PSS/PDDA)s] was deposited on aminated glass slides
by alternating dipping of the substrate in 1 mg mL ™'
polyelectrolyte solutions (in 0.1 mol L™ ' NaCl, pH 4.5+0.1,
adjusted using 5 mmol L™' HCI) and intermediate excessive
rinsing with deionised water. (GOx/PDDA),, multilayers as well
as the (PSS/PDDA),, covering layers were prepared by
alternating adsorption from 1 mg mL ™' solutions without salt.
Dipping solutions and water for rinsing were adjusted to pH 7
using 5 mmol L™' NaOH. GOx is negatively charged at this pH
(isoelectric point 4.2 [32]) and can be deposited as a polyanion
with an appropriate polycation (e.g. PDDA) by the LbL
technique.

2.3. UV=Vis spectroscopy

Transmission spectra of PE multilayer films were obtained
using a fiber-optic CCD spectrometer (getspec-2048UV/NIR,

25 pum entry slit, Sentronic, Dortmund, Germany) with a
deuterium—halogen light source (getLight-DHS, Sentronic). A
spectrum was collected after deposition of each double layer
and drying with compressed air. The reference spectrum was
obtained from aminated glass coated with the (PSS/PDDA)s
precursor layer.

2.4. Scanning electrochemical microscopy

The SECM approach curves were recorded on two home-
built instruments described elsewhere [33-35]. UME were
obtained by sealing Pt wires (25 pm diameter, Goodfellow
GmbH, Bad Nauheim, Germany) into borosilicate glass
capillaries (Hilgenberg GmbH, Malsfeld, Gemany) and shaping
the apex according to Ref. [36]. The electrodes had a ratio
RG =10 between the radius ryjass 0of the insulation sheath and
the radius of the active electrode area r1. A Pt wire as auxiliary
electrode and a Ag|AgCl|3 M KCl reference electrode, to which
all potentials are referred, completed the electrochemical cell.
The SECM operated either with the monopotentiostat p-P3
(Schramm, Heinrich Heine University, Diisseldorf, Germany)
or the biopotentiostat CHI 7001B (CH Instruments, Austin, TX,
USA). The substrate solution contained 0.045-0.9 mmol L™ !
Fc and 10-100 mmol L™ " glucose in 0.1 mol L™ " phosphate
buffer (pH 7.0) and 0.1 mol L™ ' NaCl. Before the experiment,
the solution was bubbled with inert gas (N, or Ar) for several
minutes and a gentle stream of inert gas was passed over the
electrochemical cell during the measurement. The potential of

the UME was held at E+=+300 mV and moved at vy=0.87 um
-1
s .

2.5. Scanning force microscopy

AFM micrographs were recorded in Tapping Mode™
with a RTESP probe using a Nanoscope IIIA controller and a
Dimension 3100 sample stage (Veeco Instruments Inc.,
Santa Barbara, CA, USA). Root mean square (RMS) values
as indication of surface roughness were determined on an
area of 1 pm” using the Nanoscope software, version
5.30r3sr3.

3. Results and discussions
3.1. Multilayer growth

Fig. 1A shows transmission UV—Vis difference spectrum
of GOx—PDDA multilayers with 7 double layers on top of 5
double layers PSS—PDDA [(PSS/PDDA)s—(GOx/PDDA)/]
vs. the precursor layer (PSS/PDDA)s on an aminated glass
slide. The signal is rather weak and therefore the spectrum is
noisy. The absorption peak at appr. 670 nm can be ascribed to
GOx. It does not appear in the spectra of the corresponding
(PSS/PDDA),, multilayer. The peak area has been determined
between 640 nm and 705 nm for (GOx/PDDA), with
1 <n<9. After the second double layer the absorption peak
area increases linearly confirming the regular growth of
multilayer films (Fig. 1B).
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Fig. 1. UV—Vis difference spectra of (PSS/PDDA)s—(GOx/PDDA), vs. (PSS/PDDA)s on aminated glass. A) Difference absorption spectrum of (PSS/PDDA)s—(GOx/
PDDA); vs. (PSS/PDDA)s showing a peak around 670 nm. B) Integrated peak area between 640 nm and 710 nm as a function of GOx/PDDA layer number for (PSS/

PDDA)s—(GOx/PDDA), with 1 <n<8.

3.2. Kinetic investigations using SECM

One of our aims is to prepare enzymatically active micro-
structures based on LbL films. In order to characterise the local
kinetics of the embedded enzyme, we used SECM and tested the
concept by investigating homogeneous films of GOx—PDDA
multilayer by SECM approach curves in the feedback mode. For
this purpose, the natural oxidant of the enzyme (O,) was
replaced by ferrocinium methanol (Fc") which was generated at
the UME by oxidation of ferrocene methanol (Fc) provided in
sub-millimolar concentration in the deaerated working solution.
Although Ar or N, was continuously passed over the electrolyte
during our measurements, a rigorous exclusion of O, is not
possible in our setup. However, we were unable to measure an
O, reduction current with the Pt electrode. Even if small traces
remained in the cell, they were continuously consumed by the
GOx-containing layer on the sample. If the UME approaches the
sample, the O, diffusion to the sample regions underneath the
UME is further blocked by the presence of the UME with its
insulating shield, which further decreases a possible competition
between the electron acceptors Fc* (high flux from UME) and
0,. The amount of Fc¢' consumed (and thus the amount of Fc

FC\ / Fc
Fe Fc
F ,\/J
Cc

Fc Fo" "~ E
LS ¢
g!uconola.cton‘ FE F‘ff P glucose 4

+— 3

2
\ 1
Fig. 2. Schematic setup of the SECM experiments. The sample consists of an
aminated glass slide (1) which is covered by a precursor film (PSS/PDDA)s (2),
the glucose oxidase (GOx)-containing PE multilayer (GOx/PDDA), (3) and in
some cases an inert PE multilayer film (PSS/PDDA),, (4). At the ultramicroe-

lectrode (UME) ferrocene methanol (Fc) is oxidised to ferrocinium methanol
(Fc") which acts as electron acceptor for GOXx.

regenerated) by the enzyme is detected as an additional source of
Fc that leads to an enhanced oxidation current at the UME
(Fig. 2). This response can be compared to a system without
enzymatic reaction at the sample. Such a comparison is
conveniently obtained by recording an approach curve in a
glucose-free solution using Fc as mediator. In this case the
enzymatic reaction cannot proceed and the UME current is
determined exclusively by the hindered diffusion of the Fc from
the solution bulk to the UME. The response has been
theoretically obtained by digital simulations of varying accuracy
[37]. The sample behaves like an inert sample (like glass) and
such a measurement can serve as a control.

Usually the following (simplified) reaction mechanism is
used to analyse the enzymatic reaction of glucose oxidase with
glucose and a one-electron mediator [38,39]:

k
GOx,x + glucose ]‘(:»l [GOx,yx * -glucose] (1)
=1
k
[GOx,y - -glucose] — > GOXyeq + gluconolactone (2)
k
GOXpeq + 2Fc* —> GOxy + 2Fc 3)

The reaction mechanism can be transferred to a rate law
following earlier reports [25,38,39].

chc* o 2k2 'FGOX (4)
dt Kuge | Kurer
"glt Cret +1
with
k1 +k
KM.glc = % (5)
1
ko
Ky por = -2 6
M,Fc k3 ( )

The expression can be simplified if the concentration of
glucose ¢ is much bigger than the Michaelis—Menten constant
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Ky gie for glucose. Apparent pseudo first order kinetics with
respect to the SECM mediator can be observed if cpe <K pe-

SECM approach curves have been simulated for first order
reactions at the sample surface [21]. From these data an ana-
lytical approximation has been derived [23] that can be used to
extract kinetic data of the immobilised enzyme if it works in the
first order regime with respect to Fc' [40].

a IT,cond (L)

It(L) = Itjins(L) + Is(L) (1 (7)

—1.0672
(L) = 0.783717 . 0.68 + 0.3(3]11;5Ki§<f7(3f) @)
L(1+) 1+ =700~

It=it(d)/it is the normalised current (it, — current at
quasi infinite distance to the surface, ir — UME current at a
given working distance d), L=d/rr is the normalised distance
(rr — radius of the active area of the UME), /1, is the
normalised UME current with no reaction at the sample
(hindered diffusion) [41], and Itcona 1S the normalised UME
current under the condition of diffusion-controlled reaction rate
at the sample surface [41].

1
0.40472 + L6918 4 058819 exp(=2372%)

[T,ins (L) (9)

0.76651 —1.41332
Ireona(L) = 0.72627 4 = +0.260156xp(T) (10)

Fitting of experimental approach curves to Egs. (7) and (8)
yields a normalised reaction rate constant k:

kegrrr
K (11)

where k. is the apparent first order reaction rate constant, and
D is the diffusion coefficient of Fc. Details of the fitting
procedures are given elsewhere [24,26]. Briefly, experimental
data are normalised with respect to it and rr. Afterwards
they are fitted to simulated working curves. Adjustable
parameters are the normalised first order reaction rate constant
K, i1, 1, and the smallest distance d, between the active part
of the probe and the substrate. rr and d, are obtained
independently from approach curves to GOx multilayer films
without glucose present in the working solution and fitting to
the theory for inert, insulating samples by adjusting rr and d,
[41]. Subsequently, the approach curve to the active enzyme
layer is fitted by using fixed r and dy and adjusting k and
IT,00-

3.3. Influence of glucose concentration

For the subsequent quantitative experiments, one enzyme
substrate (glucose) must be provided in the regime of substrate
saturation whereas the mediator (Fc/Fc") is reacting under
pseudo first order conditions. A PDDA-terminated multilayer
film containing three GOx—PDDA double layers [(PSS/
PDDA);—(GOx/PDDA);] was investigated using glucose

L=d/r,

Fig. 3. SECM approach curves to (PSS/PDDA)s—(GOx/PDDA);. Working
solution contained 0.045 mmol L™ Fc and different glucose concentrations:
10 mmol L™" (1), 50 mmol L™" (2), and 100 mmol L™" (3); Er=300 mV,
vr=0.87 ums . Symbols represent experimental data, solid lines correspond to
theoretical data. Inset: x values as a function of different glucose bulk
concentrations.

bulk concentrations between 10 mmol L™ ' and 100 mmol
L™ " in order to verify experimentally that substrate saturation
with respect to glucose is effective during recording of SECM
approach curves. The approach curves were fitted to first order
reaction kinetics and x values were obtained (Fig. 3). The
k values with respect to Fc regeneration rate increase only
slightly with ¢ that was varied over one order of magnitude.
This reflects a slight increase of the overall conversion that
can be expected if cgc>Kn gl and the enzyme is almost
saturated with respect to glucose at the lowest ¢y tested.
Above 50 mmol L™ !, no further increase of x values was
observed (Fig. 3, inset) indicating complete saturation.
Therefore, solutions containing 50 mmol L™ ' glucose were
used for all other experiments.

Saturation with respect to glucose at around 50 mmol L™
is consistent with apparent Miachelis—Menten constants
reported for immobilised GOx. Shu and Wilson immobilised
GOx on a carbon paste electrode and found apparent Ky gic
values in the range of (7.7-9.1) mmol L™ ' [42]. Castner and
Wingard Jr. used different techniques to immobilise GOx on a
platinum electrode (silane-glutaraldehyde, allylamine-glutar-
aldehyde, albumin-glutaraldehyde) and reported apparent Ky,
glc Values ranging from 12 to 36 mmol L~ " which was ascribed
to different mass-transfer resistances [43]. Gregg and Heller
immobilised GOx in poly(vinylpyridine) films and found an
apparent Kyjg of 7.6 mmol L™' [44]. Bourdillon et al.
investigated GOx immobilised on glassy carbon electrode via
antibody—antigen interaction and obtained Ky g1 of 67 mmol
L' [38]. In our experiments a regime of pseudo first order
kinetics with respect to Fc" is even maintained if the glucose
concentration is only slightly above Kyjg . because the
stoichiometry of the reaction in connection with the sub-
millimolar concentration (0.045-0.9) mmol L™ ' of the
electron acceptor Fc' does not allow a significant deviation
of the glucose concentration from the bulk value (50 mmol
L™ "). Under these conditions the term Ky gic/cgic in Eq. (4) is
virtually constant and the reaction rate should depend only on
CFc+
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Fig. 4. SECM approach curves towards (PSS/PDDA)s—(GOx/PDDA), with 0.5 <n < 5. Working solution contained 0.045 mmol L™' Fc and 50 mmol L™ ' glucose;
Er=300 mV, vy=0.87 um s~ '. A) Experimental (symbol) and theoretical (solid lines) approach curves for different number of GOx/PDDA double layers 7: (1) 0.5,
2)1,(3) 1.5,(4) 2, (5 2.5,(6) 3,(7) 3.5, (8) 4, (9) 4.5, and (10) 5 (curves 4, 8 and 10 overlap). Integer n corresponds to PDDA-terminated films, non-integer n
correspond to GOx-terminated films. B) k values of PE multilayer films as function of layer number n.

3.4. Influence of layer number

Varying numbers of GOx multilayer films (GOx/PDDA),
with 0.5 <n <5 double layers were deposited on the precursor
film (PSS/PDDA)s on an aminated glass slide. SECM approach
curves were recorded (Fig. 4A) and analysed as described above
leading to k values (Fig. 4B). After two double layers x values
reach a plateau (Fig. 4B). Enzymatic conversion does not seem
to increase further with increasing number of GOx layers. This
indicates that only the topmost two layers contribute signifi-
cantly to the overall conversion.

The low number of enzyme layers contributing to the overall
conversion is seemingly contradictory to other publications
dealing with similar systems [9,10,45,46]. A linear increase of
enzymatic activity up to twelve bilayers has been reported [9].
In several studies, mass transport limitations inside the PE film
resulted in a lower increase of the reaction rate per enzyme layer
after a couple of bilayers [46]. The comparably low number of
layers contributing significantly to the enzymatic conversion as
measured by the UME may be attributed to mass transport
limitations inside the PE film that may depend strongly on
specific conditions under which the film was prepared such as
adsorption conditions, counter ion nature and concentration,
deposition mechanism (ionic interaction, specific biomolecular
binding).

In addition to hindered mass transport inside the PE film two
other possible limitations for the enzymatic conversion have to
be considered. Firstly, glucose oxidase in lower layers might
denaturate. It is generally accepted that the topmost layers of a
PE multilayer film have different properties than the bulk film
[47]. While the topmost layers still contain excess charges and
have a lower mass density, deeper layers are electrostatically
neutral and of constant mass density [47,48]. Our own scanning
force microscopic (SFM) studies confirm that the film
morphology changes significantly depending on the nature of
the terminating layer (vide infra). This may also imply
rearrangement of the GOx molecules if covered with further
double layers.

Secondly, the concentration of the oxidant Fc" is very low. It
would be possible that it is used up in the uppermost two layers
and thus a contribution of the underlying layers would not
occur. This can be tested by investigating the total flux of Fc
formed by the GOx-containing PE multilayer as a function of Fc
bulk concentration. The current equivalent it pg(L) of the Fc
flux generated at the GOx-containing PE multilayer on the
sample surface can be obtained from the UME current it(L) at a
certain normalised distance L. It is obtained by subtracting from
experimental approach curves it(L) the current contribution
resulting from the hindered diffusion of Fc from the bulk
solution to the UME, it,s(L) [40], which can be obtained from
analytical approximations of digital simulations Eq. (9) [41]:

it (L) = (Ir(L) = Itjns(L)) “ i, (12)

itra(L) has been evaluated for four different mediator bulk
concentrations ranging from 0.045 mmol L™ ' to 0.9 mmol L™
(Fig. 5A, curves | to 4). The highest concentration is deter-
mined by the solubility of Fc in the used buffer.

An increase of irpp is observed for increasing mediator
concentration cg¥. At distances L>1 the increase is linear
confirming that the system operates in the regime of pseudo first
order kinetics with respect to Fc' (Fig. 5A, inset curve 1). At
L=0.26 the response for the highest cg¥ falls below the value
expected for a first order behaviour (Fig. SA, inset curve 2). At
such small working distances, the amount of UME-generated
Fc' has to be converted by a small area of the GOx-containing
PE film and the amount of enzyme that is reached by Fc" is not
sufficient to sustain a first order regime. The concentration
range in which a deviation from pseudo first order kinetics is
observed is consistent with Ky r.+ values reported in literature
[38]. In addition one must consider that cp.. at the sample
surface does not reach the bulk concentration of Fc since there is
a steep concentration gradient between the UME and the sample
surface. Therefore, it is clear that the enzyme is not saturated
with respect to Fc”. We noted that the approach curves recorded
for cpX >0.09 mmol L™ ! could not be fitted to the theoretical
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Fig. 5. SECM approach curves to (PSS/PDDA)s—(GOx/PDDA), multilayers using different Fc concentrations. A) Current equivalent i1 rg(L) generated at the (PSS/
PDDA)s—(GOx/PDDA),—GOx film (it pp(L)=[/1(L) ~ iT.ins(L)] - iT0). Working solution 50 mmol L~ ! glucose and different concentrations of Fe: (1) 0.045 mmol L™ !,
(2) 0.09 mmol LY (3) 0.45 mmol L™ Lor (4) 0.9 mmol L % Er=300 mV, vy=0.87 pms- ! Inset: Current equivalent it pp as a function of i at given normalised
distances L: (1) 1.4, (2) 0.26. B) Current equivalent irpg(L) as a function of numbers of double layers n: (1) 0.5, (2) 1.5, (3) 2.5, and (4) 4.5. Working solution

0.9 mmol L™! Fc and 50 mmol L™* glucose; Er=300 mV, vr=0.87 um s L

curves according to Egs. (7) and (8). Many repetitions with
UME with RG=10 showed a systematic deviation from the
theoretically predicted shape of the approach curve. If the
current maximum was correctly adjusted to the model, it
occurred at larger distances L than predicted by Egs. (7) and (8).
If the rising part of the experimental curve was adjusted to the
model, the maximum current differed significantly from the

A

prediction by Egs. (7) and (8). The thickness of the film is about
20—-100 nm and therefore insignificant to the positional
uncertainty in L in the approach curves. Hence, partial
penetration of the PE film cannot be the reason for this
deviation. In agreement with the results shown in the inset of
Fig. 5A, we interpret this observation as an indication for a
deviation from the pseudo first order regime with respect to Fc .

Fig. 6. SFM micrographs of differently terminated PE multilayer films. A) Precursor layer (PSS/PDDA)s; B) GOx-terminated film (PSS/PDDA)s—(GOx/PDDA),—
GOx; C) PDDA-terminated film (PSS/PDDA)s—(GOx/PDDA);; D) GOx-terminated film (PSS/PDDA)s—(GOx/PDDA);—GOx. Inserted scale bars are 250 nm,

z-range is 25 nm for all images.
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At very small UME sample distances the flux imposed by the
UME on the GOx-containing PE multilayer becomes so large
that the film does not operate in the first order regime.

Recording itpp(L) for the highest mediator concentration
cr¥=0.9 mmol L™ ! as a function of PE double layer number
does not show a significant increase of it (L) for more than 2
double layers (Fig. 5B). This indicates that even at higher
mediator concentrations deeply buried enzyme layers do not
contribute to the flux of Fc" measured by the UME.

The k values in Fig. 4B indicate that the enzyme activity is
higher for positively charged PDDA-terminated films. A
reproducible odd—even pattern of k is observed with respect
to half layer numbers. Surprisingly, PDDA-terminated multi-
layers show higher k values than GOx-terminated films if n > 2.
Ferreyra et al. investigated a very similar system on glassy
carbon electrodes by means of cyclic voltammetry at the support
electrode and observed higher activity on negatively charged,
GOx-terminated films [10]. Electrostatic effects were elaborated
as a major reason by using different ferrocene derivatives. The
source for the seemingly contradictory results is uncertain at the
moment. Probably different mass transport pathways in the two
experimental methods — SECM and cyclic voltammetry —
influence the result. Assigning the effect to a certain process is
difficult due to the large number of differently charged and
neutral molecules involved that may undergo partitioning
equilibria and various intermolecular interaction.

Interestingly, the odd—even pattern observed in the enzyme
activity measurements (Fig. 4B) is also observed in SFM
micrographs recorded for different layer numbers and film
terminations (Fig. 6). While the precursor film is smooth
(roughness mean square (RMS)=1.5 nm, Fig. 6A), the GOx-
terminated film (GOx/PDDA), s comprises a significant rough-
ness (RMS=5.0 nm, Fig. 6B). Features as big as 22 nm are
observed (Fig. 7). They are much bigger than the size of a single
GOx molecule (spherical diameter 8.2 nm [46]) indicating
enzyme aggregation in Fig. 7. Aggregation of enzymes during
LbL deposition has already been described frequently for GOx
although less pronounced with PDDA as counter ion [6]. After
adsorption of another layer of PDDA, the multilayer film is
smoother and contains smaller grains than the GOx-terminated
one (Fig. 6C, RMS=3.3). It can be speculated that GOx
aggregates are broken up during adsorption of the next layer of
PDDA and a more homogeneous distribution of the enzyme is
achieved. Desorption of enzyme during the following PE
adsorption has been described in literature [45]. This seems to
be unlikely in this case as the enzyme activity increases after
adsorbing the next layer of PDDA. The SFM image recorded
after the next layer of GOx, (GOx/PDDA); 5 shows an increased
roughness and larger aggregates (RMS=5.8 nm, Fig. 6D) that
resemble that of the GOx-terminated layer of the previous
coating cycle (GOx/PDDA); s.

3.5. Covering layers
In order to estimate the mass transport limitation on the film

activity, varying numbers of (PDDA/PSS), layers with
0.5<n<6.5 were deposited on (GOx/PDDA), 5 (three layers

A/\ VAV,
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Fig. 7. Cross section extracted from an SFM micrograph of (PSS/PDDA)s—
(GOx/PDDA),—GOx. A) Grey-scale representation; image size is (1x1) pm?.
B) Cross section along line shown in part A). Vertical distance of arrows is
22.2 nm, horizontal distance is 85.9 nm.

of GOx). The enzymatic activity was investigated using the
SECM. For half a covering double layer (GOx/PDDA), s—
PDDA an increase of reactivity is observed (Fig. 8B). This
effect has already been discussed above. If the enzyme film is
covered, however, with one double layer PDDA/PSS, the
enzyme activity is already decreased to less than one half
compared to the uncovered film (Fig. 8A and B). Further
increase of the inert PDDA/PSS double layer number decreased
further the enzymatic conversion in the system (GOx/
PDDA), s—(PDDA/PSS), (Fig. 8B).

These results are in agreement with data published by Caruso
and Schiiler [45]. They covered multilayers of GOx and poly
(allylamine hydrochloride) (PAH) multilayer films on poly-
styrene carrier particles with (PAH/PSS) multilayers. After
deposition of five layers (PAH/PSS), enzyme activity had
decreased to 50% compared to one covering layer. The stronger
decrease of detected enzymatic activity might be due to more
dense PE layers compared to the PAH/PSS system. Also, the
comparably low mediator concentration in the SECM experi-
ment might enhance the diffusional limitation inside the film as
discussed above [9]. One also has to take into account that
enzymes buried deeply in the film might denature because the
polyelectrolyte interacts with charges of the protein and changes
its conformation. A general comparison between different
polyions with respect to denaturing a particular protein is
problematic. However, a number of studies observed functional
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Fig. 8. SECM approach curves to (PSS/PDDA)s—(GOx/PDDA),—~GOx—(PDDA/PSS), with 0<#n<6.5. Working solution 0.045 mmol L™ Fc and 50 mmol L™
glucose; Er=300 mV, vr=0.87 um s~ '. A) Experimental (symbol) and theoretical (solid lines) approach curves for different number of PDDA/PSS double layers 7:
(1)0,(2)0.5,(3) 1, (4) 2.5, (5) 4.5, and (6) 6.5. B) k values of the approach curves in part A.

proteins in multilayers. In the system investigated by Ferreyra
et al. [10], (GOx/PDDA), with 1 <n <7 on a modified glassy
carbon electrode, a linear increase of enzymatic conversion with
layer number was observed. This indicated that all enzyme
layers contributed equally to the overall conversion and no
denaturation took place in deeper layers. However in this
system no polymeric polyanion was present.

3.6. Time dependence

In order to exclude a fast denaturation of GOx after the LbL
deposition as a reason for the low number of enzyme layers
contributing to the overall catalytic conversion, time-dependent
activity measurements have been performed. A (PSS/PDDA)s—
(GOx/PDDA)s film on aminated glass slide was stored in buffer
solution at room temperature and SECM approach curves were
recorded repeatedly within 12 days after fabrication (Fig. 9).
The k values extracted from the approach curves decreased
slowly with a half-life of approximately 5 days. However, a fast
denaturation or decomposition of the enzyme layers during

#/Hm

lrT

0.6+ T :

L=d/r,

measurement (time scale of a few hours) could be excluded as a
reason for the observed phenomena.

A comparison of the results of the SECM investigation of
GOx-containing PE multilayers with previous studies, in which
the enzymatic conversion was measured at the support
electrode (biosensor configuration) shows one significant
qualitative difference. In our system only the topmost GOx
layers contribute significantly to the flux of Fc measured by the
SECM probe outside the PE film. This observation is even
more striking as other parameters of the film agree quite well
with previous observations of similar films. The different
findings may be at least partially a result of the different way
the enzyme activity of the PE films was interrogated (Fig. 10).
Unfortunately, the SECM investigation of enzymes on
conducting supports (biosensor configuration) cannot provide
quantitative results, because the Fc' can be regenerated by the
enzymatic reaction but also by a heterogeneous electron
transfer reaction at the conducting support. This configuration
has been tested experimentally [49] and was discussed in depth
elsewhere [20,50].

1'41
1.2
1.04 “
0.8
0.6
0.4]
0.2
0.0-

10 15
time /d

Fig. 9. A) SECM approach curves to (PSS/PDDA)s—(GOx/PDDA)s after different storage time. Working solution 0.045 mmol L™" Fc and 50 mmol L™ glucose;
Er=300 mV, v;=0.87 um s~ '. Storage time in phosphate buffer at room temperature in days: (1) 0 (freshly prepared), (2) 1, (3) 2, (4) 5, and (5) 12. B) «k values

extracted from approach curves in part A).
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A\J\/

P1 Ret. P2

Fig. 10. Schematic comparison of the analysis of enzymatic conversion by
electrochemical measurements at (A) SECM feedback experiments and (B) the
support surface (biosensor configuration). O — oxidised form of the mediator,
R — reduced form mediator form, (1) glass support with precursor layers,
(2) support electrode with precursor layer, (3) GOx-containing PE multilayer
film. The differently coloured section of the film visualise qualitatively the
concentration gradient of glucose (blue, P1) and Fc* (red, P2). The reaction zone
is shown in green (Rct.). The zones P1, P2 and Rct. in the schematics are
displayed for clarity of the 2 overlapping concentration profiles inside the PE
film and do not symbolise a lateral patterning in the experimental systems. The
UME in part A is greatly reduced in size with respect to the PE film and shall
only indicate the source of Fc'. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

In the SECM experiments the concentration of the electron
acceptor (Fc") is much lower than that of the substrate glucose.
This implies that the glucose concentration is essentially
constant and high throughout the entire film so that mass
transport limitations for glucose should not be important in the
study. In contrast, Fc" mass transport inside the film is limiting
and can be a reason why a significant conversion occurs only in
the topmost layers even if the intrinsic activity of deeper GOx
layer is maintained (Fig. 10A). The consumed glucose in the
topmost layers is easily re-supplied by diffusion from the
solution bulk. The requirement of Fc to diffuse across the UME
sample distance in solution imposes an upper limit on the Fc"
flux that can be obtained. It is given by Eq. (10). However, none
of our experiments comes even close to that limit.

In the biosensor configuration glucose diffuses from the
solution into the film while the electron acceptor diffuses from

the supporting electrode into the film (Fig. 10B). Therefore, no
upper limit of the mediator flux is imposed by a macroscopic
diffusion in solution and mediator recycling can be very
effective depending on details of the interfacial and PE film
structure. Considering a switch-on experiment, glucose is first
converted at the electrode—PE film interface and requires
delivery of glucose across the PE multilayer film. If this cannot
be sustained, the electron acceptor will also reach further GOx
layers before being completely consumed. In the steady-state a
mixed control regime will be established that may depend on the
mass transport of the electron acceptor, or glucose inside the
film, and depending on the experimental conditions, of glucose
in the solution. In this consideration GOx-containing LbL films
tend to give higher apparent Ky;g . values [51] than other
immobilisation techniques [42,44]. Anicet et al. [9] also reported
increased diffusion limitations at low mediator concentrations
using cyclic voltammetry at the support electrode.

In addition, structural aspects of the PE films must be kept in
mind because PE films are not homogeneous across the entire
film thickness. The outer layers have a lower mass density than
the inner layers [47,48]. In SECM experiments diffusion of Fc"
occurs from the solution side into the loosely packed topmost
layers. Therefore enzyme accessibility is much higher than that
of enzymes in deeper layers. In agreement with this notion, most
of the conversion occurs in the first two double layers in SECM
experiments. In the biosensor configuration, the electron
acceptor enters from the supporting electrode into already
densely packed layers, where accessibility of active enzyme
centres is generally lower and does not differ so much in the
lowest and in further layers. Therefore the electron acceptor
may reach further layers which also contribute to the total
conversion. Furthermore, details of the deposition procedure,
such as use of additional interaction to stabilise the films may
change mass transport conditions inside the film that depends
on a delicate interplay of many factors.

4. Conclusion

In this study, SECM approach curves have been used to
analyse enzymatic activity of GOx/PDDA multilayer films. It
has been found that only the topmost two layers contribute
significantly to the overall reaction. Probably, mass transport
limitations inside the film and consumption of Fc' in the
topmost layers are the reasons for this behaviour. This agrees
with the finding that covering layers of inert polyelectrolytes
(PDDA/PSS) strongly suppress enzymatic conversion.

Depending on the film termination, an odd—even pattern of
the enzymatic activity has been found. It correlates with a
periodically changing surface morphology of the films.
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Abstract

In this report, apoferritin as a stable bionanomaterial was modified with hemoglobin on pyrolytic graphite electrode. Rapid electron transfer
reactions of hemoglobin were achieved with the help of apoferritin in a large pH range. Moreover, hemoglobin as an enzyme exhibits fine
electrocatalytic activity towards the reaction of hydrogen peroxide, and a wide concentration range of linear relationship between the reduction
peak current and the concentration of hydrogen peroxide has been obtained with a higher upper detection limit, which may be further developed
for a hydrogen peroxide biosensor. Therefore, a new property of apoferritin is explored, in which apoferritin works as a bionanomaterial to be an
accelerant of the electron transfer of Hb and a stabilizer to retain the catalytic ability of the protein under mal-condition.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Bionanomaterials have just attracted the interest of re-
searches. But they should be more interesting, since they have
the character of both the nanomaterials and the biological mol-
ecules. One example is liposome, which has been used as lipo-
somal drug targeting, release, and absorption [1,2]. Another
example is a naturally existent bionanomaterial purple mem-
brane, which contains the unique protein bacteriorhodopsin
[3,4]. Among the possibly feasible bionanomaterials, a protein
ferritin has attracted our attention due to not only its nano scale
but also its high stability and special structure. Ferritin is com-
posed of two parts: a nearly spherical shell of 24 protein subunits
(~480 kDa) called apoferritin with an outer diameter of 12 nm
and an inner cavity diameter of 8 nm in which Fe(Ill) is
deposited as a stable hydrous ferric oxide mineral core con-
taining several thousand atom of iron and several hundred
molecular of inorganic phosphate [5—8]. As an iron-storage and
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Laboratory of Pharmaceutical Biotechnology, Nanjing University, Nanjing
210093, PR China. Tel.: +86 25 83593596; fax: +86 25 83592510.
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detoxification protein, ferritin can withstand high temperatures
(75-85 °C), a pH ranging from 2.0 to 12.0 [7,9]. So far, the
structure of ferritin, the theory of iron in and out, and the usage to
construct nanocrystal and to capture toxic micro-molecular have
been studied [6—17]. However, these studies focus on the “inner”
of ferritin, but have neglected the “outer”, which might also have
some special character.

Direct (i.e. unmediated) protein electrochemistry has
attracted the interest of lots of scientists because of its im-
portance in elucidating the intrinsic thermodynamic and kinetic
properties of proteins and its potential application in bioelec-
tronics fields [18]. Recently, some nanomaterials have been
adopted to improve the electron transfer (ET) reactivity and the
catalytic activity of redox proteins [19-22]. For example, direct
electrochemical response of hemoglobin (Hb) has been ob-
tained at a nano titanium dioxide modified electrode [23], and a
nanocrystalline tin oxide modified electrode [24]. Although
some inorganic and organic nanomaterials have been employed,
there is no report that using bionanomaterials as matrix of redox
protein to enhance the redox and enzymatic activities of pro-
teins. In this work, Hb and apoferritin are co-modified onto PG
electrode surface. Experimental results reveal that apoferritin as
a useful bionanomaterial can act as an accelerant of the electron



mailto:genxili@nju.edu.cn

http://dx.doi.org/10.1016/j.bioelechem.2007.11.005



78 G. Chen et al. / Bioelectrochemistry 72 (2008) 77-80

transfer reactivity of Hb and a stabilizer to retain the catalytic
ability of the protein under mal-condition.

2. Experimental
2.1. Chemicals

Hb (from bovine blood), hemin, albumin from bovine serum
(BSA), ferritin (type I: from horse spleen) and apoferritin (from
horse spleen) were purchased from Sigma and used without
further purification. HO, (30% (w/v) solution) was from
Shanghai Chemical Reagent Company (China). All other re-
agents were of analytical grade. All solutions were prepared by
double distilled water, which was purified with a Milli-Q pu-
rification system (Branstead, USA) to a specific resistance of >
16 MQ cm. Solutions with different pH values were prepared as
follows: pH 4.0-5.0, 0.1 M NaOAc—HOACc solution (ABS); pH
6.0-8.0, 0.1 M NaH,PO,—Na,HPO, solution (PBS); pH 9.0—
10.0, 0.1 M glycine—NaOH solution.

2.2. Preparation of modified electrodes

The substrate PG electrode was prepared by putting a PG rod
into a glass tube with fixing it by epoxy resin. Electrical contact
was made by adhering a copper wire to the rod with the help of
Wood’s alloy. The PG electrode was firstly polished on rough
and fine sand papers. Then its surface was polished to mirror
smoothness with an alumina powder (particle size of about
0.05 pm)/water slurry on silk. Eventually, the electrode was
thoroughly washed by ultrasonicating in both double distilled
water and ethanol for about 5 min.

20 pl of the mixture containing 50 pg Hb and 50 pg
apoferritin was spread evenly onto the surfaces of the PG elec-
trodes to prepare Hb—apoferritin co-modified electrodes. The
electrodes surfaces were covered with Eppendorf tubes in the
first 2 h to prepare uniform films, and dried overnight in the air.
Then the modified electrodes were thoroughly rinsed with pure
water and dried again.

The preparation of Hb—BSA and Hb—ferritin co-modified
electrodes are the same as that of the Hb—apoferritin co-modified
electrodes.

—— Hb+apoferritin
"""" apoferritin alone
- Hb+BSA

Hb alone

blank

800 -600 -400 -200 O 200
E mV (vs. SCE)

Fig. 1. Cyclic voltammograms obtained at an Hb and apoferritin co-modified PG
electrode for 0.1 M PBS with pH 7.0. Scan rate: 200 mV s .
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Fig. 2. a) Cyclic voltammograms obtained at an Hb and apoferritin co-modified
PG electrode at different scan rate. Others same as in Fig. 1. b) The relationship
between peaks potentials and scan rate.

2.3. Apparatus and electrochemical measurements

Electrochemical experiments were carried out on a VMP
Potentiostat (PerkinElmer, USA) with a three-electrode system.
In a one-compartment volume (10 ml) glass cell, the modified
PG electrode as the working electrode, a saturated calomel
reference electrode (SCE) and a platinum wire auxiliary elec-
trode were used for the measurements. All the potentials re-
ported in this work were versus SCE.

3. Results and discussion

As shown in Fig. 1, no voltammetric peak can be observed at
a bare PG electrode or at an apoferritin alone modified PG
electrode. And certainly, Hb alone modified electrode cannot
exhibit any peak according to the previous studies [25]. However,
obviously, a pair of peaks at —382.9 mVand —315.1 mV, which is
characteristic of heme Fe'"/Fe" redox couple, is observed with a
Hb—apoferritin co-modified electrode. And, a much smaller pair
of peaks can be observed with a Hb—BSA co-modified electrode,
which works as a control. Therefore, with the help of apoferritin,
Hb can take redox reactions at the PG electrode surface, and the
electron transfer rates are greatly enhanced.

A pair of peaks can be also observed with a ferritin and
Hb co-modified electrode (data not shown). And, the cyclic

800 -600 -400 -200 0 200
E mV (vs. SCE)

Fig. 3. Cyclic voltammograms obtained at a hemin and apoferritin co-modified
PG electrode. Others same as in Fig. 1.
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Fig. 4. a) Effect of pH on the cyclic voltammograms obtained at an Hb and
apoferritin co-modified PG electrode. Others same as in Fig. 1. b) The rela-
tionship between £ and pH.

voltametric waves in the ferritin case are the same as that of
the apoferritin, indicating that the enhancement of the redox
reactivity of Hb by ferritin is not through the inner core but the
protein shell.

When the scan rate is 200 mV s~ ', the redox peaks sep-
aration is about 68 mV, which is a little more than the peak
separation of reversible process (59 mV), indicating a quasi-
reversible redox process [26]. And the apparent formal potential
(E°’) is —349 mV in the pH 7.0 buffer solution. Fig. 2a shows
the cyclic voltammograms at different scan rate. The peaks
currents are linearly proportional to the scan rate in the range
of 50 to 1000 mV s ' (Fig. 2b), indicating a thin-layer elec-
trochemical behavior [26].

The electrochemical response of Hb observed as above co-
incides with the previous reports by immobilizing the protein
with some other materials on electrode [27-29]. Meanwhile, it
should be mentioned that the peaks separation and the £ will
be 126 mV and —395 mV respectively, if hemin instead of Hb is
employed to be co-modified with apoferritin as control (Fig. 3),
indicating that heme does not dissociate in this study [28—31].

Since ferritin can withstand a wide range of pH, we have
examined the pH effect on the electrochemical behavior of Hb
with variable pH values. As is shown in Fig. 4a, fine redox
waves of the protein can be observed in all the test pH range,
although an increase of pH in the test solution will lead to a

104
04
-104
< 201
- 100 uM H,0,
=304 400 M H,0,
"""" 800 uM H,0,
-404 1000 yM H,0,
3000 uM H,0,
-50 + '

800 -600 -400 -200 0 200
E mV (vs. SCE)

Fig. 5. Cyclic voltammograms obtained at an Hb and apoferritin co-modified PG
electrode with the H,O, concentration of 0, 10, 50, 100, 400, 800, 1000, 3000 pM
(from inner to outer) in the test solution. Others same as in Fig. 1.
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Fig. 6. Relationship between the catalytic peaks currents and the concentration
of H202.

negative shift of E° of Hb. In the pH range of 4.0—10.0, the
slope of —54.0 mV pH ™' can be obtained (Fig. 4b), with a linear
regression equation of —0.9983. The slope value is close to the
theoretical value of —57.6 mV pH ', which suggests a one
proton-coupled single electron transfer [32]. However, as is
reported by the previous studies, the peak currents will be
changed even if the protein can show electrochemical response
in a wide pH range [25,29,33]. It can also be observed that the
peaks currents of Hb keep stable of about 1.4 pA in all the pH
range, indicating that the electron transfer reactivity of Hb is
balanced in a wide pH range with help of apoferritin.

Fig. 5 shows that the cathodic peak of Hb will increase and
the anodic peak will decrease if H,O, is added to the test
solution. It is a characteristic of an electrochemically catalytic
reaction. No similar phenomena happen when the bare PG
electrode or the electrode modified alone with Hb or apoferritin
are employed. So the catalytic reaction of H,O, is due to the Hb
co-modified onto the PG electrode surface, and apoferritin can
make the protein exhibit this catalytic activity.

The relationship between the H,O, concentration and the
increase of the catalytic peak current has been shown in Fig. 6.
It is linear in the range of the H,O, concentration from 1.0 x
107° M to 4.0x 10> M (the linear regression equation is Y=
6.533+0.09781 xX, R=0.9999). It is observed that the up-
per limit of this linear range is much higher than the previous
reports [25,28,29,34]. Usually, Hb cannot bear this high con-
centration of H,O,, and will lose most of its enzymatic activity.
However, under the condition in our experiments, Hb finely
retains its activity, indicating that Hb modified with apoferritin
has a high stability. In other words, apoferritin can work as a
stabilizer to retain Hb’s catalytic ability under mal-condition.

4. Conclusion

In conclusion, rapid electron transfer reactions of Hb can
be achieved with the help of apoferritin, as a bionanomaterial.
Moreover, Hb as an enzyme exhibits fine electrocatalytic ac-
tivity towards the reaction of H,O,, and a wide concentration
range of linear relationship between the reduction peak current
and the concentration of H,O, has been obtained with a higher
upper detection limit, which may be further developed for a
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H,0, biosensor. And this sensor can be used in a large pH
range. Therefore, a new property of apoferritin has been ex-
plored, in which apoferritin works as a bionanomaterial to be an
accelerant of the electron transfer of Hb and a stabilizer to retain
the catalytic ability of the protein under mal-condition.
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Abstract

Polarographic anodic oxidation wave that can be correlated to total antioxidant capacity (TAC) in Human serum corresponds to 2H" and 2e
process. The limiting current of the wave, which is proportional to TAC, is strongly influenced by UV light intensity and irradiation time. A
mechanism has been proposed to explain the effects of UV on anodic wave related to antioxidant behavior. Results show that decomposition
processes follow to the excitation a transitory product at three different light intensities at 340 nm. The number of decomposition products increase
with increasing light intensity. The rate of oxygen radical capture ability of the serum antioxidants might be estimated by comparing the changes
of anodic wave in the absence and presence of naturally dissolved oxygen.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Antioxidants protect cells against the damaging effects of
reactive oxygen species consisting of free radicals such as O,
OH’, and other non-radical oxygen derivatives such as hydro-
gen peroxide (H,0,), hypochlorous acid (HOCI) and singlet
Oxygen ('0,). An imbalance between antioxidants and reactive
oxygen species results in oxidative stress, which has been
linked to cancer, aging, atherosclerosis, ischemic injury, inflam-
mation and neurodegenerative diseases [1]. Biological fluids
contain numerous compounds having antioxidant activity, in-
cluding urate, ascorbate, bilirubin, and thiols in the aqueous
phase and a-tocopherol, carotenoids, and flavonoids in the lipid
phase [2]. Tryptophan, tyrosine, cysteine and homocysteine also
show antioxidant ability [3]. Cooperation of all the different
antioxidants provides greater protection against attack by re-
active oxygen radicals, than any single compound alone. Thus,
the TAC may give more relevant biological information com-
pared to that obtained by the measurement of individual com-
ponents, as it considers the cumulative effect of all antioxidants

* Corresponding author. Tel.: +90 212 4737031; fax: +90 212 4737180.
E-mail address: gultena@istanbul.edu.tr (G. Atun).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.11.006

present in plasma and body fluids. Because of difficulty in
measuring each antioxidant component separately and interac-
tions among antioxidants, methods have been developed to
assess the TAC of serum or plasma such as Trolox-equivalent
antioxidant capacity (TEAC), the oxygen radical absorbance
capacity (ORAC), and the ferric reducing ability of plasma
(FRAP), the crocin bleaching and the CUPRAC assays as well
as high-throughput fluorescence screening, enhanced chemilu-
minescence and cyclic voltammetry (CV) techniques are com-
monly used and have been extensively evaluated [1—-13].

By using the CV technique, the reducing power of anti-
oxidants is characterized from the peak potential (£,) or
inflection point of current wave (half wave potential, £7,,) of
the anodic peak current (/,), which provides information on the
ability of antioxidants to donate electrons. The TAC in plasma
and other biological fluids has been determined from the anodic
peak current using cyclic voltammetry (CV) [10—13]. The
anodic peak having the £, of ~0.45 Vand E;, of ~0.3 V in
human plasma has been attributed to TAC of the plasma [11].

Some compounds such as vitamin C, uric acid and bio-
flavonoids, which contribute largely to TAC level also give a
polarographic wave around similar potentials [14—19]. These
biomolecules can absorb UV-A (320—400 nm) and UV-B (280—
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320 nm) radiation leading to intermediates that can remove
photodynamically generated reactive oxygen [17-20]. The
electrochemical oxidation of uric acid has been studied in NaCl
and phosphate buffers [20]. The kinetic investigations show that
a UV-absorbing intermediate is produced during electrooxida-
tion of uric acid (7,9-dihydro-1H-purine-2,6,8-(3 H)-trione). On
the basis of pseudo first order rate constants observed in dif-
ferent media, it has been concluded that the diimine species
formed from the 2e, 2H" oxidation of uric acid is attacked by
water to give diol, which then decomposes in a series of re-
actions to give allantoin as the major product. Several inves-
tigators have also studied action of UV radiation on human
blood serum [21-24].

In this study, a mechanism has been proposed for antioxidant
activity in human serum by following the changes of polar-
ographic anodic wave during UV irradiation.

2. Materials and methods

The freshly taken blood samples from healthy volunteers were
centrifuged at 3000 rpm, by using Hettich centrifuge and the
serum was separated as supernatant liquid. A 0.075 cm® of the
serum was added into 25 cm® 0of 0.1 M KNO; solution served as a
supporting electrolyte. The solution pH was 8.08. This aliquot
was placed in a Pyrex polarographic cell with a thermostatic
jacked covered with carbon black having a small circular area of
1.0 cm? to irradiate the reaction mixture. A two-electrode system
was used for obtaining a polarographic wave. Double distillated
mercury dropping electrode (DME) was used as a working
electrode and a saturated calomel electrode (SCE) served as the
reference. The SCE was separated from the cell by a glass frit. The
dropping time of DME was adjusted as 2.7 s. per drop. The
solution was deaerated by bubbling nitrogen gas for 15 min.
Polarograms were recorded using a Radiometer Copenhagen PO-
4 DC Polarograph. Thus, a reproducible well-defined anodic
oxidation wave was obtained at a scan rate of 13.3 mV's '

The solutions were irradiated using a high-pressure mercury
vapor lamp (Edison 400 HQL) as UV source. Monochromatic UV
light was obtained using a Kodak glass filter of 340 nm. Absorbing
light intensities (/,) were adjusted by changing the distance of the
UV source to the system. The values of I, were determined as
0.66x10", 1.50x10" and 3.70x 10" quanta s”' cm ™ using
ferrioxalate actinometer. The anodic waves were recorded in
regular time intervals during irradiation at varying light intensities.
During irradiation, the temperature of the solution was kept cons-
tant at 298 K.

Representative polarograms recorded at various irradiation
time intervals at 0.66 x 10'> quanta s~ ' cm ™ ? light intensity are
shown in Fig. 1.

The experiment was also conducted in the presence of na-
turally dissolved oxygen at medium light intensity of 1.50x 10"
quantas ' cm 2.

3. Results and discussion

Serum solution yields a reproducible well-developed anodic
wave at the half wave potential of 0.28 V. The limiting current
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of the wave is ~5 pA in deaerated solution. This value was
measured for an anodic wave at /=0 when there is no irradiation.
Since the residual current increases with the applied e.m.f the
initial point of the diffusion current is determined from the
intersection point of extrapolated lines of residual-and diffusion
currents. The true limiting current is determined by measuring
the distance between the total diffusion current and its initial
point. The estimated uncertainty of the measured limiting
currents is +3%.

An anodic wave corresponding to a reversible electrode
process can be analyzed according to following Heyrovsky-
Ilkovich equation [25,26]:

(i - i)

1

0.059
Eqe. = Eypp + Tlog

(1)
where E4. and 7 are corresponding voltage and current values
at any point on the wave, E;, is half wave potential, iy is
limiting current and » the number of electrons transferred in the
electrode process. It is evident from the Eq. (1) a plot of £ vs.
log (ig—1)/i plot should produce a straight line with a slope
0.059/n at 298 K, and potential where the log term becomes
zero should be the half wave potential. If the electrode reaction
is reversible but the reaction product formed by electrolysis is
unstable and is irreversibly transformed another compound, the
net reaction becomes irreversible. In such a case, it has been
theoretically proved that the shape of the anodic wave corres-
ponding to 2e, 2H" process at a given pH is identical with that
of a reversible reaction, which involves the transfer of two
electrons [25,26]. Similar mechanism has been proposed for the
anodic waves of some antioxidants such as ascorbic acid [14],
hesperidin [17], rutin [18], morin [19] and uric acid [20].

By plotting the values of £y vs. log (iq—1)/i a straight line
was obtained with a slope of 0.031(not shown here, 7> =0.9998),
in good agreement with theoretical slope of 0.0296 correspond-
ing to 2e, 2H" process. The value of E;, of 0.28 V is not
oxidation potential of the reversible electrode reaction it also
involves the rate constant of the irreversible reaction.

Consequently, the anodic wave of serum can be attributed to
many species present in human serum that are simultaneously
oxidized with the same mechanism and the electrode reactions
of these compounds may be generalized in the following form
[14,17-20,25,26]:

AO2e +2H" + DA” (Transitory) (2)
% k
DA" > DA (3)

Here, AO denotes antioxidant and DA is its dehydro-form,
and k is the rate constant.

Limiting current of the anodic wave (igq) is proportional to
[DA] concentration according to Ilkovic equation [25]. The
changes in limiting diffusion currents depending on irradiation
time at varying light intensities were depicted in Fig. 2. The
values of iy show an increase at earlier irradiation time at the
light intensity of 0.66x 10" quanta s™' cm™? but they slow
down as the time increases (triangles). The increase in ig values
for medium light intensity is higher than at the lowest intensity

50 — L
1 A Low intensity
<> Medium intensity oo
40 — O High intensity o @
@ High intensity Qe
(o]
i (0]
< OO o
30 o Q@E@
o]
2 o P
o = Q
Mo ogg
20 — ® 0 o0 e
o] AL
i co i -
o@’o i pBaBs " 4
10 — < e
00 AnLA L
0080 a8
48,8, ast -
AgQMAA
[ ]
2 — T f J 7 1T T ]
0 3000 6000 92000 120000
t/s

Fig. 2. The influences of UV radiation with different intensities on limiting
current of anodic wave of Human serum.

initially whereas a gradual decrease is observed following a
maximum value (diamonds).

A slower increase is observed in the iy values at the highest
absorbing intensity of 3.70 x 10" quanta s~ ' cm 2 and the
maximum value of iy is higher than that of medium light
intensity (open circles). When i4 values start to decrease another
polarographic wave is observed at the half wave potential of
0.38 V. This wave also increases by irradiation (solid circles).

In order to explain the effects of UV light on anodic wave,
which can be correlated to antioxidant behavior, following me-
chanism has been proposed to account for the observed results
based on electrode process [14,17-20,25,26]. Each step can play
a role in the overall mechanism, depending on light intensity and
irradiation time.

kil, *

AO + hv —2e+2H" + DA (4)
* ky

DA™ A0 (5)
* ks

DA" DA (6)
ks

DA>B +C (7)
ks

DA D +E (8)
ke

DA>F +G 9)
5]

DA—H +1 (10)
kg

DA—T+K (11)

Here, the Egs. (4)—(6) are elementary steps of electrode
process while the Egs. (7)—(11) are decomposition steps of the
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dehydro-form of antioxidants which can give B, C, D, E, F, G,
H, I, J and K decomposition products. The rate constant for a
respective rate process is shown on the arrow.

When serum is irradiated by UV light, the changes in the DA
concentration with irradiation time may be written as follows:

APAL _ 1 [5A"] ~ yIDA] — ksIDA]

dt
— ks[DA]  —ks[DA] — ks[DA] (12)

where, the brackets indicate the concentrations of the various
species. The concentration of the transitory product [DA*] in
Eq. (12) can be determined from the stationary or steady state
principle [27]:

fil, = ko [DA*} s [DA*} (13)
Consequently,
* klla
DA } = 14
L s (14

The rate equation can be obtained in terms of the measurable
[DA] concentration by substitution of [DA *] in Eq. (12):

dDA]  kiksl,
- = k; j &~ falDA] = &s[DA] — ks[DA] (s)
—k7[DA] — ks[DA]

This equation is rearranged and integrated:

"dDA] [ (kikl, 1
/ [DA] */(kz+k3Xm_k4_k5_k6_k7_kg)dt 1o

kiks1, 1 )
In[DA] = X ———hky — ks — ke — k7 — kg |t +1
n[ ] (k2 + k3 [DA} 4 5 6 7 8
(17)
The value of integral constant, /, is calculated as:
I = In[DA], (18)
for initial irradiation time (¢=0).
[DA] ( kiks 1, 1 >
In = X —ky — ks — ke — k7 — kg |t
DA], \k+hks [DA] + BT
(19)
’ k3
k = 20
ky + ks (20)
[DA] <k1k'1a >
In——= —ky — ks — ke — k7 — kg |t (21)
[DA],  \ [DA]

Here, [DA], and [DA] are concentrations of dehydro product
at initial and irradiation time ¢, respectively. The ratio of [DA]/
[DA]y corresponds to the ratio of limiting current at irradiation
time ¢ to that of its initial value. The values of ki, k4, ks, ke, k7
and kg could be determined from the slopes of In[DA]/[DA], vs.
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Fig. 3. The plot for determination of rate constants of photochemical reactions
depending on irradiation time and light intensity (s denotes the slope of the
straight line, subscripts a, b and ¢ represent low, medium and high light intensity,
respectively.).

t plot in Fig. 3 for a known /, and the standard concentration of
[DA]=1 mol dm °.

3.1. Determination of the rate constants

The rate constants can be determined by analyzing of In
[DA]/[DA]y vs. t curves at different light intensity and irra-
diation times as follows:

3.1.1. Low light intensity

When serum solution is irradiated by UV light with low
intensity In[DA]/[DA], vs. ¢ plot gives two straight lines with
decreasing slopes of s, and s,,, respectively. By assuming the
slope of the second straight line corresponds to rate constant (k4)
of decomposition reaction in Eq. (7) slope of the first straight
line can be derived from Egs. (4)—(7) as follows:

ks,
itk

—ka (22)

Sa

Since electrode reaction becomes irreversible when irra-
diated by UV light k£, can be neglected. Thus Eq. (22) can be
rearranged as follows:

ki ksl
Sa, = lkj S ky (23)
Sa; = kily — ky (24)

The value of ky is calculated as1.40x 10~ * s~ ! from the slope
of the second straight line (#=0.99). In the kinetic calculations
the unit of 7, is converted from quantas™ ' cm ™2 into quanta mol
dm? s~ ' by dividing it by Avogadro’s number and the volume
of the solution. Therefore, the value of &, is calculated as
7.69x10° s~ ! by using the 7, value of 4.38 x 10~ ® mol quanta
dm™> ™' and the s, value of 1.97x10"*s™" (»=0.96).
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3.1.2. Medium light intensity

As shown in Fig. 3, two straight lines are observed the first
having a positive slope (sp,) and the latter negative (sp,) de-
pending on increasing irradiation time at medium light intensity.
These results suggest that reaction mechanism follows the order
of Egs. (4)—(8) and the slopes of the straight lines correspond to:

Sbl = k][a - k4 - k5 (25)

Sp, = —k5 (26)

The value of ks is calculated from the observed slope of the
second straight-line as 2.90 x 10 *s™' (#=0.94). The sp, value is
computed as 3.37x 10 * s~ ! by using the known value of I, of
9.97x10 ® mol quanta dm > s " and ky, k4 and ks values. This
value is in agreement with the observed slope of the first straight
line of 3.45x10 *s™ ! (+=0.97).

3.1.3. High light intensity

The In[DA]/[DA]y vs. ¢ plot derived from the main polar-
ographic wave at £, of 0.28 V gives three straight lines with
two positive (s, and s¢,) and one negative (s.,) slopes. At longer
irradiations, another straight line having a positive slope (sc,)
corresponding to £, of 0.38 V is obtained when the main wave
starts to decrease. The observed slope of the first straight line is
well consistent with the calculated slope by assuming following
equations:

Sey, =kily — ks — ks — kg — k7 — kg (27)
Se, = ke (28)
Se; = —ky (29)
S, = kg (30)

The s, <sp, values suggest that additional decomposition
reactions occur at the highest light intensity of 2.46x 10”7 mol
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Fig. 4. A comparison of the limiting currents of anodic waves irradiated at the
medium light intensity in the presence and in the absence of oxygen.

quanta dm > s~ '. The rate constants correspond to additional
decomposition reactions in Eqs. (9)—(11) could be calculated
from the slopes of the straight lines according to Egs. (28)—(30).
The value of the rate constant kg is 1.90x10™* s~ ! (»=1.00).
The reaction products generated according to Eq. (10) are not
polarographically active and the rate constant k; can be
calculated from the negative slope of the third straight line as
2.10x10"*s™! (#=0.95). On the other hand, a polarographically
active product can be followed only after the main wave starts to
decrease. The rate constant kg, which corresponds to Eq. (11),
can be determined from the positive slope of the fourth straight
line as 7.30x 10 * s~ (r=0.98). Using the known values of the
constants involved in Eq. (27), the slope of the first straight line
is calculated as 3.31 x 10~ *s~ . This value is in accordance with
its observed value of 3.22x 10 % s~ ! (»=1.00).

3.2. Effect of UV irradiation on anodic wave in the presence of
oxygen

The attack of antioxidants on oxygen radical species may be
better understood by comparing the behavior of anodic wave of
serum in the presence of naturally dissolved oxygen to in its
absence. A comparison of the limiting currents for irradiations
with medium UV light intensity is presented in Fig. 4. As it is
seen from Fig. 4, the height of anodic wave in the presence of
oxygen is lower than that of its absence under dark conditions
(i.e., irradiation time ¢=0). This suggests that antioxidants
present in Human serum are loosely bounded with molecular
oxygen, which can be interrupted during nitrogen bubbling
under pressure. After removal of oxygen the wave height
increases by about two folds.

When serum irradiated under oxic conditions the increase of
the wave height is very slow suggesting that light-induced anti-
oxidant species capture the reactive oxygen species, which are
produced upon UV radiation. The rate of oxygen radical capture
of the serum antioxidants can be estimated as 2.96x10 * s
from the difference of the slopes of In[DA]/[DA], vs. ¢ plots
obtained in the absence and in the presence of oxygen.

4. Conclusions

Polarographic technique has provided valuable information
about electron transfer mechanism and decomposition reactions
of serum antioxidants under UV exposure without any sepa-
ration procedure.

The polarographic anodic wave of human serum related to
TAC has been interpreted on the basis of a mechanism in-
volving a reversible electrode reaction followed by the irre-
versible conversion of an unstable intermediate to its stable
form. When serum is irradiated by UV light reversible electrode
process becomes irreversible and decomposition products are
generated depending on light intensity and irradiation time.

The reactions initiated with different light intensities are
completed at different irradiation time which are reflected by the
straight lines having different slopes on In[DA]/[DA], vs. ¢ plot.
Results show that one, two and five decomposition reactions
appear by irradiation at low, medium and high intensities,
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respectively. The rate constant &; of the irreversible electrode
process and k4 corresponding to the first decomposition reaction
can be obtained by irradiations at low intensity. At medium
intensity, the first decomposition is completed at earlier time of
irradiations and rate constant of the second decomposition (ks)
can be calculated from the slope of the second straight line.
Similarly, the first and the second decomposition processes are
completed at initial irradiations with high intensity UV light and
the corresponding rate constants of three decompositions (kg—
kg) are calculated from the slopes of the three straight lines,
which appear depending on irradiation time.

A comparison of the anodic waves irradiated under oxic and
anoxic conditions confirmed that light-induced antioxidant
species capture light-induced oxygen species, which are highly
reactive and damaging to humans at the molecular level.
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Abstract

Electrodes for the dopamine (DA) determination in biological samples have been developed with improved selectivity and sensitivity in an
excess of ascorbic acid (AA). Negatively charged Ni(Il) complex was synthesized and electropolymerized on the glassy carbon electrode to impart
the surface with anionic characteristics that could act both as a catalyst and as a discriminating layer against AA based on the electrostatic
interaction. Thus prepared electrodes enabled selective determination of DA even in a large excess of AA by differential pulse voltammetry at
physiological pH. Linear response was found down to 1.0x 10”7 M with 5.0x10~? M of LOD (Limit of Detection). In a flow injection analysis
performed in an amperometric mode, the detection limit was lowered by two orders of magnitude down to 1.0x10”° M with a linear range of
1.0x107? to 1.0x 10~ ® M. The relative standard deviation was found to be 3.36% from 25 independent measurements for 1.0x 10~> M of DA.
Stable oxidation current of DA was observed even after 30 days storage in air. The recoveries of DA in the 100-fold diluted human urine samples
were 97.7% for 4 measurements. The rate constant for the DA oxidation was 1.3x 10" % cm s~ ' from hydrodynamic experiments using a rotating
disk electrode.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Dopamine; Negative charged Ni(II) macrocyclic complex; Ascorbic acid; Differential pulse voltammetry; RDE experiments

1. Introduction

Dopamine is a biogenic catecholamine formed by decarbox-
ylation of 3,4-dihydroxyphenylalanine. It is a precursor to
epinephrine and norepinephrine in a biosynthetic pathway. One
of the important functions of DA is as a neurotransmitter in the
central and peripheral nervous systems. It also functions as a
biological messenger. Insufficient DA level due to the loss of
DA-producing cells may lead to disease called Pakinson’s
disease, in which a person loses the ability to execute smooth
and controlled movements [1-3].

* Corresponding authors. Kim is to be contacted at Tel.: +82 2 450 3378,
fax: +82 2 456 2744. Bae, Tel.: +82 53 950 5336; fax: +82 53 950 6330.
E-mail addresses: skim100@konkuk.ac.kr (S. Kim), zubae@knu.ac.kr
(Z.-U. Bae).
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1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.11.007

Many attempts, therefore, have been made to develop an
efficient and selective way of determining DA level in bio-
logical samples. Earlier attempts by fluorometric methods re-
quired a large volume of samples, but still lacking selectivity
and sensitivity [4]. Later, methods based on chromatography
combined with spectrometry as a detection method have been
developed. For example, mass spectrometry has been combined
with GC [5], HPLC [6,7], and capillary electrophoresis [8].
Although these methods are highly specific and sensitive, they
require sophisticated and expensive instrumentation, and are
time-consuming. As an alternative to mass spectrometry, elec-
trochemical detection methods have also been introduced.
Originally developed by Kissinger [9], electrochemical methods
are widely used in liquid chromatography and capillary
electrophoresis [10—14] for the reason that they offer a simple,
rapid, and very sensitive way of detecting DA.

Certainly the best way is to directly determine DA without
any separation steps of samples. Main obstacle to this goal in
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electrochemical detection is the existence of ascorbic acid (AA)
in large amount. AA hinders DA detection as the oxidation
potential of AA is close to that of DA at most solid electrodes.
Therefore, one should block the effect of AA and other inter-
fering species in DA analysis or devise a method to simul-
taneously detect both DA and AA at different potentials by
modifying electrode surfaces. Surface modification by surfac-
tants [15], self-assembled monolayers [16,17], and polymers
[18-20] shifts oxidation potentials of DA and AA so that each
peak can be separately detected by voltammetry. Other methods
such as enzyme-based techniques [21], electrochemical pre-
treatment [22] were also reported.

A polymer modification of the electrode surface may be the
most commonly practiced way to separate or eliminate the oxi-
dation peak of AA from DA, which includes electropolymeriza-
tion of sulfosalicylic acid [23], eugenol [24], acetylaniline [25],
pyrrole [26], N,N-dimethylaniline [27], and neutral red [28].
Nafion [29-31], zeolite [32,33], nontronit clays [34], ultrafine
TiO, [35], and hydrophilic polyurethane film [36] coated on an
electrode surface also made possible effective elimination of AA.
However, these methods need complicated electrode preparation
process and suffer from low detection limit.

We have long been studying the electrocatalytic properties
of nickel tetraaza macrocyclic complexes on the DA and
AA oxidation. A polymeric film of symmetric metal tetraaza
macrocycles are known to exhibit electrocatalytic activity for
substrates such as O, and NO;s [37,38]. In the meantime,
asymmetric 1,5,8,12-tetraaza-2,4,9,11-tetramethyl-cyclotetra-
decinatonickel(Il) complex synthesized in our group [39] was
found to be an effective electrocatalyst for DA and AA oxi-
dation when formed a polymer film on glassy carbon electrodes.
But since oxidation potentials of DA and AA are very close, it is
not possible to determine DA in the presence of AA. One way to
solve this problem was to form a second layer over the nickel
complex layer to block the entrance of AA to the electrode.
Negatively charged polyurethane or Nafion films not only pro-
vided selectivity toward DA by effectively removing AA inter-
ference due to the electrostatic repulsion at neutral pH, but also
offered additional advantages such as better stability and re-
producibility over unmodified electrodes [40].

In this paper, we report further improvement of our electrodes
in which negatively charged nickel macrocyclic monomer could
be electropolymerized to impart negative charges to the
produced polymeric film. Thus prepared modified electrodes
showed both electrocatalytic activity toward DA oxidation and
screening effect against AA at physiological pH.

2. Experimental
2.1. Synthesis and reagents

An asymmetric, negatively charged Ni(II) macrocyclic
complex [1,5,8,12-(benzoic acid)tetraaza-2,4,9,11-tetramethyl-
cyclotetradecinatonickel(IT)] (Scheme 1) was synthesized in our
group. 0.04 mol of 2,4-pentandione was added to 50.0 mL of
methanolic solution containing 0.02 mol of nickel(I) acetate
tetrahydrate under reflux for 30 min with stirring. To this hot

Scheme 1. Structure of negatively charged Ni(II) macrocyclic complex.

(60 °C) mixture was added ethylenediamine (0.02 mol) and 1,2-
phenylenediamine (0.02 mol) under reflux for 2 h in nitrogen
gas. The solution was then refluxed for 24 h until precipitation
of the product was complete. The carboxyl group dissociates in
neutral pH to take negative charge. The product was char-
acterized by IR (Spectrun GX, Perkin Elmer, USA), GC-MS
(HP 5973, USA) and NMR (Bruker, Avance Digital 400,
Germany) measurements. IR (KBr disc, cm™'): v(C=C), 1486;
v(C=N), 1531; v(CsHy), 749; v(C=0), 1687; v(C-0), 1293;
EIMS: 396 m/z, and "H NMR (CDCls): 2.097, 2.402, 2.454(s)
(methyl); 5.112, 5.166(s) (methine); 3.401(s) (ethylene); 7.917
(s) (carboxylic acid); 7.188—7.488(m) (aromatic).

Tetracthylammonium perchlorate (TEAP) was synthesized
and followed by recrystallization according to the literature
[41]. Acetonitrile (Merck, Darmstadt, Germany) was distilled
and checked by cyclic voltammetry prior to use. Dopamine
(Sigma, St. Louis. USA), ascorbic acid (Sigma, St. Louis. USA)
and other reagents were used without further purification and of
guaranteed grade quality. DA solutions were prepared with
phosphate buffer of pH 7.4 using KH,PO, and K,HPO,. All
solutions were prepared with deionized water purified by Milli-
Q water system (Millipore).

2.2. Preparation of modified electrodes

The laboratory-built GC disk electrodes (diameter 3.0 mm,
Tokai Carbon, Japan) were consecutively polished with
aqueous alumina slurries of 1.0, 0.3, and 0.05 pum (Buehler
Inc, Lake Bluff, ILL, USA) until mirror finish. Electrodes
were thoroughly rinsed with water in each polishing step. The
polished electrodes were then subject to sonication in aceto-
nitrile and water, respectively, and dried at room temperature.
Polymer-modified electrodes were prepared by cycling the po-
tential (10 cycles) between 1.8 and —2.0 V vs Ag|Ag" at 50 mV
s~ ! in acetonitrile solution containing 0.5 mM nickel complex
and 0.05 M TEAP as supporting electrolyte. The morphology of
GC surfaces was analyzed by Field Emission Scanning Electron
Microscope (FESEM, Hitachi, S-4300, Japan). Hereafter, the
polymer-modified electrodes will be referred as GC/NC-C
electrodes. The wettability change of the electrode surface was
monitored by measuring the water contact angle using a Contact
Anglemeter (Model G-1, ERMA Inc., Tokyo, Japan).

2.3. Electrochemical measurement

Electrochemical measurements were performed at 25 °C
with an electrochemical analyzer (BAS 100B/W, Bioanalytical
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Fig. 1. SEM images. SEM images of a glassy carbon surface before (A) and after
(B) electropolymerization of negatively charged nickel complex.

Systems, USA). GC, SCE, and Pt wire were used as working,
reference, and auxiliary electrodes, respectively. All solutions
of pH 7.4 were deaerated in a nitrogen atmosphere before
measurements. RDE experiments were carried out using a RDE
system (EG & G PARC 616 RDE, USA).
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Fig. 2. Cyclic voltammograms of dopamine. Cyclic voltammograms of 1.0 mM
DA at a bare GC (a) and at a GC modified with negatively charged Ni(II)
complex (b) in pH 7.4 buffer. Scan rate: 100 mV s '. Dot line is a base line.

3. Results and discussion
3.1. Electrocatalytic oxidation of DA

Fig. 1 shows the FESEM images of the GC surface before (a)
and after electropolymerization (b). As expected, the bare GC
did not show any feature. But uniformly distributed small
particles of ca. 50 nm in diameter were observed upon elec-
tropolymerization, indicating that polymerization starts after
nucleation.

Fig. 2 shows cyclic voltammograms of 1.0 mM dopamine at
a bare GC (a) and a GC/NC-C electrode (b). It clearly shows
that the polymerized film reduces the oxidation overvoltage of
DA by ca. 200 mV, shifting £, from +400 mV to +190 mV.
Peak current was doubled upon polymerization. This result in-
dicates that polymer film of negatively charged Ni(Il) complex
exhibits catalytic activity for the DA oxidation. A similar effect
was reported by Joshua et al. [42] in which the carbon paste
electrode modified with iron tetrasulfophthalocyanine complex
provided electrocatalytic activity for DA.

3.2. Elimination of AA interference

The AA oxidation at a bare GC and a GC/NC-C electrode
was examined (Fig. 3). AA is irreversibly oxidized at a bare GC
with E, at ca. 500 mV (curve a). However, no redox peaks are
observed at a GC/NC-C (curve b). This is because ascorbic acid
has pK, of 4.2 and thus is effectively repulsed by the similarly
charged polymeric film. Since our monomer has benzoic acid
moiety fused into the tetraaza macrocyclic ring, the ~COOH
group may have the similar pK, value to that of benzoic acid,
which is 4.2. At pH 7.4, almost all —COOH dissociate to
become —COO ™ and convert the surface more hydrophilic as a
result. This surface has strong affinity toward dopamine for the
easy electron transfer. If the carboxylate group is introduced on
the electrode surface, the contact angle on the film would
decrease due to the increased wettability. We obtained 52.0+
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Fig. 3. Cyclic voltammograms of ascorbic acid. Cyclic voltammograms of
1.0 mM AA at a bare GC (a) and at a GC modified with negatively charged Ni(II)
complex (b) in pH 7.4 buffer. Scan rate: 100 mV s~ '. Dot line is a base line.
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Fig. 4. Cyclic voltammograms of DA in the presence of AA. Cyclic vol-
tammograms for the oxidation of DA (0.2 mM) in the presence of 0.5 mM AA at
the GC/NC-C electrode in pH 7.4 buffer with scan rates of 50 (a), 100 (b), 150
(c), 200 (d), and 250 mV s '. Inset: plot of scan rate dependency of peak
currents.

1.9° on our surface for three independent measurements. As a
control, we prepared the surface in the same way with the same
nickel macrocyclic complex but without —-COOH group. The
contact angle was 60.7£0.3°. This clearly indicates that
carboxyl group plays a crucial role in discriminating DA from
AA. We believe that this may be the simpler and easier way to
prepare modified electrodes to detect DA in the presence of AA.

Fig. 4 shows the scan rate dependence of the oxidation
current of DA (0.2mM) on the scan rate in the presence of
0.5 mM AA. Observed redox peaks are due only to DA when
compared to Figs. 2 and 3. AA does not affect DA measurement
although it is present at large amount. However, an AA ox-
idation peak was observed when a modified electrode by
electropolymerized film of Ni(Il) tetraaza macrocyclic com-
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Fig. 5. RDE experiments. Linear scan voltammetry of at a GC/NC-C electrode
for the DA (0.2 mM) oxidation as a function of rotation speed. Curves (a) to
(h) correspond, respectively, to 1000, 1200, 1400, 1600, 1800, 2000, 2500,
and 3000 rpm. Inset: Koutecty-Levich plot of I, vs @ 2. Current was read
at+0.4 V.

A

-100 0 100 200 300

E/mV (vs. SCE)

0 1 2 3 4 5
[DAJ/uM

Fig. 6. Differential pulse voltammograms of DA. Panel A: Differential pulse
voltammograms of DA oxidation at GC/NC-C electrodes. Curves (a) to (m)
correspond, respectively, to 0, 5.0x 107°, 1.0x10°8, 5.0x10°%, 1.0x1077,
1.0x107°, 2.5%107°, 5.0x107°, 1.0x 107>, 2.5x 107>, 5.0x 107>, 1.0x10"%,
and 2.0x 10 M DA concentration. Panel B: Plot of 1, vs [DA] obtained from
panel A.

pound without —-COOH group was used (data not shown). DA
oxidation current is linearly proportional to the square root of
scan rate, indicating that DA oxidation process is diffusion-
controlled (Inset). The diffusion coefficient of DA was cal-
culated using the equation,

I, =2.69 x 10°|Asmol "' V=121 4,D}/2n¥ %12, (1)

where n, 4, (cm?), D, (cm® s~ '), C, (mol cm ™ ?), and v (Vs 1)
have their usual meanings. /, (A) is the peak current. By
calculating the slope and putting the necessary values to the
equation, we obtained D, value of 6.3 x 107% cm? s™'. This
value agrees well with the reported ones [43].

3.3. Kinetic study of dopamine oxidation

The kinetics of DA oxidation was investigaged at a GC/NC-
C electrode using a rotating disk electrode (RDE) (Fig. 5).
The limiting current, [j;,, is a function of Levich current /.,
representing the mass-transfer and the kinetic current 7y, cor-
responding to the electron cross-exchange between DA and
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Fig. 7. Flow injection analysis. Flow injection analysis of DA in an amperometric
mode at a GC/NC-C electrode. Eypp=+0.5 V. Flow rate=0.7 mL min~ ' Inset:
Plot of log I, vs log [DA]. Three injections were made for each DA con-
centration: (a) 10, (b) 4.0, (c) 0.8, (d) 0.4 uM.

negatively charged polymerized Ni(Il) complex. [, is ex-
pressed by the Koutecky—Levich equation [44],

1 1 1 1 1

= 4= — 2
[lim Ilev +[k 0.62}’1FAD2/3601/2V_]/6C0 +Ik ( )

D, v, and C, are diffusion constant of DA, kinematic
viscosity of electrolyte, and bulk concentration of DA, res-
pectively, and other symbols have their usual meanings. By
plotting Il vs V2, I, can be obtained from an y-intercept. /i
is expressed by

I = nFAkC, (3)

where k is the electron transfer rate constant for the DA

oxidation. The value of k was found to be 1.3x10 % cm s~ .

3.4. Calibration curves for dopamine in the presence of ascorbic
acid

A differential pulse voltammetry (DPV) has been employed
to construct the calibration curve for DA in the presence of AA
using GC/NC-C (Fig. 6A). DA concentration was varied from
5nM to 0.2 mM while AA concentration was fixed at 0.05mM.
Voltammetric response was stable over a given concentration
range. A calibration curve (Fig. 6B) from DPV shows that the
oxidation current linearly responded to the DA concentration
range of 0.1 uM to 10 uM with r-factor of 0.999. The slope in
this range was 1.05 pA/uM DA. Although the constant slope
was not obtained at lower concentrations of DA, it was possible
to detect DA by this electrode. The detection limit at signal-to-
noise ratio of 3 was calculated to be 5 nM. This value is much
lower than 0.2 uM by Protiva et al. [45] who used GC electrodes
modified with N,N-dimethylaniline by electropolymerization.

The GC/NC-C electrode was used as a detector in the am-
perometric determination of DA with flow injection (Fig. 7).
+0.5 V was applied to ensure the complete oxidation of DA.
0.1 M phosphate buffer of pH 7.4 was used as a carrier solution.

Table 1
Effect of interfering species in the determination of dopamine by DPV

Additive [additive]/[DA]? Recovery of DA (%) (£s.d.%)
Urea 100 98.8 (+0.8)°
Aspartic acid 100 100.1 (£0.5)
Glutamine 100 101.3 (+0.1)
Xantine 100 101.4 (+0.3)
Glucose 100 99.1 (+0.7)
Guanosine 100 99.5 (+0.4)
Ascorbic acid 1000 110.5 (£0.7)
Uric acid 1000 109.8 (£0.5)
Acetaminophen 100 103.4 (£0.3)
Guanine 100 100.9 (+0.6)
Oxalic acid 100 100.8 (+0.2)
Cysteine 100 98.1 (£0.5)

* DA concentration was fixed at 0.4 pM.
® Mean value taken after three independent measurements.

DA samples of 50 pL were continuously injected at flow rate of
0.7 mL min~'. The linear range was obtained between
1.0x107? and 1.0x107° M (#=0.995) with 1.0x10"° M of
LOD and 1.62 A M " of sensitivity. Inset is the plot of peak
current vs DA concentration.

3.5. Reproducibility and stability

Reproducibility of GC/NC-C electrodes in the measurements
was evaluated by the current reduction for the successive use of
the electrodes in a solution containing 10 uM DA and 0.1 mM
AA. The relative standard deviation of less than 3.4% was
resulted for 25 successive experiments. The long-term stability
was tested by cyclic voltammetry. When stored in air, GC/NC-C
electrodes did not show any significant performance reduction.
They retained 98.9, 97.5, and 95.2% of activity measured
for the freshly prepared electrode after 10, 20, and 30 days,
respectively. This level of reproducibility and stability could be
good enough to apply to the real samples.

3.6. Effect of interfering species on the DA determination

To apply to an in vivo system, interference from various
compounds has been investigated by DPV using GC/NC-C
electrodes. DA concentration was fixed at 0.40 pM. Although
the interfering species were present at a 100 or 1000-fold higher
concentration than DA, any significant interference was not
observed. Almost 100% DA was recovered (Table 1). However,
it was not possible to eliminate the interference from serotonin
and (nor)epinephrine because of their structural similarity with
DA.

Table 2
Recovery of dopamine in a spiked human urine samples determined by DPV

Number [DA] added (uM) [DA] found (uM) Recovery % (£s.d.%)
1 4.00 3.90 97.5

2 4.00 3.92 98.0

3 4.00 391 97.8

4 4.00 3.89 97.3

Mean 4.00 3.90 97.7 (£3.3)
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The recovery of DA in a spiked human urine sample was
measured at the same electrode by DPV. The sample was 100-
fold diluted. The results are listed in Table 2. For the four
independent measurements, the recovery was 97.7%. This in-
dicates that GC/NC-C electrodes have high selectivity for DA
and can be used in a biological matrix where the large amount of
ascorbic acid and uric acid are present.

In a review by Selvaraju et al. [46], the recovery of DA in
real sample was 100.8% at polymer film of phenosafranine
formed by electropolymerization.

4. Conclusions

In this work, we have shown that polymeric film of negatively
charged Ni(Il) macrocyclic compound formed on an electrode
surface can act both as an electrocatalyst for the DA oxidation
and as a discriminating layer for DA against AA and other inter-
fering species. For this purpose, we synthesized 1,5,8,12-(benzoic
acid)tetraaza-2,4,9,11-tetramethyl-cyclotetradecinatonickel(IT)
compound in which —COOH group dissociates to —COO ™ and
thus imparts negative charge to the molecule at physiological pH.
AA is effectively excluded by the polymeric layer based on the
electrostatic repulsion. This can make it simpler to construct a
selective electrode for DA. Thus prepared GC/NC-C electrode
gave a linear response over the concentration range of 0.1 pM and
10 uM determined by DPV. GC/NC-C electrodes have also been
proven to be stable and give reproducible results. Average 97.7%
DA was recovered for the 100-fold diluted human urine samples.
Diffusion coefficient of DA and the rate constant for DA oxida-
tion were determined.
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Abstract

The extended use of metallic biomaterials yields to increasing sources of metal ions within the human body and may result in inflammation of
the surrounding tissues, cell damage, and cancer. The aim of this study was to investigate the relationship between the radial diffusion of metal
ions released from a metal disk by the corrosion process and the toxic effect on a cell line that grew around it. Results obtained with the metal
disks (direct contact) were compared with assays made with extracts obtained from the dissolution of a metallic sample ex situ and then added to
the cell culture to elucidate the cause of apparent inconsistencies in previous reports.

The change of copper concentration due to corrosion and transient diffusion of copper ions from the copper disks into the cell line was
evaluated according to Fick’s 2nd law. Surviving cells distribution was interpreted considering the radial and time-dependence of copper
concentration. We concluded that the toxic effect on those cells close to metallic biomaterials may be underestimated when only the extract
methodology is employed for cytotoxic tests or when during the experiments with disks the presence of concentration gradients and the non-

homogeneous distribution of dead cells are disregarded.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Copper ion; Cytotoxicity; Extracts; Diffusion; Corrosion

1. Introduction

Metal ions have complex effects on mammals. Different forms
of biological reactions can be distinguished depending on
concentration, exposure time and source. The use of metallic
biomaterials for dental, orthopaedic and cardiovascular devices in
human body yields to increasing sources of metal ions. They can
be released through liberation of wear particles, corrosion,
fretting, and disruption of the oxide layers, among other processes
[1-5]. Metal ions can be spread over the human organism by
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circulation, both locally and systemically. They can penetrate cell
plasma membrane, bind cellular proteins and enzymes, or
modulate cytokine expression [6—8]. Even though metal ions
are required in trace amounts for the normal function of living
organisms, extensive exposure to certain metals has been
associated to inflammation, cell damage, and cancer. The
physiologic effects of these ions are poorly understood and their
potential toxicity remains a cause for concern [8—10].

Ions from corroding metals and alloys diffuse to adjacent soft
and hard tissues. Cytotoxic effects, which may ultimately lead to
cell death, can cause marked morphological changes, damage to
proteins, and modified protein expression [8,11,12]. Previous
studies have demonstrated that copper released from copper-
containing samples produces an increase in the inflammatory
response, destabilization of cell membranes via superoxide and
hydrogen peroxide production, affinity to RNA, DNA and



mailto:mmele@inifta.unlp.edu.ar

http://dx.doi.org/10.1016/j.bioelechem.2007.11.008



M.D. Pereda et al. / Bioelectrochemistry 72 (2008) 94—101 95

inhibition of transcription [13,14], and induction of apoptosis
[11,15], among other toxicity responses [16,17]. Like bacterial
toxins, corrosion elicits bioreactions with clinical symptoms such
as pain, swelling, inflammation, lyses and necrosis. Recent in
vivo studies have reported high levels of cell death 48 h after
copper implant [12]. Considering that copper is one of the main
components in dental alloys [5,6,11,18] and intrauterine devices
(IUD) used as contraceptives [ 19—-22], copper ions released from
biomaterials deserve particular attention. In view of clinical and in
vitro results, further investigations about copper release and its
effect on the surrounding cells have turned significantly necessary
[12]. With respect to IUD, the possible accumulation of copper
ions in the surrounding environment of the device justifies further
studies on the possible reduction of its effectiveness as well as the
eventual cause of pain.

Results from some investigations about toxicity levels of
metallic ions seem to be inconsistent [23,24]. A careful
investigation of the materials and methods employed in the
studies showed that materials and methods of in vitro assays are
diverse. There are at least three sources of metallic ions used in the
experiments: a) the extracts obtained from the dissolution of a
metallic sample ex situ and then added to the cell culture (extract
contact: ExtC) [25-28]; b) the dissolution of metal samples in situ
(direct contact: DC) [24,29-34]; c) the metal salts (ES)
[7,8,23,35-38]. The concentration of metallic ions in ExtC and
ES is closely uniform, whereas in DC the concentrations may be
time-dependent and different throughout the Petri dish because of
diffusion gradients.

The aim of this study was to investigate the influence of
experimental methodology on the evaluation of metal ions
cytotoxicity in an attempt to elucidate the apparent inconsisten-
cies of previous results. Qualitative (morphological studies) and
quantitative (cell count) methods were used to assess and compare
the effect of copper ions. The sources of the ions employed in the
research experiments are: (a) the extracts (ExtC) at constant
copper ions concentration, (b) the copper disks (DC) (which
release ions due to the corrosion process) immersed in the cell
cultures. The change of copper ions concentration due to the
dissolution and the transient diffusion of copper ions into the cell
line was evaluated according to Fick’s 2™ law for the last case.
Results about surviving cells distribution during DC were
interpreted for the first time considering the radial and time-
dependence of copper concentration.

2. Materials and methods
2.1. Cell culture and incubations

UMR 106 rat osteosarcome derived cells were obtained from
the American Type Culture Collection (ATCC) (Rockville, Mi,
USA). Cells were grown in TC 75 cm® flasks at 37 °C in
humidified 5% CO, atmosphere in Dulbecco’s Modified Eagle
Medium (DMEM, GIBCO; Grand Island, NY) with 10% fetal
bovine serum (SBS, GIBCO; Grand Island, NY) supplemented
with 100 U/ml Penicillin and100 pg/ml Streptomicin. At
confluence, adhered cells were detached with 0.25% trypsin/
0.02% EDTA (SIGMA-Aldrich), in Ca/Mg phosphate buffered

saline solution (PBS). Cells were seeded in 30x 10 mm Petri
dishes at 1 x 10° cells/ml (total volume of medium added to each
Petri dish was 3 ml). Petri dishes were divided into three regions
so that the difference between the inner radius and the outer
radius was the same for all the regions. Thus, Region A, B and C
were determined by marking circles at the bottom of the dishes
according to Fig. 1 [Region A (inner radius=2.5 mm, outer
radius=11.66 mm, area=130.6 mm?); Region B (inner
radius=11.66 mm, outer radius=20.82 mm, area=299.9 mm?);
Region C (inner radius=20.82 mm, outer radius=29.98 mm,
area=457 mm?)]. UMR106 osteoblast-like cell cultures without
copper were used as negative controls. With the aim of
comparison the enumeration of cells in the different regions was
referred to the unit area (microscopic field area).

2.2. Copper samples and extracts

Cooper disks (99.7%) 5 mm diameter and 0.1 mm thick were
washed in sterile double-distilled water and sterilized in
autoclave before being transferred to the culture medium
without cells (ExtC) or with cells (DC). Silicone grease was
used in order to center the metal piece on the plate. Copper ions
concentration was measured in the supernatant solutions after
the different exposure periods by flame atomic absorption
spectrophotometry (sensibility: 0.1 pg/mL for copper).

2.3. Experiments with extracts

Extracts for ExtC were obtained by the immersion of the
copper disks in Petri dishes “PExt” with sterile culture medium
(DMEM) during the following immersion periods: 12 h (Ext12),
24 h (Ext24), 48 h (Ext48), and 72 h (Ext72). In parallel the cells
were seeded in other Petri dishes “Pcell”. The supernatant
culture media of the cells grown in Pcell were replaced by the
same volumes of the extracts obtained from “PExt”. Cell cultures
with the extracts were then incubated for 3, 6, 9, and 24 h. After
these periods the number of cells was evaluated as surface
density of cells (number of cells/microscopic field area). The
concentration of copper ions was measured.

2.4. Experiments with disks

Cells were seeded in Petri dishes with a copper disk in each
center. They were incubated with the disk during different

Fig. 1. Petri dish Regions. Regions A, B, C of the Petri dish, and the copper
sample (disk) in the center.
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exposure periods (12 h, 24 h, 32 h, and 72 h). Subsequently, cell
viability was evaluated as surface density of cells (number of
cells/microscopic field area) in each region (A, B, or C, according
to Fig. 1). The concentration of copper ions was measured.

2.5. Cell viability

After incubation, the medium was removed by aspiration,
washed once with Hank’s Buffered Saline Solution Ca/Mg free
(HBSS), and cells were detached by addition of 0.25% trypsin/
0.02% EDTA. DMEM supplemented with 10% FBS was added to
stop the reaction. A sample of each dish was mixed with trypan
blue 0.4% solution and cells were counted using a hemocytometer.

Cell viability was also assessed by means of the Ethidium
Bromide/Acridine orange assay, as described by Gonzalez et al.
[39]. Briefly, one aliquote of 5 pl 1:1 freshly prepared mixture of
Ethidium Bromide (100 pg/ml) and Acridine Orange (100 pg/ml)
was mixed with 50 pl of the cell suspension. Afterwards, cells were
analyzed using an Olympus BX50 Fluorescence Photomicroscope
with adequate filter combination. Viable cells appear green
fluorescent whereas orange-stained nuclei indicate dead cells.

2.6. Statistical analysis

For each experimental condition, at least three separate
experiments were performed. Data were expressed as the mean=+
SEM. Statistical differences were analyzed using Student’s #-test.

3. Results

Fig. 2 shows the variation of copper ions concentration with
time during extracts preparation. Each value corresponds to the
average value of copper ions accumulated in the whole Petri
dish during the selected period. An almost linear relationship
was found for the first 48 h in absence of cells. A similar
relationship with slightly lower values was found in presence of
cells (DC).
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3.1. Experiments with extracts

Cell counting was performed in order to quantify the cytotoxic
effect of copper ions after different exposure periods. After these
periods, concentration of the supernatant solution was measured
and the surviving cells were counted.

Fig. 3 shows that the concentration of ions in the supernatant
solutions in contact with the cells maintains almost stable values
(there are some changes in the cell cycles), with average values
similar to the original extracts (Fig. 2). In these cases, the
distribution of live and dead cells was random all over the Petri
dish.

The number of live cells in contact with Ext12 (not shown)
and Ext24 was almost constant during 24 h of exposure to these
extracts (Fig. 4). However, an increase in the number of cells was
detected in the control which reached 479 cells/field after 72 h.
Consequently, proliferation of cells was inhibited in presence of
copper ions. Fig. 4 also shows that Ext48 and Ext72 produced
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Fig. 4. Average number of surviving cells within the well (% of the initial value)
after different exposure periods with the extracts. () Ext 24 h, (@) Ext 48 h,
(A) Ext 72 h).
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Fig. 5. Number of surviving cells vs. time after different exposure periods in a
copper-disk-containing well. (ll) Region A, (@) Region B, (A) Region C, (V)
Control values. Control value for 72 h=497 cell/field (not shown, out of scale
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26% and 48% reduction in the number of live cells (100% was
assigned to the initial value), respectively, after only 3 h
exposure. The number of live cells decreased with time to reach
46.7% and 28.9% after 6 h, and 25% and 0% respectively after
24 h exposure. Accordingly, 16.9 mg/L (Ext24) were not able to
decrease the number of cells after 24 h exposure, while 54.5 mg/
L (Ext72) killed the cells completely after the same period.
The remaining live cells of experiments with Ext48 and Ext72
showed loss of cell attachment, picnotic nuclei with distorted
shape, and bubbling of the plasma membrane, in agreement with
characteristics previously reported [11]. No mitotic pictures were
observed in the few cells that remained alive after 48 h.

3.2. Experiments with copper disks in cell cultures

Fig. 5 shows the number of the attached live cells in each
region (A, B, C) of the Petri dish and those corresponding to the
control after different exposure periods. An increase in the
number of cells can be observed in the order Region A <Region
B<Region C which is probably inversely correlated with the
concentration of copper ions, higher in Region A decreasing
towards the border of the dish. The curves corresponding to
regions B and C reached maximum at 48 h and then the number
of cells decreased. After 24 h exposure, growth rate was higher
than death rate in Region C (far from the disk), but it was lower
for Region A (close to the disk). The cytotoxic effect of copper
ions was very strong in this region. Conversely, proliferation
was not inhibited in the control assay and a continuous increase
in the number of cells was observed.

For the case of Region C, there were 182 surviving cells per
field at the maximum (Fig. 5) but after 72 h the amount of live and
dead attached cells was lower (141 cells) than that of the
maximum. This allows to conclude that an important detachment
of cells occurred.

Results showed that the effect of copper ions on osteoblast
cells is time and distance-dependent. Copper ions reduced the

number of live cells and their proliferation, and favoured their
detachment.

4. Discussion

ExtCs showed that the number of surviving cells could be
correlated with the concentration of copper ions in a time and
dose-dependent manner (Fig. 4) with a homogeneous distribu-
tion of live and dead cells. Conversely, DCs showed that the
surface density of surviving cells was dependent on their
distance from the copper disk. Thus, the rate of the death process
that decreased towards the border of the Petri dish may be
governed by the transient diffusion of copper ions into the cell
line, in response to the concentration step. Therefore, when ExtC
and DC are compared, it must be considered that during ExtC the
concentration of ions is nearly constant all over the Petri dish
(however there are some changes due to the cell cycles) and
during the whole period of the experiment, whereas in DC, the
concentration of ions may change from place to place and from
time to time.

It is worthy to mention that there was a threshold value of
concentration (16.9 mg/L) below which no decrease in the cell
number was observed. However, in agreement with results from
a previous report [11], a decrease in the mitotic figures under
this condition was noticed, which could be correlated with the
decrease in the proliferation rate with respect to the control.

4.1. Distribution of copper ion concentration levels

In order to describe and simulate the variation of ions
concentration with time and location, Fick’s 2™ law equation
can be applied [40,41] for DC. Due to the complexity of the
system, we assumed that it could be simulated considering that
copper ion was a non-interacting species which diffused into the
cell line. Convective transport within the biofilm was assumed to
be negligible. Under these conditions, the transient diffusion of
copper ions released by the copper disk into the biofilm in
response to the concentration step (between the surrounding of
the disk and the bulk), can be described using radial coordinates,
as follows:

JaC 149 JaC
a—t—m@ﬂ) m

It was also assumed that copper ion concentration was
constant on the copper surface and that the axial coordinate was
negligible in relation to the radial one. The term on the left side
represents the local accumulation of ions and the term on the
right represents the net change in concentration due to diffusion.

Parameter D, is the effective diffusion coefficient in the
biofilm. Value D, will be reduced compared to the diffusion
coefficient in water, D,q, due to the presence of cells,
extracellular polymeric substances, inorganic particles, gas
bubbles, etc. The relationship D./D,q depends on the size and
charge of the diffusing solution (solute) (copper ions) and the
biomass density in the biofilm [42].
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Fig. 6. Calculated concentration of ions (C(#,r)) obtained according to Eq. (4).
The concentration gradients within the Petri dish for each exposure period (6 h,
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curves indicating the concentration of copper ions associated to different
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The following equations were selected as boundary condi-
tions:

C=0 r=2a, =0,
C=f(r), 0=r<2a, t=0
Co if  0<r<ry (2)
_ 2
fr) = Oiexp(ro) if ry=<r<2a
xp(r?)

where ry is the radius of the copper disk, and « is the radius of
the Petri dish.
C(rf) solution to Eq. (1) is:

2 & Jo(ro,) [
C(r 2; exp(—Deot) —— T20an) ), rf (r)Jo(rot, )dr
3)

o, are the roots of
Jo(2ao,) = 0,
and o, defined by:

2a

i {Jo(ar)Y2dr = 5 (2a)2J12(2aoc,,),

and

P = Ando(ro),
n=1

where Jy(x) is the 1st class, zero order Bessel’s function, J;(x) is
the 1st order Bessel’s function, and o, are the roots for Jy(x).

The final expression was obtained by using f(r) (Eq. (2)):

J()(I’Ocn)

Z:: Des t) J1 (ao) @)

“ 2
/rJo(oc,,r)dr —|—/ Z);I;E:g; rJo(o,r)dr

0 ro

Fig. 6 reproduces graphically the last equation. This
representation shows the most rapid diffusive delivery of ions
into the biofilm as the analysis incorporates neither reaction nor
absorption [40], and Cj is supposed to be constant. According
to this figure, the concentration of copper ions accumulated
during t, decreases from the surface of the metal sample towards
the wall of the Petri dish. In order to facilitate the interpretation
of this graph, let us consider the following example: after /=6 h
the concentration of ions is 5 mg/L at =7 mm (see vertical line,
Fig. 6) and decreases at higher r values. Subsequently, the
concentration of ions changes from 5 to 12.5, 17, and 20 mg/L
after exposure periods of 12, 18, and 24 h.

Consequently, the cells placed at radial distance »=7 mm
should have been exposed to different concentrations of ions
from 0 to 20 mg/L during 24 h. On the other hand, after 24 h the
cells near the copper disk (»=2.5 mm) are exposed to 40 mg/L,
those near the middle of the Petri dish (»=.7.5 mm) to 20 mg/L,
and those close to the border (r=15 mm) to 0 mg/L.
Accordingly, C depends on time (f) and distance, i.e. C=C(tr).
The situation would be even more complex if we consider
changes in the corrosion rate with time (in this case Cy varies with
time).

Concentration values usually reported for cytotoxicity
DC assays correspond to the average concentration of the
supernatant solution. Fig. 7 shows the comparison between one
of the curves in Fig. 6 (=12 h) and the average value
(11.25 mg/L =measured value) that results from the distribution
of concentration values in the Petri dish for the 12 h exposure
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Fig. 7. Comparison of the concentration of ions vs. 7 values (from Fig. 6) with
the average value. The average value for 12 h exposure, corresponding to the
supernatant solution after mixing is indicated.
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period. It can be noticed that the concentration of copper ions
near the disk could be more than twice the average value.
However, the existence of concentration gradients, which
implies that the cells close to the disk are in contact with high
copper ions levels, is disregarded when average concentration
values or extracts are used.

Importantly, for exposure periods longer than 24 h and
according to Eq. (4), the concentration of copper ions will be
different from zero at the border of the Petri dish. As these ions are
not able to diffuse out of the Petri dish, they will accumulate at the
border and diffuse in opposite direction, that is, towards the centre
of the Petri dish. Under these circumstances (exposure periods
longer than 24 h), Eq. (4) is not valid. Consequently, for exposure
periods longer than 24 h, the distribution of concentrations cannot
be described with the mathematic analysis developed above.

4.2. Distribution of surviving cells

Present results (Fig. 4) show that the surface density of cells
for ExtC depends exclusively on exposure time because the
concentration of copper ions in the extract is almost constant
(there are slight changes due to cell cycles). Figs. 5 and 6 show
that during DC the density of dead cells and probably the
concentration of copper ions are radial-dependent. Thus, we can
infer that the distribution of cells is related to the copper ion
concentration gradients in a dose and time-dependent manner.
However, the number of dead cells or the changes in other
parameters (cell proliferation, maturation, differentiation) dur-
ing DC are usually reported as average values [29,31-34],
though it does not actually reflect the effect of high ions
concentration on the metal surroundings [37].

Datain Fig. 4 (ExtCs) show that after 24 h, the average value of
live cells for the whole Petri dish is close to 100%. However, the
number of cells in Region A during DC experiments after 24 h is
very low with respect to the control (Fig. 5). When results from
ExtC and DC for 24 h exposure are compared, it can be noticed
that for Ext24 the number of surviving cells after 24 h was similar
to the initial value whereas for DC the average number of cells
(average number for the whole Petri dish) was only 40% (Fig. 4).
Results seem to be contradictory; however it must be taken into
account that the concentration of extracts in ExtC is nearly
constant and close to 16.9 mg/L. For the case of DC, and
according to the model of diffusion (Fig. 6, =24 h), the
concentration of ions could be two-times close to the copper disk
(Region A) and a half when near the border of the Petri dish
(Region C). The apparently inconsistent results can now be
explained considering that: i) during ExtC the average concentra-
tion of extracts (16.9 mg/L for Ext24) was below the toxic limit, ii)
during DC the level of copper ions was lethal in Region A and
sub-lethal in Region C. Fig. 8 shows the comparison of the
number of surviving cells and the concentration values obtained
from Figs. 5 and 6 for the different regions after 24 h exposure
with the disk. The average value of the concentration and number
of surviving cells for the whole Petri dish is also indicated in order
to compare results from different methodologies with important
clinical implications. It can be noticed that the high effect of
copper ions on the cells near the disk (Region A) is under-

estimated when the average values of surviving cells are reported.
They may induce significant errors when applied to clinical
conditions in which Region A represents the surroundings of the
implant. Consequently, it is important to focus on the experi-
mental conditions corresponding to data reported on toxic levels
in relation to their application in vivo.

4.3. Threshold values: time and concentration

Exposure to copper ions during short periods (2 h) did not
cause cell death even at high ion concentration values (Ext72).
Besides, concentrations lower than 16.9 mg/L (Ext24) even
after 24 h exposure, did not reduce the number of surviving cells
significantly. Consequently, there are threshold values for time
and concentration below which the effect of copper ions could
not be detected through the decrease in the number of cells in
relation to the initial value. However, reduction was observed in
the mitotic process which results in the reduction of the final
number of surviving cells in relation to those of the control.

4.4. Some consequences for IUD performance

The radial- and time-dependence of copper ions concentration
(Fig. 6) has important implications in [UD performance. Reports
on corrosion experiments with copper in simulated uterine fluid
for [UD applications [4,20,43] usually show the kinetics of copper
release and the release of ions in pg/day (that is, copper ions
accumulated during 24 h) as an average value for the whole
vessel. Experimental conditions used for these corrosion data
reported are dissimilar to those corresponding to in vitro assays
with cell lines and to those of clinical situations. For the latter case,
diffusion concentration gradients are established leading to high
concentrations close to the metal. These concentration gradients
are particularly important during the early stages of implantation
due to the high corrosion rate of IUDs, characterized by large
active areas. Thus, the pain that women suffer during the first days
after implantation may be in part related to this high concentration
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Fig. 8. Surviving cells in each region of the well (A, B, C) vs. calculated copper
ions concentration (from Eq. (4)). The average number of live cells in the whole
Petri dish and the corresponding average concentration of copper ions (measured
value) are indicated for comparison.
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of ions around the metal, that affects the surrounding tissues.
Additionally, it should be considered that the efficiency of the
device may be time-and distance-dependent.

5. Concluding remarks

Knowledge on the effects of copper or other ions released by
metals on biocompatibility is strongly dependent on the under-
standing of the events at the interface biomaterial-tissue.
Definitely, clinical situations are very complex, mainly in the
neighboring tissues where the concentration of ions is high.
Nevertheless, in vitro assays are useful to determine the toxic
levels for each particular cell line as a first biological
approximation to reduce the number of in vivo assays. However,
when comparisons are made between different in vitro assays it
must be considered that the experimental methodology may be
significantly different. Thus, concentration gradients are not
considered in evaluations such as LC50 or TC50 and experiments
with extracts or salts that use ion-containing solutions in the
absence of the metal sample. In these cases, conditions are very
different from the clinical situation of the implant surroundings.
Additionally, even when metal samples are used in some
cytotoxicity assays, the non-homogeneous distribution of dead
cells within the Petri dish (high number of dead cells near the
metal sample) and the changes in proliferation and differentiation
(which may be radial-dependent) should be also taken into
account. They have significant consequences in in vivo processes
involving metals employed for osteointegration, contraception,
dental restoration and metallic stents.

In our opinion, ExtC and DC provide different but comple-
mentary information. However, DC assays seem to be closer to the
clinical situation. The toxic effect of metals may be underestimated
when exclusively ExtC methodology is employed or when the
non-homogeneous distribution of dead cells and the changes in
proliferation, maturation and differentiation, related with the
presence of concentration gradients, are disregarded in DC.
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Abstract

A Prussian Blue (PB) film modified disk ultramicroelectrode (UME) was fabricated by electrochemical deposition technique on a Pt-disk
UME. The electrocatalytical reductions of hydrogen peroxide derived from glucose oxidase (GOD) on this modified UME were investigated. The
enzymatic biochemical reactivity was imaged by scanning electrochemical microscopy (SECM) utilizing the PB film modified UME. It is evident
that sensitivity and spatial resolution for hydrogen peroxide measurement were improved obviously. SECM images obtained clearly revealed the
concentration profile of the reaction products around the enzymes. The PB film modified microelectrode is in the nature of simple preparation,
high catalytic activity on hydrogen peroxide and substrate selectivity for SECM etc.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Modified ultramicroelectrode; Prussian Blue; Hydrogen peroxide; Enzyme; SECM

1. Introduction

The electrochemical detection of substances released by tiny
living things (e.g. enzymes, cells) proceeding from enzymatic or
cellular activities or upon stimulation with a specific chemical
agent has been receiving numerous interests. However, all these
require the positioning of suitable and selective sensors or
detectors close to the substrate population. The ultramicroelec-
trode has always been attached to great interests and invest-
ments in electrochemical micro-analysis due to its excellent
characteristics [1].

It has been demonstrated that SECM can provide
sensitive techniques for determining the local activities
and viabilities of immobilized enzymes [2-3], for its well
applicability to detect trace amount of molecules in
extremely little volumes. There are many applications of
SECM in characterizing various types of samples, espe-
cially in biological systems [4]. Imaging of oxidation—
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reduction processes in single cells, such as metabolic
regulations [5-6], especially photosynthetic [7-9] or
respiratory activities [9,13], is of great interests because
enzymatic redox reactions are essential to many cellular
functions “working”.

As the probe in SECM, UME with micro- or even
submicrometer tip diameters are employed. In general, a
micrometer-sized UME is positioned in close proximity to a
living cell substrate and used to oxidize (or reduce) the
molecules ejected from the cells. Topographic images are
obtained by moving the UME across the sample surface,
usually at a constant height, and monitoring the ampero-
metric or potentiometric tip responses as the activities of
living cells [10—13]. However, the probes commonly used
in SECM are mostly bare metal electrodes (e.g. platinum
wires) displaying inevitable drawbacks in some respects
and need improvement. For instance, in order to detect
sensitively and selectively the nitric oxide (NO) which was
released from endothelial cells, a modified and reformative
Pt-disk microelectrode was employed for SECM detection
the release of NO [14—15].
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Fig. 1. Cyclic voltammetry curves of hydrogen peroxide in KCI solution. Solid
line (a) was recorded with unmodified Pt UME while dotted lines (b) with PB
film modified UME. Cross dotted lines obtained at different concentrations of
hydrogen peroxide. Hydrochloric acid was used to adjust the pH value at the
range of 5.0-7.0 and scanning potential range was —0.1 V-0.4 V.

Prussian Blue film modified electrodes come forth as
early as in 1978 for its excellent electrochemical reversi-
bility, high stability and simple preparation and so on. Due to
PB film’s particular electrocatalytical reduction perfor-
mances on hydrogen peroxide, it’s seemed as “artificial
peroxidase” and can be used to functionalize biosensor
combined with various enzymes, such as in detecting
glucose [16], cholesterol [17], glutamate [18] and even
herbicides [19], etc.

However, the application of PB film modified microelec-
trodes in SECM measurements may have not been reported
to the best of our knowledge up to now. The present work
proposed PB film modified microelectrode to be a probe of
SECM. The electrocatalytical reduction performances of PB
film modified microelectrode on hydrogen peroxide were
inspected. The enzymatic reactivities were also mapped by
SECM. The aforementioned micro-sensors are more selec-

i/ nA

0.4 0.3 0.2 0.1 0.0 -0.1
E/V (vs.Ag/AgCl)

Fig. 2. Voltammetric curves with various scanning rates. From the top down, the
scanning rates are 0.1 V/s, 0.08 V/s, 0.06v/s, 0.04 V/s and 0.02 V/s respectively.
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Fig. 3. Amperometric i—¢ response curve of hydrogen peroxide on PB film
modified microelectrode. Each climbing step means adding 1 mmol of hydrogen
peroxide successively.

tive and sensitive compared with the unmodified ones and
offer greater promises for hydrogen peroxide determination
than bare Pt microelectrodes.

2. Experimental
2.1. Chemicals and apparatus

Glucose and glucose oxidase (GOD) were purchased from
Toyobo Company (Japan). All the other inorganic chemicals were
analytical reagent grade and used as received. Deionized water
(18.2MQ cm, Millipore Synergy 185) was used in experiments.
All experiments and measurements were carried out at room
temperature 25 + 1°C.

CHI660B electrochemistry workstation (Chenhua Instru-
ment Company, Shanghai, China) was used to perform cyclic
voltammetry and PB deposition experiments. The electrochemi-
cal cell was a classical three-electrode setting with an Ag/AgCl as
reference electrode, a platinum wire as counter-electrode and the
Pt UME with a diameter of 10pum as working electrode; CHI900A
scanning electrochemical microscopy (CH Instrument Company,
TX, USA) was used to perform enzymatic bioactivity mapping
which were carried out in a there-electrode configuration with the

SECM Tip

Substrate

Fig. 4. Schematic illustration of activity image of GOD by SECM.
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Fig. 5. The current comparison diagram of bare and PB film modified micro-
electrode. The cross sectional planes of SECM images across GOD spot
producing H,0, reduction currents with bare Pt microelectrode (dotted line a)
and PB film modified microelectrode (solid line b).

PB film modified Pt UME as working electrode, an Ag/AgCl as
reference electrode and a platinum wire as counter electrode.

2.2. Modification of the microelectrode

A Pt-disk UME (@ = 10um) surface was polished lightly
with 0.05pum alumina powder on the chamois and bathed in HCI
(1:1) and ethanol subsequently, and then it was ultrasonicated in
deionized water for several minutes.

The PB film modified electrodes were normally con-
structed by the use of cyclic voltammetric method [20,21]
and constant-potential electrodeposition [22]. Cyclic vol-
tammetric method was adopted in order to electrodeposit
PB film on the UME which was immersed in 2mmol/L K5
[Fe(CN)g] + 2mmol/L FeCl; + 0.1mol/L KCI mixed
solution and carried out in a small beaker as the electro-
chemical cell until the voltammogram’s steady-going. Thus
the PB film modified disk ultramicroelectrode was fabri-
cated by electrodeposition technique.

T O0um

3. Results and discussion
3.1. Voltammetric characteristics of PB film modified UME

The PB film modified Pt UME was used to perform cyclic
voltammetry in phosphate buffer solution (PBS) containing
0.1mol/L KCl in order to test the catalytical performances of PB
film on hydrogen peroxide at a scan rate of 0.05V/s.

As manifested in Fig. 1, on the unmodified microelectrode no
obvious oxidation—reduction reaction of hydrogen peroxide
(curve a) occurred between — 0.1V and 0.4V for its apparently
smooth and low-current value curve, which couldn’t be com-
petitive with the status on the PB film modified one for significant
peaks of oxidation and reduction at about 0.24V and 0.19V
respectively (curve b). Also from Fig. 1, the reduction peak
currents amplified with the increase of hydrogen peroxide
concentrations.

The cyclic voltammetric method was also adopted to record
the oxidation—reduction currents of PB film modified UME in the
PBS containing 2mmol/L H,O, and 0.1mol/L KCI at different
scanning rates (20mV/s—100mV/s). The result was shown in
Fig. 2. It could be found that both oxidation and reduction peak
currents were in proportion to the square root of scanning rates
from experimental data, which indicated that the reaction of
hydrogen peroxide on the PB film modified microelectrode was
under the control of surface diffusion of hydrogen peroxide
towards the modified microelectrode surface.

3.2. Amperometric response of PB film modified UME on
hydrogen peroxide

In order to examine the sensitivity of amperometric
response of the PB film modified UME on hydrogen
peroxide, amperometric i—¢ curve was recorded and the
result was shown in Fig. 3. When small droplets of hydrogen
peroxide of Immol were added into the electrochemical cell,
the amperometric responses increased immediately and also
achieved the steady values at the same moment which
indicated that the PB film has fast response to hydrogen
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Fig. 6. SECM images of GOD spot activity (a) and its topographic graph (b). Two peaks may imply a significant quantum of scatter for two peaks that were overlapped.
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peroxide. It is the evidence that the PB film has a high
sensitivity on electrocatalysis of hydrogen peroxide.

Furthermore, the present conclusion educed that there was a
linear correlation between the peak currents and the concentra-
tions of hydrogen peroxide within the range of 1 x 10™ °—4 x
10~ *mol/L. Therefore, the PB film modified UME can be used
to measure low concentrations of hydrogen peroxide in the
environment.

3.3. The optimization of supporting electrolyte and pH value

The voltammetric characteristics of PB film modified UME
in PBS containing different types of electrolytes of KCI, KNO3,
NaCl, NaAc (¢ = 0.lmol/L) were studied respectively. Ac-
cording to the ionic effect test, the highest peak current occurred
in KClI solution.

The trend of the dependence of pH on peak current was
investigated in detail from 1.0 to 7.5 in 0.1mol/L KCI solution.
The experimental results showed that the maximum ampero-
metric response of hydrogen peroxide on the PB film modified
microelectrode was correspondingly dependent of pH over a
range of 5.0—7.0. Thus the experimental supporting electrolyte
and acidity were visualized.

3.4. Reproducibility and stability of the PB modified UME

The fabrication reproducibility of the PB film modified micro-
sensor was estimated by determining the identical concentrations
of hydrogen peroxide solutions in the same condition. The
relative standard deviation (RSD) of the amperometric responses
was 2.50% (n = 7).

The stability was investigated over a three and six hours’
period respectively by continuously detecting the identical
hydrogen peroxide solution. The amperometric response
reduced to 97.2% and 93.4% respectively. It was also tested
by cyclic voltammetry periodically in hydrogen peroxide
solution and the reductive current slightly decreased after
250 scans (approximately reducing to 91.8%). Hence the PB
film modified micro-sensor kept good amperometric
response which revealed good stability.

4. Studies on GOD by SECM
4.1. Probe scan curves by SECM

A very small droplet of glucose oxidase solution was spotted
onto the polyethylene substrate with a glass capillary and
immobilized with 2% glutaraldehyde solution which was
carried out with the help of microscope. According to the
references [23,24] reported previously, the substrate of GOD
spot was bathed in a mixed solution of 0.1mol/L PBS (pH = 6.8)
containing 0.1mol/L KCI and 25mmol/L glucose. The tip was
positioned in close proximity to the sample zone by means of
the feedback mode (poised to 0.1V vs. Ag/AgCl). To invoke the
generation-collector mode, the probe was then biased at 0.05V
(vs. Ag/AgCl) for amperometric detection of hydrogen peroxide
produced at the site of the immobilized enzymatic activity at a

Ilpm/s scan rate. Schematic illustration of GOD activity
mapping by SECM was shown in Fig. 4.

While the GOD spot was scanned with the PB film modified
tip again by means of the method adopted above, the reduction
current derived from enzymatic hydrogen peroxide increased
significantly which was shown in Fig. 5. There was a
considerable amount of scatter for two peaks overlapped with
the modified microelectrode than bare microelectrode. Thus it
can be demonstrated that the sensitivity of detecting trace
hydrogen peroxide produced by GOD with the presence of PB
film increased markedly compared with that unmodified
microelectrode. It is evident that spatial resolution of SECM
for hydrogen peroxide measurements was improved obviously.

4.2. Imaging of GOD by SECM

According to the afore-cited method, a very small droplet of
GOD solution was spotted onto the Pt substrate which was then
immersed in a 0.lmol/L KCI and 0.1mol/L PBS (pH = 6.8)
mixed solution also with 25mmol/L glucose. The immobilized
enzymatic activity was imaged by the generation—collection
mode of SECM with a PB film modified Pt UME (poised to
0.05V vs. Ag/AgCl) which acted as an amperometric probe to
detect the reduction current of hydrogen peroxide. The SECM
image obtained by an assisted constant-height mode (approxi-
mately 20pum above the substrate) at a scan rate of 1pm/s was
shown in Fig. 6(a) and topographic graph in Fig. 6(b). It is
apparent from Fig. 6 that when the PB film modified UME
moving above the GOD zone where the concentration of
hydrogen peroxide increased due to the enzymatic reaction, the
reduction current was amplified.

5. Conclusions

It was demonstrated that the PB film modified UME could be
used to detect trace hydrogen peroxide sensitively during the
proportionately longer electrode’s serviceable life. With the PB
film modified disk ultramicroelectrode employed as a probe in
SECM, the sensitivity, spatial resolution and image quality for
the measurement of hydrogen peroxide produced by GOD were
improved obviously compared with unmodified one. Thus, the
PB film modified UME could be a convenient and powerful tool
in SECM imaging.
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Abstract

The electrochemical oxidation of L—cysteine (CySH) in presence of carbon nanotubes (CNTs) formed a composite film at a glassy carbon electrode
(GCE) as a novel modifier for directly electroanalytical determination of terbinafine without sample pretreatment in biological fluid. The determination of
terbinafine at the modified electrode with strongly accumulation was studied by differential pulse voltammetry (DPV). The peak current obtained at
+1.156 V (vs. SCE) from DPV was linearly dependent on the terbinafine concentration in the range of 8.0x 10 ¥~5.0x 10~° M in a B-R buffer solution
(0.04 M, pH 1.81) with a correlation coefficient of 0.998. The detection limit (S/N=3) was 2.5 x 10~ ® M. The low-cost modified electrode showed good
sensitivity, selectivity, and stability. This developed method had been applied to the direct determination of terbinafine in human serum samples with

satisfactory results. It is hopeful that the modified electrode will be applied for the medically clinical test and the pharmacokinetics in future.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Terbinafine; Cysteic acid; L—cysteine; Carbon nanotubes; Voltammetry; Human serum

1. Introduction

Terbinafine (Scheme 1) is an allylamine derivative. Chemically
it is (E)-N—(6, 6—dimethyl-2—hepten—4—ynyl)—N—methyl—1—
naphthalenemethanamine (C,;H,5N). Like other allylamines, it
inhibits ergosterol synthesis by inhibiting squalene epoxidase —
an enzyme that is part of the fungal cell wall synthesis pathway [1].
In layman’s terms, it inhibits fungal and bacterial cell wall growth,
causing the contents of the cell to be unprotected and eventually
die. So it is applied to the skin in the occurrence of dermato-
phytoses, pityriasis versicolor, and cutaneous candidiasis occur-
rence or superficial fungal infections like seborrheic dermatitis,
tinea capitis, and onychomycosis especially for its short duration
therapy [2]. Generally, terbinafine hydrochloride is the main
chemical form of terbinafine for pharmaceutical purposes. Ter-
binafine comes as a tablet to take by mouth. It is usually taken once

* Corresponding author. Yangzhou University, 180 Siwangting road,
Yangzhou, China. Tel.: +86 5147975590 9217; fax: +86 5147975244.
E-mail address: xyhu@yzu.edu.cn (X. Hu).
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a day for 6 weeks for fingernail fungus and once a day for
12 weeks for toenail fungus. As a 1% cream or powder, it is used
for superficial skin infections such as jock itch (Tinea cruris),
athlete’s foot (7inea pedis) and Ringworm. It is highly lipophilic
in nature and tends to accumulate in skin, nails, and fatty tissues.
Excessive terbinafine may cause some side effects as follows: an
allergic reaction (difficulty breathing; closing of your throat;
swelling of lips, tongue, or face; or hives), a rash, changes in vision
or blood problems and so on [3].

Quantitative determination of terbinafine in pharmaceutical
formulations and human physiological fluids is of considerable

CMej3
Me /¢C/
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Scheme 1. Structure of terbinafine.
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significance in both quality control of preparations and clinical
diagnoses. There are only a limited number of techniques des-
cribed for the determination of terbinafine in its pharmaceutical
formulations including capillary zone electrophoresis [4], HPLC
[5,6], UV—spectrophotometric method [7-9], agar diffusion
method [10] and polarography [11]. Pharmaceutical analysis in
biological fluids plays an important role in studies of pharmaco-
kinetics and pharmacodynamics both in experimental animals and
human. Some studies on pharmacological actions of terbinafine
have been done, however, there have been a very few methods
reported about the determination of terbinafine in biological
media. The determination of active contents of terbinafine in
biological fluids is often achieved by chromatography but there are
certain problems that still exist which require more sophisticated
models to be solved. Denouel et al. developed a reliable reversed-
phase high-performance liquid chromatographic method for the
determination of terbinafine in human plasma with the detection
limit was 2.0 ng/mL [12]. Zehender et al. detected terbinafine in
human plasma and urine by high-performance liquid chromato-
graphy using on line solid-phase extraction, and the linear range
was 0—2.5x 10% ng/mL [13]. Though these methods showed good
selectivity and sensitivity, they required several time-consuming
manipulation steps, sophisticated instruments and special training.

Electrochemical detection of analysis is a very elegant method in
analytical chemistry. The interest in developing electrochemical-
sensing devices for use in environmental monitoring, clinical
assays or process control is growing rapidly. Electrochemical
sensors satisfy many of the requirements for such tasks particularly
owing to their inherent specificity, rapid response, sensitivity and
simplicity of preparation. Up to date, there is only an available
polarography with the hanging mercury drop electrode for the
determination of terbinafine in the literatures [11]. Arranz et al.
determined terbinafine at —1.47 V vs. Ag/AgCl by square wave
voltammetry and differential pulse polarography with a hanging
mercury drop electrode [11]. This technique showed good re-
producibility and sensitivity. However, the utilization of the
hanging mercury drop electrode would contaminate the environ-
ment because of their environmental toxicity if the mercury is
handled with no special care. Furthermore, their test solution must
be degassed with oxygen-free nitrogen for 10 min, and they
determined of terbinafine in spiked human urine samples based on a
preseparation step at a solid phase C-18 cartridge. For these reasons,
the simple, rapid, and sensitive method for the determination of
terbinafine in biological media with high sensitivity is expected to
be established.

Since carbon nanotubes (CNTs) were discovered in 1991, they
have attracted much attention of researchers [ 14]. Some progress in
application of CNTs as biosensors has been made, which greatly
benefits from the ability of carbon nanotubes to promote the
electron—transfer reactions of important biomolecules, including
enzymes, DNA and proteins et al. [15]. CNTs modified electrodes
have been proved to have excellent electroanalytical properties,
such as wide potential windows, low background current and good
biocompatibility. Different types of CNTs modified electrodes
have been reported, including carbon nanotube paste electrodes
[16], carbon nanotube-intercalated graphite electrodes [17] and
CNTs film coated electrodes [18,19], etc. Recently, conducting

polymer/CNTs composites have received significant interest,
because the incorporation of CNTs into conducting polymers
can lead to new composite materials possessing the properties of
each component with a synergistic effect that would be useful in
particular applications [20].

In the present paper, we described the use of CNTs and
cysteic acid based on electrochemical oxidation of L—cysteine
(CySH) to form a novel composite film material at a glassy
carbon electrode (GCE) for directly electroanalytical determi-
nation of terbinafine in human serum samples without sample
pretreatment. The negatively-charged functional groups of the
cysteic acid, the sulfonated group, can strongly attract proto-
nized amine groups of terbinafine molecules with positive
charges onto the modifier film in an acid solution, and improve
favorable accumulation of terbinafine to result in higher sen-
sitive current response. Compared with the bare glassy carbon
electrode, the modified electrode showed significantly en-
hanced accumulation of terbinafine, and the detection limit of
this method decreased one order of magnitude. This method has
the advantages of rapid and simple operation, very low inter-
ference and high accuracy in the serum for the determination of
terbinafine. This cysteic acid/CNTs composite film is consid-
ered to be a promising, low-cost, steady and biocompatible
material for the modification of electrodes.

2. Experimental
2.1. Apparatus

Cyclic voltammetric (CV) and differential pulse voltammetric
experiments were carried out at a CHI 660B electrochemical
workstation (Chenhua Instruments, China). All electrochemical
experiments employed a conventional three-electrode system with
a glassy carbon electrode or a cysteic acid/CNTs modified glassy
carbon electrode (3.0 mm in diameter) as a working electrode, a
platinum wire as an auxiliary electrode and a saturated calomel
electrode (SCE) as a reference eclectrode. SEM images were
obtained from XL-30E scanning electron microscopy (Philips,
Netherlands). All potentials reported in this paper were referenced
to the SCE. All of the electrochemical experiments were carried
out at 25 °C.

2.2. Chemicals and solutions

L—cysteine (CySH) was obtained from Shanghai Chemical
Reagent Co., Ltd. (Shanghai, China). Terbinafine hydrochloride
was purchased from the National Institute for the Control
Pharmaceutical and Biological Products (Beijing, China). The
multi-wall carbon nanotubes (30—-50 nm) were obtained from
the Chinese Academy of Sciences Organic Chemistry Company
(Chendu, China). All the other reagents used were of analytical
grade. Doubly distilled water was obtained by purification through
a Millipore water system and was used throughout. A stock stan-
dard solution of terbinafine (1.0 10~ M) was prepared, and kept
it in the dark under refrigeration (below 4 °C). The B—R buffer
solutions (0.04 M) at various pH values were used as base so-
lutions for the electrochemical determination of terbinafine.
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2.3. Fabrication of the cysteic acid/CNTs modified glassy
carbon electrodes

Before modification, the glassy carbon electrode was polished
respectively with 1, 0.3 and 0.05 pm «-alumina powder, rinsed
thoroughly with doubly distilled water within each polishing step,
and then sonicated in 1:1 nitric acid, acetone and doubly distilled
water successively. The CNTs was purified according to the
previous report [14]: the CNTs was refluxed in the mixture of
concentrated H,SO,4 and HNO; for 24 h, then washed with twice
distilled water and dried in vacuum at room temperature. The
CNTs suspension was prepared by dispersing 2.5 mg the CNTs in
25 ml dimethyl formamide (DMF) under sonication for 10 min. A
10 pL aliquot of black suspension was dropped directly on the
glassy carbon electrode surface, and left it dried under an infrared
lamp. The cysteic acid/CNTs/GCE was prepared by cycling
scanning the CNTs/GCE between —1.2 and +2.6 V (vs. SCE) at
the scan rate of 200 mVes ' in 0.04 M HCI solution containing
2.5%x10° M CySH with 20 consecutive cycles (Fig. 1). The
modified electrode was then electroactivated by cyclic scanning
from +0.6 to +1.5 V in the 0.5 M H,SOy, solution until a steady
cyclic voltammogram was obtained. Finally, the electrode was
dried with a stream of high purity nitrogen.

2.4. Determination of terbinafine

The cysteic acid/CNTs modified-glassy carbon electrode, the
platinum wire counter electrode, and the saturated calomel re-
ference electrode (SCE) were immersed in 20.00 mL B—R buffer
solution (0.04 M, pH 1.81). A certain amount of terbinafine was
added in the solution, with stirring by a magnetic stirrer. The
stirring was stopped after the electrochemical accumulation for
60 s was at —0.30 V. Then the differential pulse voltammetry
(DPV) was immediately performed to scan from +0.5to +1.4 V
after quiet time of 20 s. To establish the optimum conditions for the
determination of terbinafine by means of the DPV technique,
various instrumental parameter variables were studied. The op-
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Fig. 1. Cyclic voltammograms of the CNTs/GCE in 0.04 M HCI solution
containing 2.5x10 > M L—cysteine (CySH). Scan rate: 100 mVes '; Scan
potential: —1.4 to 2.6 V; Consecutive cycle: 20.
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Fig. 2. Differential pulse voltammograms of 1.0 x 10~® M terbinafine (solid line)
and blank (dot line) at the cysteic acid/CNTs/GCE in the 0.04 M B—R buffer
solution (pH, 1.81). Accumulation potential under stirring: —0.3 V; Accumula-
tion time: 60 s; Quiet time: 20 s; Scan rate: 0.010 Ves !; Pulse height: 0.050 V;
Sampling width: 0.05 s; Pulse period: 0.2 s; Sensitivity: 1.0x 107> AeV ™",

timum conditions were as follows: scan rate, 5 mVes ™ '; sampling
width, 0.05 s; pulse amplitude, 50 mV; and pulse period, 0.2 s. An
anodic peak current of terbinafine at +1.156 V was recorded
(Fig. 2). The standard addition method was applied to quantitative
determination of terbinafine. After the determination, the renewal
of the electrode was accomplished by soaking the modified elec-
trode in the 0.5 M H,SOy solution to cyclically scan between +0.6
and +1.5 Vabout 10 cycles.

3. Results and discussions
3.1. The role of materials modified on the GCE

The high electroactive surface area and excellent electronic
conductivity of CNTs make this material an attractive candidate for
use as an active electrode modifier [21]. Fig. 3A-a and A-c shows
the differential pulse voltammetric behavior of 1.0x107° M
terbinafine at bare GCE and the CNTs/GCE in the 0.04 M B—R
buffer solution (pH 1.81). The current response of terbinafine at the
modified electrode is about five times higher than that at the bare
GCE, at same oxidation potential with identical experimental
conditions. This is attributed to further beneficial effects in terms of
branched electrical conductivity coupled to increased electrode
surface area of CNTs. On the other hand, after the CNTs were
treated with concentrated H,SO4 or HNOj3 during the purification
process, the carboxylic acid groups were introduced on the CNTs
surface [22]. In B—R buffer solution of pH 1.81, the surface of the
CNTs/GCE should be negatively charged because carboxylic acid
groups bring negatively charged ones [19], while terbinafine exits
as cation (pKa 7.1 [23]). Terbinafine with positive charges could be
attracted to the surface of the modified electrode. So the CNTs/
GCE would enhance the current response of terbinafine.

Fei et al. described that the oxidation product of CySH can be
oxidized further to chemisorbing molecules (cysteic acid) under
high positive potential [24]. Ralph et al. demonstrated that CySH
was adsorbed on the electrode by using AC voltammetry on GCE,
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Fig. 3. Differential pulse voltammograms of 1.0 x 10~ ® M terbinafine in the 0.04 M
B-R buffer solution (pH, 1.81). (A): a — the bare GCE; b — the cysteic acid
modified GCE; ¢ — the CNTs modified GCE; d — the cysteic acid/CNTs/GCE.
(B) The Nafion/CNTs/GCE. The experimental parameters are similar to Fig. 3.

and its further oxidation to cysteic acid was proposed [25]. Spataru
et al. confirmed that the functional group SO3;H of cysteic acid
was strongly adsorbed at GCE by using cyclic voltammetric and
polarization measurements [26].

Up to now, it is not very clear about the electrochemical oxi-
dation mechanism of CySH. According to Jin and coworker’s
report [27], they used a primary amine, aminobenzoic acid to
fabricate a modified GCE by electrochemical oxidation. A certain
yellow substance was produced at the electrode surface. They
thought the aminobenzoic acid was oxidized to free radical at the
surface of the electrode, the radicals then combined together rapidly
to form to a polymer. Previously, however, and his coworker
described a method utilized with amine-containing compounds and
thought the electrooxidation of amines to their analogous cation
radicals to form a chemically stable covalent linkage between the
nitrogen atom of the amine and edge plane sites at the GCE surface
[28]. By use of X-ray photoelectron spectroscopy (XPS) for
coverage assessment, the capability of this route is demonstrated by
the immobilization of a simple primary amine at the GCE surface.

Their investigation of the influence of substituents on the nitrogen
atom (e.g., primary, secondary, tertiary amines) revealed that the
surface coverage of primary amines was ~ 3 times higher than that
of secondary amines, whereas tertiary amines were not immobi-
lized at a detectable level. This behavior is attributed to a strong
steric effect whereby bulky substituents on the nitrogen atom hinder
accessibility of the reactive amine cation radical to surface binding
sites. Amine salts and amides also showed no detectable coverage
by XPS. Subsequently, 3-alanine [29] and glutamic acid [30] were
reported to fabricate modified GCEs based on electrochemical
oxidations and the mechanisms discussed for the immobilization
process between amines and carbon was coincident with Dein-
hammer. As proposed, the process proceeded initially via the one-
electron oxidation of the amine functionality to its corresponding
cation radical, which subsequently formed a carbon-nitrogen link-
age at the carbon surface. To verify that the electroxidation can
immobilize L—cysteine on the surface of the electrode, XPS, SEM
and ATR spectrum were used for the analysis of the electrode
surface. As shown in Fig. 4, XPS spectra shows that the position of
the peak maximum was at 399.46 eV, which was consistent with the
formation of a carbon-nitrogen bond between the amine cation
radical and the GCE surface. It verified the immobilization of L—
cysteine on the GCE. The ATR spectrum was shown in Fig. 5. The
stretching frequency of C=0 in the COOH group shows up at
about 1731 cm™ '. 1159 cm™ ' is the C—NH bond between the
carbon of the glassy carbon electrode and the N of the L—cysteine,
while 1232 cm™ ' is the HN—CH bond between the NH of L—
cysteine and CH of tertiary carbon. The stretching frequency of
S=0 in the —~SOH group shows up at about 765 cm™ 'and the wide
absorption peak and strong stretching frequency of —SOsH is at
about 1000 cm ™' [31,32].

In recent years, the incorporation of highly conductive CNTs
into Nafion can promote electrochemical responses, and Nafion/
CNTs based electrodes have been increasingly used to solve
demanding electrochemical problems, further they offer advan-
tages over other types of electrode materials [33—35]. We think that
cysteic acid based on the electrochemical oxidation of CySH is
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Fig. 4. X-ray photoelectron spectra in the N (Is) region for the cysteic acid
modified glassy carbon electrode.
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Fig. 5. ATR spectrum of the cysteic acid/CNTs/GCE surface.

similar to Nafion with a sulfonated group, and it can be used as an
electrode modifier due to its attractive ion-exchange character-
istics. Fig. 3(A—b) shows the peak current response of terbinafine
at cysteic acid/GCE is enhanced compared with the bare GCE
under above identical experimental conditions. It was attributed to
the electrostatic attraction of modifier layer for the protonized
amine groups of terbinafine molecules carrying positive charges in
the acid solution. The negatively-charged functional groups of the
cysteic acid, the sulfonated group, can attract terbinafine onto the
modifier film and improve favorable accumulation of terbinafine
to result in higher sensitive current response. Fig. 3(A-d) shows the
current response of terbinafine is the most remarkable at cysteic
acid/CNTs/GCE compared with cysteic acid/GCE and CNTs/
GCE, which the current response of terbinafine at the modified
electrode is about ten times higher than that at the bare GCE.
Obviously, the CNTs (which are now commercially available in
high quality and uniformity) can provide high electrical con-
ductivity and high surface area in the cysteic acid film. The higher
accumulation effect of the cysteic acid/CNTs modified electrode
reflects the synergistic effect of cysteic acid with CNTs. In ad-
dition, according to the previous literature [32], a Nafion/CNTs/
GCE was prepared for comparison with the proposed electrode. A
0.1 wt.% Nafion solution used in this work was prepared by

-
n
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diluting the 5 wt.% Nafion solution in ethanol. CNTs (2.5 mg) was
added into 25 mL 0.1% Nafion solution and sonicated for 30 min
until a homogeneous dispersion was achieved. A same GCE was
coated with 10 pL of the CNTs—Nafion dispersion above men-
tioned. The solvent was left to evaporate at room temperature in air.
Fig. 3(A-d) and Fig. 3(B) show that the oxidation peak potential at
the Nafion/CNTs/GCE is similar to that at the cysteic acid/CNTs/
GCE, implying that both cysteic acid and Nafion play the same
role at the two modified electrodes. Nafion/CNTs/GCE also en-
hanced the peak current response of terbinafine compared with
GCE under above identical experimental conditions, but its current
response is lower than that at cysteic acid /CNTs/GCE, and de-
creases one order of magnitude because of poor conductivity of
Nafion. On the other hand, Nafion is more expensive than CySH.
So cysteic acid/CNTs film has more significant advantages and
electroanalytical application than Nafion/CNTs film.

The peak current response of the cysteic acid/CNTs/GCE to
terbinafine is expected to be affected by the amount of the CNTs on
the electrode surface, which can be controlled by using same
volume (10 pL) of the suspensions with different content of the
CNTs to prepare the CNTs films. After the cysteic acid film is
formed on the CNTs/GCE by electroxidation of CySH, the anodic
peak current of 1.0x 10”® M terbinafine at these composite mo-
dified electrodes was recorded, and the relationship between the
anodic peak current and the CNTs content on the electrode is
shown in Fig. 6 (A). With the increment of the CNTs con-
centration, the peak current increased accordingly, implying that
higher the CNTs content was, higher the sensitivity of the electrode
was. However, it was observed that the background current and
noise level also increased with excessive CNTs content at the
electrode in the experiment. Additionally, the cysteic acid/CNTs
composite film would not be stable because excessive CNTs could
leave off the electrode surface to decrease the peak current.
Therefore, a moderate CN'Ts concentration of 0.10 mgeml ™' was
selected for the fabrication of the cysteic acid/CNTs composite
modified electrodes in this work.

The anodic peak current of terbinafine was considerably related
to the amount of cysteic acid at the modified electrode, too. When
the CNTs/GCE was carried out by the cyclic voltammetry, the
more cycles of sweep were, the more cysteic acid based on
electrochemical oxidation of CySH was adsorbed onto the surface
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Fig. 6. The DPV current responses of 1.0 x 10~® M terbinafine in the 0.04 M B—R buffer solution (pH, 1.81) at the cysteic acid/CNTs/GCE. (A) Effect of the CNTs
concentration on the anodic peak currents. (B) Effect of scan circles for electrochemical oxidation of L—cysteine on the anodic peak current. (C) Effect of accumulation
time on the anodic peak currents. The experimental parameters are similar to Fig. 3 except for the variable objects investigated.
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Fig. 7. Cyclic voltammogram of 5.0 x 10~ ¢ M terbinafine at the cysteic acid/CNTs/
GCE in the B-R buffer solution (0.04 M, pH 1.81). Scan rate: 100 mVes '

of the CNTs/GCE. Fig. 6 (B) shows the remarkable effect of the
cysteic acid amount to the peak current. The anodic peak current
gradually increased with the amount of cysteic acid on the CNTs/
GCE surface. It might be ascribed to the quick accumulation of
terbinafine. However, the anodic peak current decreased when
excessive cysteic acid was adsorbed onto the CNTs/GCE. The
reason is that the cysteic acid could leave from the electrode
surface to decrease the peak current. So a 20-sweep-circle under
the cyclic voltammetry was selected in present experiment.

3.2. Optimization of experimental conditions

To establish the optimum conditions for the determination of
terbinafine by means of DPV technique, some conventional sup-
porting electrolytes were tested, and various instrumental va-
riables were studied. Higher sensitive and well-defined peaks of
terbinafine in voltammograms were obtained in the B—R buffer
solution (0.04 M) compared with other supporting electrolytes,
such as HCI, H,SO4, H3PO,4, NaOH, and phosphate buffer
solution (PBS). The pH value of the base solution has a significant
influence on the oxidation of terbinafine at the cysteic acid/CNTs/
GCE. Experimental results about the effect of solution pH on the
anodic peak currents obtained with recording differential pulse
voltammograms of terbinafine, in a series of B—R buffers (0.04 M)
with varying pH, in the range of 1.81 to 7.0. The anodic peak
current of terbinafine would increase monotonically and peak
potential would simultaneously shift toward positive direction
with decreasing the pH value. This was attributed to the existence
of terbinafine (pK, 7.1) in the cationic form in the acid solution and
the cysteic acid/CNTs/GCE undertook negative charges, and the
modified film can attract and accumulate the cationic terbinafine
onto the electrode surface. But the background current was too
large to facilitate the determination of terbinafine when the acidity
was too high. So the B—R buffers (pH 1.81) solution was selected
for the determination.

The effects of accumulation potential on the DPV current
response of terbinafine were studied. The accumulation step pro-
ceeded in a constantly stirred solution and the voltage scanning

step was performed after 20 s of quiet time. We found the peak
current of terbinafine was the highest at —0.3 V as the accu-
mulation potential. This is attributed to the fact that terbinafine
exists in the cationic form at pH 1.81 and the negative potential is
more favorable to the accumulation. Therefore an accumulation
potential of —0.3 V was chosen in all of the subsequent work.

The effect of accumulation time at —0.3 V on the peak current
was also investigated. Fig. 6(C) shows that the peak current of
terbinafine increased with increasing accumulation time within
60 s, which indicates that terbinafine on the modified electrode
surface was gradually adsorbed. Further postponement of the
accumulation time of exceeding 60 s did not increase the response
of terbinafine on the electrode, and the peak current remained
almost constant, owing to the surface adsorption saturation. For
practical purposes, a 60 s accumulation time was sufficient for the
determination of terbinafine.

3.3. Electrochemical behavior of terbinafine on the cysteic
acid/CNTs/GCE

In order to study some aspects of electrochemical behaviors
of terbinafine, cyclic voltammograms were then recorded at
different potential scan rates from the range of 5-100 mVes '
in the B—R buffer solution (Fig. 7). Only an irreversible oxi-
dation wave at +1.2 V was observed and a positive shift in the
peak potential (£,) was observed, which confirms the irrever-
sibility of the process [36], with the simultaneous increase in
peak current (i,) when the scan rate (v) was increased.

The experimental results indicate a good linear dependence of
the oxidation peak potential upon the log of the scan rate, log v,
with a slope of 0.053 V. The peak potential also shows a linear
dependence upon pH over the pH range from 1.8 to 7.0, with a
slope of —0.069 V. This behavior can be interpreted on the basis of
the treatment of an irreversible electrode process by cyclic voltam-
metry [37], which relies on a general approach of electrode kinetics
[38].

According to this treatment, the dependence of the oxidation
peak potential upon the scan rate v is expressed by the equation
(see Eq. (6) of Ref. [37]):

<3Ep> _23RT 0
dlogv) F(0'+ dx)

while its dependence upon pH is expressed by the equation (see
Eq. (7) of Ref. [37]):

(aE,, ) —2.3RTh

opH) ~ F(w+ oa) @

Here, R, Tand F have their usual signiﬁcance,ﬁ) is the number
of elementary electron-transfer steps preceding the rate-determin-
ing step, O is a parameter equal to 1 for a rate-determining electron-
transfer step or to 0 for a rate-determining chemical step, e =0.5 is
the symmetry factor for an electron-transfer step (if rate-
determining), and /4 is the number of elementary deprotonation
steps the precede the rate-determining step. Considering that
2.3RT/F equals 0.059 mV at room temperature, the dependence of
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the oxidation peak potential upon log v and upon pH points to a
unit value for (H) +0a) and to a unit value for 4, in view of Egs. (1)
and (2). This implies that the rate determining step is a chemical
step (6=0) following both the uptake of the first transferring
electron (n’=1) and an elementary deprotonation step (h=1).
Therefore, the possible mechanism for terbinafine electrooxida-
tion is as follows:

RleMf)NHJr — RiRyMeN + HT
in quasi-equilibrium
RiRyMeN R{RyMeN™ + e~
in quasi-equilibrium
R\R;MeN™ —= intermediate product

The intermediate product of the rate-determining step (r.d.s.)
undergoes further elementary steps in quasi-equilibrium, yield-
ing the final product.

3.4. Calibration curve and detection limit

Under the optimum detection conditions, the anodic peak
currents were proportional to the terbinafine concentrations in
the range of 8.0x 10 *~5.0x 10™> M. The linear equation was
1, (107 %/A)=3.04+7.04C (C/uM) with the correlation coeffi-
cient 7=0.998. The calibration curve deviated from the linear
relationship when the terbinafine concentration was more than
5.0x 1077 M. In this study, the detection limit of terbinafine was
2.5x10 ® M in terms of the role of signal to noise ratio of 3:1
(S/N=3).

3.5. Reproducibility and recovery test

The lifetime of the cysteic acid/CNTs/GCE was examined, and
it demonstrated that the electrode could retain 97.5% of its initial
response after five-month storage. Such electrode stability seemed
to be acceptable for most practical applications. Because the
modified electrode could adsorb terbinafine, it was necessary to
renew the electrode surface after each determination. But this
process was easily accomplished by soaking the modified elec-
trode in 0.5 M H,SQ, solution to sweep between +0.6 and +1.5V
about 10 cycles by cyclic voltammetry. The 1.0x 10 ¢ M terbi-
nafine solution was determined repeatedly with the same electrode
for 9 times. The average current was 10.38 pA with the relative

Table 1

Recovery of terbinafine

Added (M) Found (M) Recovery (%)
1.00x 1077 9.65x10°% 96.5
5.00x1077 5.19x1077 103.8
1.00x10°¢ 9.88x10°° 98.8
5.00x10°° 4.85x107° 97.0
1.00x107° 1.04x107° 104.0
5.00%107° 477x107° 95.4

Table 2
Influence of potential interferents on the voltammetric response of 5.0x 10™°® M
terbinafine

Interferent Concentration (mM)  Signal change (%) (iierbinafine= 100%)
L—alanine 5.0 -2.9
glucose 5.0 +1.5
D—fructose 5.0 -3.1
Tartaric acid 5.0 -13
Citrate 5.0 -23
Urea 5.0 +2.2
DL—tyrosine 5.0 -2.7
Vitamin B, 5.0 -1.7
Vitamin B, 5.0 +1.3
Vitamin Bg 5.0 —-2.5
NaNO; 5.0 +1.0
(NH4),SO4 5.0 -2.6
Ca(NOs), 5.0 +2.5
KCl 5.0 +1.1
MgCl, 5.0 -2.0
BaCl, 5.0 +1.8
Fe(NO3)3 5.0 -24

standard deviation (RSD) of 3.5%. It was indicated that the mo-
dified electrode possessed a good reproducibility. The recovery
tests of terbinafine in the range from 2.00x 10”7 t0 2.50x 10> M
were performed. The results are listed in Table 1. The recoveries
varied in the range from 95.4 to 104.0% and the RSD was 3.8%.

3.6. Interference

Under the optimum experimental conditions, when the con-
centration of terbinafine was 5.0x 10 ° M, no interferences were
observed in the presence of 5.0 x 103 M of urea, tartaric acid, D-
fructose, citrate, glucose, DL-tyrosine, L-alanine, vitamin B,
vitamin B2, vitamin B65 NaNO3, (NH4)QSO4, Ca(NO3)2, KCI,
MgCl,, BaCl,, and Fe(NOs);. The results obtained are listed in
Table 2.

For the following special detection in serum samples, the other
conceivable concomitant in serum samples, such as ascorbic acid
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Fig. 8. The DPV of serum sample spiked with different terbinafine concen-
tration. (a) blank serum sample; terbinafine: (b) 1.0x 10" 7 M, (c) 5.0x 107 M,
(d) 1.0x107°M, (e) 1.5x 10 M, (f) 2.0 x 10~ ® M. Inset is the plot of the anodic
peak currents versus the concentration of terbinafine. The experimental parame-
ters are similar to Fig. 3.
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Table 3
Determination of terbinafine in serum samples at the modified electrode

Serum Spiked (M) Detected (M) Recovery (%)
Sample 1 1.00x1077 9.71x1077 97.1
Sample 2 5.00x1077 5.12x1077 102.4
Sample 3 1.00x1077 1.05x1077 105.0
Sample 4 1.5x10°° 1.46x10° ¢ 97.3
Sample 5 2.00x10°° 4.84x10°¢ 96.8

(AA), dopamine (DA) and uric acid (UA) were examined. There
are no interferences from UA, DA and AA for the measurement
because oxidation peak potentials of three components (less than
+0.6 V) are far away from that of terbinafine (+1.156 V). In
addition, some conventional medicaments, such as 1.0 % 10°M
of atropine, penicillin, and theine, did not interfere with the
determination.

3.7. Detection of terbinafine in human serum samples

The developed DPV method for the terbinafine determination
was applied to human serum samples. The serum samples were
obtained from volunteers. The recoveries from human serum were
measured by spiking drug-free human serum with known amounts
of terbinafine. The serum samples were diluted 50 times with the
0.04 M B-R buffer solution before analysis without further
pretreatments. Fig. 8 shows the differential pulse voltammograms
for serum samples detection. A qualitative analysis can be carried
out by adding the standard solution of terbinafine into the detect
system of human serum sample, and then the peak at +1.156 V
linearly increased in height. The peak at +0.585 V was proved to
be response of uric acid in the human serum sample. Another
anodic peak appears at +0.844 V attributed to other unknown
endogenous chemicals presented in serum, but they do not in-
terfere with the determination of terbinafine. Standard addition
method was employed under above optimal experimental con-
ditions. The detection results of five human serum samples ob-
tained were listed in Table 3. And the recovery determined was
ranged from 96.8 to 105.0% and the RSD was 3.8%.

4. Conclusion

A glassy carbon electrode modified by cysteic acid and CNTs
based on electrochemical oxidation of L—cysteine was fabricated.
Terbinafine could be sensitively determined by voltammetry be-
cause cysteic acid with cation exchange property drastically in-
creased the current response of terbinafine. In 0.04 M B—R buffer
solution (pH 1.81). The peak current obtained from the DPV
was linearly dependent on terbinafine concentration in the range
of 8.0x10°-5.0x10"> M in 0.04 M B-R buffer solution
(pH 1.81), with a correlation coefficient of 0.998 and a detection
limit of 2.5x 10~ ® M. The modified electrode was applicable in
the detection of terbinafine in human serum samples with ex-
cellent sensitivity and selectivity. The success of this strategy
suggests that cysteic acid/CNTs film will have significant
electroanalytical utility in the future. The novel material can be
easily applied to other types of substrate electrodes and surfaces,
and this will further broaden the potential for applications. This

film is considered to be a promising, low-cost, and steady material
in the modification of electrodes. It is hope that the cysteic acid/
CNTs modified electrode will be a good application for further
sensor development.
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Abstract

In this paper, the effect of acetic acid on S. cerevisiae metabolism was studied for the first time with the combinational utilization of the
mediated electrochemical method and intrinsic fluorescence method, and the results from both methods were compared with each other. It was
confirmed in vivo that not only the glycolysis enzymes but also the NADH dehydrogenase were sensitive to acetic acid. The established technique
might also be applicable in studying the toxicity of other environmental pollutants, such as phenol and its derivatives.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Metabolic pathways in living cells are tightly regulated and
highly sensitive to cellular needs. All of the major metabolic
pathways in cells involve redox reactions and specific redox
couples that cycle between oxidized and reduced states. The
concentrations of the redox couples help regulate the flow of
metabolites through these pathways [1]. It has been shown by
numerous studies that cellualr redox state especially NADH/NAD
level may be a primary control site in numerous biological process
linked to rhythm, senescence, cancer and death. The celluar
NADH/NAD redox state is considered as a control factor in cell
metabolism [2]. A double mediator system comprising of lipo-
philic and hydrophilic mediators was used for the electrochemical
detection of intracellular redox activity in mammalian cells. The
function of the lipophilic mediator menadione was to shuttle
electrons from intracellular redox sites to the cell surface for
reaction with the hydrophilic mediator ferricyanide (Fig. 1) [1].
The magnitude of the signal from the electrochemical measur-
ment is an indication of the dynamic reoxidation rate of NADH to

* Corresponding author. Tel.: +86 635 8537064; fax: +86 635 8239227.
E-mail address: zhaojinsheng@]lcu.edu.cn (J. Zhao).

1567-5394/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2007.11.015

NAD [3]. In recent years, the method has been applied to toxicity
assessment. Injury sustained by a cell in response to a toxicant
changes the capacity of some central function of cellular metabo-
lism, compared to unaffected cells. These toxic effects can be
easily measured as a deviation away from the electrochemical
signal produced by health cells [4,5].

Intrinsic fluorescence, in particular, has the advantage over the
extrinsic fluorescence of an unperturbed enviroment during in-
vestigation, especially in complex systems such as biological cells
and tissues [6,7]. Cellular fluorescence provides a sensitive index
of the functional state of living cells. NAD has no fluoresence
and plays a central role in cellular metabolism by functioning as a
cofactor in over 300 red-ox reactions. NADH is an important
fluorescent substance in living cells that participate in the process
of transfer electron in the multienzyme redox system, acting as
electron donor in electron transport chain and it is an important
product of tricarboxylic acid cycle (TCAC). Therefore, the in-
trinsic fluorescence method may be very useful in studying
cell metabolism, and even toxicity assessment. The result from
intrinsic fluorescence is an indication of the static intracelluar
NADH level of living cultures [8]. The combinational utilization
of the mediated electrochemical method and intrinsic method
could give more information about the physiological condition of
bacterium than either method alone does.
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menadione
Cell R cn,

H*'+ NAD(PH 2 Ferricyanide

NAD(P)*

2 Ferrocyanide + 2 H*

menadiol

Fig. 1. Detection of intracellular redox activities with use of menadione to link
intra-and extracellular redox pairs. Hypothetical menadione reaction cycle.
Menadione diffuses into a yeast cell, where it is reduced to menadiol, an then
diffuses out of the cell and reacts with ferricyanide, converting it into ferrocyanide,
and regenerating menadione to repeat the cycle.

In nature, weak acids are found in fruits and vegetables in
conjunction with a pH of 5.0 or less as a deterrent to bacterial
growth. Moreover, it has been shown by several groups that
high concentrations of acetic, propionic and butyric acids are
produced in the large intestine, and presumably these can inhibit
the growth of pathogens that encounter them in the intestinal
environment [9]. Weak acids have been used as a means for
preserving foods for generations, and in modern times, weak
acids such as acetic, propionic, lactic, and sorbic acid have been
widely used as food preservatives as well is in the pre-harvest
and post harvest phases of agriculture [10]. These are among
many reasons why the study of weak acids and their influence
on bacterial cells is warranted.

S. cerevisiae was used in previous studies as a model system
for toxicity [11]. In this paper, the influence of acetic acid on the
S. cerevisiae metabolism was studied for the first time with the
joint utilization of the mediated electrochemical method and
intrinsic fluorescence method, and the results from both methods
were compared with each other. It was confirmed in vivo that not
only the glycolysis enzymes but also the NADH dehydrogenase
were sensitive to acetic acid. The established technique might
also be applicable in studying the toxicity of other environmental
pollutants, such as phenol and its derivatives.

2. Experimental parts
2.1. Microorganism and maintenance conditions

Saccharomyces cerevisiae was obtained from the strain col-
lection center of the Institute of Microbiology, Chinese Academy
of Science. The yeast were maintained on agar slants containing
(g L'l): glucose, 30; yeast extracts, 3; peptone, 5; and agar, 15;
pH 6.0, at 4 °C.

2.2. Solution preparations

Phosphate buffer (pH 6.0), containing 0.1 M KH,PO, and
0.08 M Na,HPO,, was used for washing of cell pellets. Phosphate
buffered saline (pH 6.0) prepared from 0.1 M KH,PO,, 0.08 M
Na,HPO, and 0.1 M KCI. Potassium ferricyanide solutions were
prepared in phosphate buffered saline to give a concentration of
0.30 M. Glucose solution was prepared in phosphate buffered
saline to give a concentration of 50 mM. Menadione was dis-

solved in 96% ethanol to give a 20 mM solution, filter-sterilized
and stored in a light-proof container at 4 °C [12].

2.3. Cultivation of microorganisms

S. cerevisiae was prepared in the medium containing the
following compounds (g L™'): D-glucose, 25; yeast extracts, 1;
peptone, 1; KH,PO,, 4; Na,HPO,, 4; pH 5.5. The media were
sterilized by autoclaving at 120 °C for 15 min, and D-glucose was
autoclaved separately at 110 °C for 10 min. After sterilization and
cooling, solutions were mixed to form a complete medium prior to
inoculation. A 250 mL Erlenmeyer flask containing 50 mL
medium was inoculated from a fresh agar plant, and inoculated at
30 °C on a rotary shaker at 250 rpm. Growth proceeded overnight
for 9 h to allow the yeast growth to its exponential phase, after
which the broth was centrifuged at 10,000 rpm for 10 min the cell
pellet was washed twice in phosphate buffer and suspended in
phosphate buffered saline solution. The cells were adjusted to the
desired optical density measured at 600 nm (ODgpp=9.0) [13].

2.4. Incubation of cells with mediator(s) and substrates

A total volume of 20.0 mL incubation suspension was pre-
pared for each trial. The standard incubation suspension com-
prised: 12 mL of cell suspension, 3.0 mL of ferricyanide solution,
100 pL of menadione solution, 3.0 mL of glucose solution,
required amounts of acetic acid or not. Cell suspensions were
adjusted to the desired pH with 2 M HCl or 2 M NaOH, the final
volume of cell suspension was fulfilled with sterile distilled water
to 20 mL. Incubation of cells with mediators and substrate was at
30 °C under oxygen-free nitrogen sparging conditionon a rotary
shaker at 250 rpm. After the completion of incubation, the cells
were pelleted by centrifugation (10,000 rpm, 4 °C, 15 min) and
the supernatants were taken for analysis [3].

2.5. Determination of optical density

A measured aliquot of the cell suspension was centrifuged at
10,000 rpm for 10 min. The supernatant was removed, and the
pellet was reconstituted by the addition of 1.5 mL of distilled
water. Sample dilution factors were chosen such that the measured
optical density (600 nm) was between 0.1 and 0.6 au, using water
as a reference.

2.6. The effect of acetic acid on the fluorescence of NADH in
S. cerevisiae

The exponential cell suspensions obtained at part 2.3
(ODg00=9.0) were diluted to the concentration of ODggo=1.0.
A total volume of 20.0 mL incubation suspension was prepared
for each experiment. The incubation suspension comprised:
10 mL of cell suspension, 3.0 mL of glucose solution, required
amounts of acetic acid or not. Cell suspensions were adjusted to
the pH 5.0 with 2 M HCl or 2 M NaOH, the final volume of cell
suspension was fulfilled with sterile distilled water to 20 mL.
The cultivation of the suspensions were conducted at 30 °C for
2.5 h, on a rotary shaker at 250 rpm.
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2.7. Electroanalysis of the supernatant

Steady-state voltammetry was conducted using an electro-
chemical working station (CHI 900, USA) controlled by CHI 900
software. Steady-state voltammograms were obtained at a scan
rate of 10 mV s™! scanning from 500 to 100 mV versus saturated
Ag/AgCl reference electrode. A 15 um diameter Pt disk working
electrode was used as the working electrode and a Pt gauze
auxiliary electrode was used to complete the three-electrode
electrochemical cell. The microelectrode was pretreated by
polishing with 0.05 pm alumina/water slurry on a flocked twill
polishing cloth. The steady-state current at 500 mV was measured
and the mean current from three repeat voltammograms was
calculated.

2.8. Culture fluoromeasure measurement

Fluorescence spectra of yeast samples were obtained using a
Hitachi F-4500 fluorescence spectrophotometer. Yeast samples
(2 mL) were placed in a quartz cuvette. Fluorescence emis-
sion spectra (380.0—600.0 nm, resolution: 1 nm) were recorded
with excitation wavelength set at 360 nm. The scan speed was
240 nm/min, the slit was (EX/EM) 2.5 nm/5.0 nm, the PMT
voltage was 700 V and the response was auto. The shutter control
was off [6,7].

3. Results and discussion

The use of voltammetric microelectrodes has been shown to
be a simple, reliable and rapid method for determing the con-
centration of electroactive species such as ferrocyanide [12],
diffusion limiting currents (quantitatively related to concentra-
tion) can be established in second time scale with virtually zero
destruction of analyte. Fig. 2 shows the steady-state voltammo-
gram of ferrocyanide accumulations before or after a 2.5 h in-
cubation of the yeast suspensions. The steady-state anodic
plateau current measured at £=500 mV was used as a relative
measure of the amount of ferrocyanide produced. Before in-

104 4
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Fig. 2. Steady-state voltammograms for the oxidation of ferrocyanide
accumulations before (curve 1), and after 2.5 h mediated reactions (curve 2).
Yeast final ODgqg, 5.4; ferricyanide, 45 mM; glucose, 7.5 mM, menadione,
100 uM, initial pH, 6.0, Scan rate, 10 mV s
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Fig. 3. Fluorescence spectra recorded following excitation at 360 nm on dilute
suspensions of S. cerevisiae.

cubation, the mediator is fully in the oxidized form, and the
steady-state anodic plateau current measured at £=500 mV was
about zero (Fig. 2, curve 1). After incubation for 2.5 h with the
yeast, the voltammogram has shifted down the current axis
and there is both anodic current (arising from oxidation of
ferrocyanide) and cathodic current (arising from reduction of
ferricyanide). The limiting oxidative currents of ferrocyanide
arising from menadione mediated reduction of ferricyanide was
72.01 nA (Fig. 2, curve 2). It has been well known that reduced
nicotinamide adenine dinucleotide (NADH) is the intracellular
reductant for ferricyanide reduction catalyzed by menadione
[14]. NADH is a ubiquitous biological molecule that participates
in the process of anti-oxidate injury and respirotory chain. As a
necessary coenzyme in cell metabolism, NADH acts as electron
transporter and presides the transportation of proton. The elec-
trons produced in the reactions of metabolism are usually trans-
ferred to NAD and reduced NAD to NADH. In the following
succession, NADH transfers the electrons to oxidate, reacts with
molecular O, and release energy. It is crucially important for
continued cell growth that NADH be oxidized to NAD and a
redox balance be achieved [15].

The detection of intracellular redox reactions using menadione
as electron transfer mediator is based on its diffusion through the
cell membrane and reduction by the cytosolic and mitochondrial
enzymes catalyzing electron transfer from NADH to quinone
substrates. In S. cerevisiae cells mitochondrial NADH dehy-
drogenase (also called NADH:ubiquinone oxidoreductases,
EC 1.6.5.3) is involved in the intracellular reduction of quinone
mediators [16]. In our recent work, we have shown that the
menadione/ferricyanide system was able to act as terminal elec-
tron acceptors in the absence of oxygen, and in so doing enable
S. cerevisiae (a facultative anaerobe) to switch to a nearly com-
plete respiration metabolism (anaerobic respiration), rather than
the fermentation pathway normally expected by such an anoxic
environment [ 17]. In this case, the eletrochemical response should
has a positive relationship with the complete oxidation of
the glucose added in the yeast suspensions. In other words, the
magnitude of the electrochemical response within a specific time
interval was the function of the specific NADH production rate
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Fig. 4. Effect of acetic acid on the relative Ry, () and on the relative fluorescence
intensity (FI) (@) of S. cerevisiae.

(proportional to the catabolic activities) and the enzymatic activity
of the NADH dehydrogenases.

Based on the positive relationship between cellular catabolism
and cellular redox activity, the inhibitory effects of acetic acid on
S. cerevisiae was assayed through the variance in relative cellular
redox activities of the yeast by the presence of increasing con-
centrations of acetic acid on in cells suspensions. The oxidative
limiting currents of ferrocyanide accumulations were indications
of the cellular relative redox activity remained, which was desig-
nated Ry,. Fig. 4 shows the variation in relative Ry, recorded for S.
cerevisiae by the presence of increasing concentrations of acetic
acid. The data presented is the mean of two replicate, each of
which is an average of three current measurements. The relative
Ry decreased continuously by increasing concentrations of acetic
acid, and the ICs, value (i.e. the concentration at which the
relative Ry, was decreased by 50%) was about 8.5 g L' acetic
acid, which was comparable with the value obtained by the tra-
ditional turbidity method [18]. According to the above discus-
sions, the continuous decrease in the relative Ry; may thus be
attributed either to the decrease in intracellular NADH concentra-
tions resulted from the blocked catabolic activity or to the in-
hibited NADH dehydrogenase by the presence of acetic acid.
Previous studies based on in vitro enzymatic assay showed that
most of the glycolysis enzymes are sensitive to the inhibitory
effects of acetic acid, which blocked catabolic activity of the yeast
and be in-part accounting for the continuous decrease in the
relative Ry [19].

There is a confusion concerning the problem whether weak
acids impose an inhibitory effect on the NADH dehydrogenase
[20]. Some reports have noticed that the respiration of some intact
cells in acidified media was very sensitive to weak acid, but
NADH oxidases in cell extracts were weak acid insensitive[20].
The assay of intracellular NADH concentrations may help us to
gain insights into how the NADH dehydrogenase might be
affected by the presence of acetic acid in acidified media. If we
assume that the NADH dehydrogenase is not sensitive to acetic
acid, the variance in the intracellular NADH concentrations
might be in line with the variance in the relative Ry values by the
presence of increasing concentrations of acetic acid. In contrast, if
the NADH dehydrogenase is sensitive to acetic acid, high levels

of intracellular NADH would be expected due to the blocked
reoxidation of NADH to NAD. The intrinsic fluorescence of the
yeast S. cerevisiae was used to research the effect of acetic acid on
the metabolism of the yeast. Fig. 3 presents the fluorescence
spectrum recorded for the yeast S. cerevisiae, and the fluorescence
spectrum were characterized by a maximum located at 413 nm.
With the increment in acetic acid concentrations, the intensity of
NADH fluorescence did not change notably and was kept within
the range of 100% to 90.67% of the controlled sample which
suggested that acetic acid can impose a direct effect on the activity
of the NADH dehydrogenase (Fig. 4). In conclusion, the results
showed that not only the glycolysis enzymes but also the NADH
dehydrogenase were sensitive to acetic acid. The established
technique might also be applicable in studying the toxicity of
other environmental pollutants, such as phenol and its derivatives.

References

[1] J.D. Rabinowitz, J.F. Vacchino, C. Beeson, H.M. McConnell, Potentio-
metric measurement of intracellular redox activity, J. Am. Chem. Soc. 120
(1998) 2464-2473.

[2] H. Wang, J. Wang, J. Xu, R.X. Cai, Study on the influence of potassium
idodate on the metabolism of Escherichia coli by intrinsic fluorescence,
Spectrochim. Acta, A 64 (2006) 316-320.

[3] K.H.R. Baronian, A.J. Downard, R.K. Lowen, N. Pasco, Detection of two

distinct substrate-dependent catabolic responses in yeast cells using a

mediated electrochemical method, Appl. Microbiol. Biotechnol. 60 (2002)

108-113.

A. Tizzard, J. Webber, R. Gooneratne, R. John, J. Hay, N. Pasco, MICREDOX:

application for rapid biotoxicity assessment, Anal. Chim. Acta 522 (2004)

197-205.

J.S. Zhao, M. Wang, Z.Y. Yang, Measurement of inhibitory effects of furfural

and furfural alcohol using coupled redox mediators, Enzyme, Microbiol.

Technol. 37 (2005) 246-253.

[6] S. Ammor, K. Yaakoubi, I. Chevallier, E. Dufour, Identification by fluo-
rescence spectroscopy of lactic acid bacteria isolated from a small-scale facility
producing traditional dry sausages, J. Microbiol. Methods 59 (2004) 271-281.

[7] L. Leblanc, E. Dufour, Monitoring the identity of bacteria using their
intrinsic fluorescence, FEMS Microbiol. Lett. 211 (2002) 147—153.

[8] O. Podrazky, G. Kuncova, Determination of concentration of living im-
mobilized yeast cells by fluorescence spectroscopy, Sens. Actuators, B 107
(2004) 126-134.

[9] A.D. Warth, Mechanism of action of benzoic acid on Zygosaccharomyces
bailii: effects on glycolytic metabolite levels, energy production, and
intracellular pH, Appl. Environ. Microbiol. 57 (1991) 3410-3414.

[10] C.A. Viegas, 1. Sa-Correia, Toxicity of octanoic acid in Saccharomyces
cerevisiae at temperatures between 8.5 and 30 °C, Enzyme Microb. Technol.
17 (1995) 826-831.

[11] R.P. Hollis, K. Killham, L.A. Glover, Design and application of a
biosensor for monitoring toxicity of compounds to eukaryotes, Appl.
Environ. Microbiol. 66 (2000) 1676—1679.

[12] K. Catterall, K. Morris, C. Gladman, H. Zhao, N. Pasco, R. John, The use of
microorganisms with broad range substrate utilization for the ferricyanide-
mediated rapid determination of biochemical oxygen demand, Talanta 55
(2001) 1187—1194.

[13] J.S. Zhao, Z.Y. Yang, M. Wang, Y. Lu, Z.Y. Yang, Electrochemical
evaluation of the inhibitory effects of weak acid on Zygosaccharomyces
bailii, J. Agric. Food Chem. 52 (2004) 7246—7250.

[14] T. Kinpara, Y. Murakami, K. Yokoyama, E. Tamiya, Electrochemical
monitoring of plant stress response, Electroanalysis 13 (2001) 451-456.

[15] S.J. Berrios-Rivera, G.N. Bennett, K.Y. San, The effect of increasing
NADH availability on the redistribution of metabolic fluxes in Escherichia
coli chemostat cultures, Metab. Eng. 4 (2002) 230-237.

[16] S. Yamashoji, G. Kajimoto, Decrease of NADH in yeast cells by external
ferricyanide reduction, Biochim. Biophys. Acta 852 (1986) 25-29.

[4

[}

[5

[}





J. Zhao et al. / Bioelectrochemistry 72 (2008) 117-121 121

[17] J.S. Zhao, M. Wang, Z.Y. Yang, Z. Wang, The different behaviors of three [19] M.E. Pampulha, M.C. Loureiro-Dias, Activity of glycolytic enzymes of

mediators in probing the redox activity of Saccharomyces cerevisiae, Saccharomyces cerevisiae in the presence of acetic acid, Appl. Microbiol.
Anal. Chim. Acta 597 (2007) 67-74. Biotechnol. 34 (1990) 375-380.

[18] S. Helle, D. Cameron, J. Lam, B. White, S. Duff, Effect of inhibitory com- [20] T.N. Phan, P.T.M. Nguyen, J. Abranches, R.E. Marquis, Fluoride and
pounds found in biomass hydrolysates on growth and xylose fermentation by organic weak acids as respiration inhibitors for oral streptococci in acidified
a genetically engineered strain of S. cerevisiae, Enzyme Microb. Technol. 33 environments, Oral Microbiol. Immunol. 17 (2002) 119-124.

(2003) 786-792.





		The inhibition of Saccharomyces cerevisiae cells by acetic acid quantified by electrochemistry .....

		Introduction

		Experimental parts

		Microorganism and maintenance conditions

		Solution preparations

		Cultivation of microorganisms

		Incubation of cells with mediator(s) and substrates

		Determination of optical density

		The effect of acetic acid on the fluorescence of NADH in S.�cerevisiae

		Electroanalysis of the supernatant

		Culture fluoromeasure measurement



		Results and discussion

		References






ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Bioelectrochemistry 72 (2008) 122126

Bioelectrochemistry

www.elsevier.com/locate/bioelechem

Short communication

Evaluation of the physico-chemical properties of chitosan as a
potential carrier for rifampicin, using voltammetric
and spectrophotometric techniques

René H.T. Santos, Neemias G. Santos, José P.H. Alves, Carlos A.B. Garcia,
Luciane C.P. Romio, Maria Lara P.M. Arguelho *

Departamento de Quimica, Universidade Federal de Sergipe, 49100-000 Sao Cristovdo — SE, Brazil

Received 29 August 2007; received in revised form 4 January 2008; accepted 11 January 2008
Available online 19 January 2008

Abstract

Rifampicin is an antibiotic which, on a carbon paste electrode, shows an oxidation response of 0.492 V (vs. Ag/AgCl) at pH 7.0, due to the
electroactivity of the hydroquinone group. Interaction of rifampicin with chitosan is strongly dependent on pH, species concentrations and contact
time between the latter. Compared to the carbon paste electrode, electrodes modified with chitosan showed greater sensitivity, with optimum
voltammetric profile obtained at pH 8.0. Spectrophotometric measurements indicate that rifampicin is strongly absorbed by chitosan at pH less
than the pKa of the pharmaceutical, such behaviour being favourable for the use of chitosan as a carrier for the controlled release of rifampicin in

the intestinal tract.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Polymer systems for drug release have been widely used in
medicine, since they enable the slow and gradual release of the
active ingredient, with better targeting within the body, such as
towards areas of inflammation or tumours [1,2].

Chitosan (Fig. 1), a biodegradable polysaccharide derived
from chitin and found widely in nature [3], possesses properties
making it particularly suitable as a carrier, including its high
viscosity, charge distribution and release mechanisms. Research
into the chemical properties of chitosan has demonstrated its
suitability for the preparation of enzymatic biosensors for the
analysis of metallic elements, proteins and lipids [4—6].

Pharmaceuticals possessing antibiotic properties have been
explored as good candidates for the preparation of formulations
based on polymeric controlled release systems. Development of
a variety of methodologies for the preparation of bio adhesives

* Corresponding author. Tel.: +55 79 2105 6650; fax: +55 79 2105 6684.
E-mail address: marguelho@bol.com.br (M.L.P.M. Arguelho).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.01.003

and chitosan microcapsules inoculated with antibiotics for use
in different means of administration have been described in the
literature [7—10].

Produced by fermentation of Streptomyces mediterranei,
rifampicin (Fig. 2) is a strategic medication, recommended by
the World Health Organization for the treatment of endemic
diseases. It shows effective action against both gram-negative
and gram-positive bacteria [11], and is one of the principal
chemical therapies employed in combating tuberculosis and
hanseniasis [12]. However the success (or otherwise) of its
therapeutic action can be influenced by physical or chemical
interactions with other medications and nutrients, which may
alter its bioavailability [13]. Carrier materials such as chitosan
have been employed to protect the pharmaceutical agent so that
it may be released under optimal absorption conditions, or to
adjust the timing of release of different pharmaceutical agents
administered simultaneously. In 2003, Pandey et al. undertook
an in vivo study with rifampicin, isoniazid and pirazinamide
combined with biodegradable and biocompatible glycoside na-
noparticles, using mice as test organisms. Biochemical evidence
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Fig. 1. Molecular structure of chitosan.

of the non-liver toxicity of this polymeric formulation was
obtained [14]. In the case of chitosan acting as a carrier for
rifampicin, in addition to its recognized biocompatibility [15—
17] there is the additional advantage of the antilipidemic nature
of chitosan, which acts as a hepatoprotector since rifampicin as
well as other tuberculostatic agents show high levels of
hepatotoxicity, in part due to increases in levels of cholesterol,
triglycerides and fatty acids in the blood.

Thus physico-chemical studies of the interactions between
pharmaceuticals and chitosan are essential for the development
of new and more efficient drugs to combat diseases which can
cause widespread harm in tropical countries. According to the
2005 epidemiological census, there are on average 100,000 new
cases of tuberculosis annually in Brazil which, together with
Peru, accounts for 50% of the reported cases in the Americas
[18]. Despite the existence of free tuberculosis treatment, in
30% of cases the treatment is abandoned, due in part to the
collateral effects of administration of antibiotics for prolonged
periods of, on average, between 18 and 24 months [19,20].

In this work the degree of interaction between chitosan and
rifampicin is investigated using voltammetric and spectropho-
tometric techniques, envisaging possible applications in new
formulations based on optimization of the therapeutic dose in
order to improve the quality of life of patients.

2. Experimental
2.1. Materials and methods

Rifampicin, obtained from Glaxo Welcome, was used at a
concentration of 5.6x107> mol/L in distilled water for the
preparation of solutions for voltammetric studies. For spectro-
photometric studies 4.6 umol L' solutions in B-R/pH 8.0
buffer were employed. Pure chitosan, 96% deacetylized, was
obtained from Primex Ingredients A. S. (Norway).

Fig. 2. Molecular structure of rifampicin.

For the spectrophotometric measurements the buffered so-
lutions containing chitosan and rifampicine were kept in the
dark at a temperature of 25 °C.

For the pH studies solutions having pH between 2 and 12
were used, prepared by varying the percentages of an acid
solution, containing 0.04 mol/L of acetic acid, 0.04 mol/L of
boric acid, and 0.04 mol/L of phosporic acid, and a basic
solution containing 0.2 mol/L of NaOH (all chemicals supplied
by Merck), according to the procedure described by Britton—
Robinson [21] (B-R).

The electrochemical measurements were made using an
Ecochemie Model Autolab 30 potentiostat/galvanostat, con-
nected to a 133 MHz microcomputor and controlled using
GPES v. 4.8 software. The system used consisted of a Metrohm
VA Stand 633 polarography cell (=10 mL), containing a
glassy carbon electrode and a reference electrode (Ag/AgCl,
KCI 3.0 mol/L). The carbon paste microelectrode (geometric
area 0.1 cm?) was prepared using a 3:1 ratio of carbon and
mineral oil.

Microelectrodes modified with chitosan (MEC) were ob-
tained by homogenizing chitosan with carbon paste at ratios
between 1:7 and 1:1. The compressed pastes were filled into a
pipette tip and electrical connection was made using a platinum
wire (Fig. 3). Renewal of the exposed surface was undertaken
after each experiment.

Coulometric analyses of 0.01 pmol/L solutions of rifampicin
at pH 8.0 were undertaken on a 1.0 cm? geometric area carbon
paste electrode at a potential of E=0.650 V (vs. Ag/AgCl) for a
period of 10 min.

Spectrophotometric experiments were undertaken on a FEMTO
800 XI spectrophotometer. Measurements were made at 1 h in-
tervals, at a wavelength bandwidth of 330—-800 nm.

3. Results and discussion

Fig. 4 illustrates the differential pulse voltammogram on the
carbon paste electrode for rifampicin at pHs 2.0, 6.0 and 8.0. It

platinum wire

tip

1
carbon paste

Fig. 3. Structure of the carbon paste microelectrode.
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Fig. 4. Differential pulse voltammograms for rifampicin (2.0 pmol/L) at pHs:
a) 2.0, b) 6.0 and c) 8.0 (v=0.03 V/s and AE=100 mV) using a carbon paste
electrode.

was observed that the electrode response was strongly
dependent on hydrogen ion concentration. When the acidity
of the medium was reduced there was a shift of the oxidation
potential towards less positive values, accompanied by an
increase in the peak current. Optimum response was obtained at
pH 8.0, when the peak current reached a maximum, while at
higher pHs there was a progressive separation of the oxidation
processes into two stages, which substantially reduced signal
intensity.

As seen in Fig. 4, in aqueous medium the pharmaceutical shows
a well defined oxidation response at 0.458 V (vs. Ag/AgCl), with
the half height peak width (W) corresponding to 105 mV.
Complementary microelectrolysis results, using the 1.0 cm?” area
electrode, indicated the transfer of two electrons per molecule of
rifampicin.

Electrochemical oxidation of rifampicin in aqueous medium,
involving transfer of two electrons and two protons, shows
current and potential behaviour which can be attributed to the
typical protonation/oxidation equilibrium of hydroquinones
[22-24] (Scheme 1), where the sequence of electron transfer
and chemical reaction steps comprising the process occurring at

ot acid medium

QH —& » I:QH:I € _» QH'

+
+ -
- - _H H
basic medium

[ = 0

Scheme 1. Stages of the electrochemical oxidation of hydroquinone derivatives.

the electrode depend on the proton availability of the medium
and on the pKa of the hydroquinone derivative (QH,).

The operating parameters of the differential pulse techniques
were optimized in order to obtain the best voltammetric profile
(Table 1).

Factors such as electrical conductivity and paste compaction
influence microelectrode response [25]. We used different
proportions of paste and modifying agent, with the best result
obtained for a 1:7 ratio of chitosan to paste, when a 23.4%
increase in the oxidation current of rifampicin was observed.

As for the carbon paste microelectrode (CPME), investiga-
tions of pH were also performed for carbon microelectrodes
modified with chitosan (MEC), when it was seen that, compared
to the CPME, the presence of the polymer caused an increase of
the sensitivity to rifampicin of the microelectrode, in acid
medium (Fig. 5). This is due to the presence of the amine group
within the chitosan structure, which is protonated in an acid
medium, hence attracting the nucleophilic regions of rifampicin
and favouring its oxidation. Maximum sensitivity for the CPME
was achieved at pH 8.0.

Another parameter important for the performance of the
chitosan modified electrode is the extent of deacetylation of
chitosan. According to the literature [26—28], chitosan is ob-
tained via a process of alkaline hydrolysis. Acetyl groups are
removed from chitin, thus exposing the amine groups respon-
sible for the cationic nature of chitosan. Higher deacetylation of
chitosan results in higher availability of amine groups able to
absorb organic or inorganic compounds. This feature accounts
for the versatility of chitosan as a polymeric matrix. A chitosan
microelectrode modified with epichlorhydrin, which links to
chitosan via the amine group, was used to evaluate the im-
portance of these amine groups in the interaction with ri-
fampicin. Comparing the behaviour of rifampicin on chitosan
microelectrodes (MEC) with that on the microelectrode contain-
ing chitosan modified with epichlorhydrin, (MECEP), it was
seen that when a portion of the chitosan amine groups were
rendered unavailable for linking, the interaction of rifampicin
with chitosan diminished, with a consequent reduction in the
anodic current (Fig. 6). Other examples of the interaction of
pharmaceuticals with the chitosan amine group may be found in
the literature [29—31], an important parameter being the degree
of chitosan deacetylation, which here was 96%.

Spectrophotometric experiments, in which the optical prop-
erties of rifampicin were employed to follow the progress of the
reaction, were undertaken in order to investigate whether the
interaction between rifampicin and chitosan could also occur in
solution.

The molecular absorption spectrum of rifampicin showed the
presence of an absorption band at 472.4 nm, due to the presence

Table 1
Optimized parameters for detection of rifampicin on the carbon paste
microelectrode

Voltammetric parameters Optimized conditions

Pulse height, (AE,)/mV (10-200) 100
Scan rate, v/(mV/s) (5-100) 30
pH (2-12) 8.0
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Fig. 5. Behaviour of the anodic current of rifampicin (2.0 pmol/L) as a function
of pH for a) the carbon paste microelectrode (CPME), and b) the microelectrode
modified with chitosan (MEC). Conditions: v=0.03 V/s and AE=100 mV.

of chromophore groupings on the molecule (—Ar, C=0 and
C=C). The absorption spectrum shows a hyperchromic effect
with increasing pH, which is related to the formation of the
deprotonated form of rifampicin, whose maximum absorption
occurs at the same wavelength as the protonated species
(Fig. 7). Between pH 2.0 and 8.0, the absorbance increases
gradually, then remains constant at higher pH. These results
indicate that the pKa, and pKa, values obtained for rifampicin
are in agreement with those described in the literature [32]
(pKa=1.7 and 7.9, respectively). They are in line with the
results achieved using the voltammetric method (illustrated in
Fig. 5).

The rifampicin calibration curve obtained spectrophotometri-
cally is described by the linear equation: 4=—0.026+1.2x10"*C
(r=0.9970, n=8). A value for €b of 12,469.1 mol cm/L was
obtained, close to the value of the molar absorptivity of rifampicin
(g) described in the literature [33] (15278.9 mol/L, b=1.0 cm).

As can be seen in Fig. 8, the intensity of the spectro-
photometric signal for rifampicin decreased exponentially with

160+
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Fig. 6. Rifampicin (a) on a chitosan paste electrode, and (b) on a chitosan paste

electrode modified with epichlorhydrin. Conditions: rifampicin 2.0 pmol/L, pH
8.0, v=30 mV/s, AE=100 mV.
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Fig. 7. Absorption spectra for 2.0 pmol/L rifampicin solutions at pHs: a) 3.0,
b) 6.0, c) 8.0 and d) 10.0.

the contact time between rifampicin and chitosan in solution.
The decrease was ~33% after 4 h under agitation at 500 rpm,
resulting in a decrease in the concentration of free rifampicin
equivalent to 2.0 umol/L for a mass ratio between rifampicin and
chitosan of 1:740 w/w, this quantity of chitosan corresponding to
the mass employed in preparation of the modified electrode.
After 1 h of experiment the reduction of the rifampicin con-
centration can be described for the equation A(£)=0.453 —4.475¢
(r=0.9768, n=11). The reaction followed second order kinetics
with a constant of 1.11 L/mol s. These results, whether obtained
by spectrophotometry or by voltammetry, show that even at high
concentrations and over extended periods, chitosan in an
alkaline medium shows low affinity for rifampicin. Regulation
of the affinity between the pharmaceutical and the biopolymer is
pH dependent, which might offer a convenient mechanism for
controlled release of the pharmaceutical, particularly when
considering the intestinal tract, where the pH is slightly alkaline
[34,35].
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Fig. 8. Absorbance at 472.4 nm of a 4.5 pmol/L solution of rifampicin in B-R/
pH 8.0 buffer in the presence of chitosan.
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4. Conclusion

A spectrochemical/electrochemical methodology has been
developed to investigate the physico-chemistry of the interaction
between rifampicin and chitosan. The fact that rifampicin is ab-
sorbed by chitosan in an acid medium, and released in an alkaline
medium, is vital information needed for optimization of the
absorption of rifampicin during transit through the intestine, and
controlling its behavior in body fluids. pH adjustment can reduce
the potential for interactions between medicines and alimentary
materials during transport through the digestive system, which in
the case of complexation reactions with nutrients could render the
pharmaceutical unavailable for the intended therapeutic action.
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Abstract

The current theory of enzymes and electric field interaction does not account for all the observed data since we could not observe non-linear
behavior of cell suspensions as anticipated by other authors. In our case, we used a pure sinusoidal source, however the experiments that do
account for responses used a sum of a central sinusoidal and its harmonics frequencies. As a result, we suggest that the enzyme and electric
interaction are favored when the field has a non-strictly sinusoidal waveform, and this behavior is related to the true intermediate transitions of the
enzyme during its catalytic cycle. Therefore, we developed an iterative model of the interaction process based on previous models and actual
trends. The model well verified all the previous simulations and showed that, for a non-symmetrical enzyme, the energy can harvest its maximal

for non sinusoidal fields.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Proteins; Harmonic; Non-linear; Simulation; Iterative model

1. Introduction

Macroscopic interaction between electric fields (EF) and
biological media has always been a subject of concern,
however, the molecular level has attracted the attention of
researchers in the last decades. Fluctuating potentials close to
the ATP synthase have been proposed as sources of comple-
mentary energy which can be converted by the enzyme during
ATP synthesis [1-4]. Other enzymes, such as H'- and Na'/K -
ATPase can harvest energy from an external EF and use it to
pump ions across a membrane [4—8]. Theoretical analysis
demonstrated that coupling can be made with sinusoidal,
random or random telegraph function (RTF) fields [9—14], but
chaotic waveforms have also been suggested [14]. The
interaction process was explained with the electro-conforma-
tional coupling theory (ECC), which briefly proposes that both

* Corresponding author. Departamento de Bioingenieria (UNT/FACET).
CC327, Correo Central. CP4000, San Miguel de Tucumén, Tucuman,
Argentina. Tel./fax: +54 381 4364120.
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semi-cycles of a symmetric fluctuating EF affect alternatively
two opposite transitions in a typical four states E1E2 enzyme, in
a sort of resonant behavior [13].

In the 1990s, the frequency analysis worked out by Astumian
and Robertson [15] led to the concept of non-linear monitoring of
living cells, introduced by Woodward and co-workers [16—-24].
The former monitored the metabolic state of some microorgan-
isms (mainly Saccharomyce cerevisiae) applying an external
“sinusoidal” EF. The phenomenon was attributed to the inter-
action between EF and membrane-bounded enzymes (generally
H'-ATPase) and justified with the cited literature. Even
Woodward stated that the EF used was a pure sinusoidal, it
can be observed that the real applied signal (see reference cell
of Fig. 3 in [16]) included the original one and its harmonic
spectrum. These experiments were repeated fairly unsuccessfully
by other groups [25—29]. When we applied a true sinusoidal EF to
the same suspension [16] no harmonic response was observed
(unpublished results).

As the true input signal used by Woodward was a non-single-
frequency EF, we hypothesize that the energy coupling between
enzymes and electric fields is most favorable when the input
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signal is a multi-frequency electric field. We believe that true
enzymes do not behave as symmetrically as assumed, and this
leads to a misconception in the ECC. The optimal waveform
that alternatively favors two opposite non-identical transitions
must be much complex than a simple sinusoidal, random or
stochastic signal. However there is not theoretical or practical
evidence that confirms such hypothesis. This paper is twofold,
first we will present a computational model for the field—
enzyme interaction based in the ECC, and take into account
previous simulations and experiments. It will be shown that the
enzyme can use the alternate electric field and that it does work
when the field is sinusoidal, square, RTF and random, as
suggested previously. Second, we will show that a slightly
asymmetrical enzyme (a much more realistic situation) will
respond also to a complex EF in a distinguishable way from the
single-frequency analysis. The frequency content (amplitude
and phase) of such signal is closely related to the kinetics of the
enzyme and the intermediary states.

2. The model

The model describes a single enzyme, and its average
behavior is evaluated when many enzymes are simulated
simultaneously, each one responding independently from the
rest. The model can be fixed to any number of states and here we
shall assume a typical four states EIE2 H"-ATPase, as described
in Fig. la. The enzyme, bounded in the plasmatic membrane,
undergoes conformational changes pumping a single H' to the
outside each time a new clockwise cycle is completed. For each
cycle a molecule of ATP is hydrolyzed to ADP and P;.

The model resembles the ratchet mechanisms, where each
enzyme moves randomly forward and backward in equilibrium,
but, at expense of energy consumption, the equilibrium can be
shifted [14,30-33]. However, this model does not account for
the ATP utilization, so it must be defined for the equilibrium or
non-equilibrium state. In the equilibrium, each transition
(forward or backward) has the same probability of occurrence
and there is no net production caused by the enzyme. In non-
equilibrium, ATP consumption is implicit, probabilities are
shifted and work is done by the enzyme.

Each enzyme begins in a randomly selected state and it can
iteratively change to other states, based on the probabilities of
occurrence of each transition. The probability of any enzyme in
the n-state of moving forward, backward or neutral are the
kyn - n+1> knn—1 and k,, _, ,, parameters respectively. All three
process are assumed to be transition, whether it is forward (or
clockwise), backward (or counterclockwise) or neutral. The
latter is a computational workaround to allow the enzyme to
remain short at any state without suffering an immediate
transition. In non-equilibrium (implicit ATP consumption)
some transition are more probably to occur and their k-values
are higher. In the absence of an electric field, a random number
selects the direction of transition.

Any transition, once it has been randomly assigned, has a finite
time of occurrence and the enzyme will be ignored until it is
finished. Once the transition was completed, the enzyme is
evaluated again to change its state. The EF is sampled at a fre-
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+ +

H H
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Fig. 1. a) Four state model of the H'-ATPase and b) parameters involved in the
computational model. S;...S, are the states of the enzyme, 7, V, Vy, stand,
respectively, for the time involved in the transition, the field sensitivity of the
transition and a field threshold which may block the transition.

quency of 5000 samples per second and the sampling period (also
the iteration period, 200 ps) defines the smallest time that an
enzyme can remain in any state without suffering a new transition.

The time consumed in the forward, backward or neutral
transition from the n-state is defined respectively by 7,,_.,, 11,
T, ,—1and T, _, ,. The time involved for each transition is not
the same, since some transitions can be fast (ion binding) while
others can be time consuming (complex reactions with
intermediate products or domains movements). The forward
and backward time are assigned to be longer than the iteration
period. However, the neutral transition must be as brief as
possible, and the smallest time possible distinguished by the
model is the iteration period. Consequently, when an enzyme
remains in its state (neutral transition), the next iteration is
evaluated again, with no delaying in between.

According to the ECC, a transmembrane enzyme that possesses
two conformational forms with different charge distributions, or
electric moments, can convert from one form to another under the
influence of an EF [4,10,12,15]. In our model it will be assumed
that an electric field only changes the activation barrier and the
probability of occurrence of the reaction increases or decreases, but
both the sign of AG and the time of the reaction are not altered. The
influence of the field over the transition n—n+1 is modeled with
the S, .+ parameter. It defines the sensitivity of the transition
with a positive field. If S, _, ,, 1 is greater than 0, the transition will
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increase its probability of occurrence, while it will decrease if
S, . .+1 1s negative. A negative field favors transition with
negative S-values, and vice versa. Mathematically, the probability
of occurrence of the n—n+1 transition could be described by:

kﬁﬂm—l = knﬂrH-l X 10Snﬂ"+l xAar

where k/,_, . is the modified probability and A V'is the potential
difference across the membrane induced by an applied electric
field. As the sum of the new k-values for the n-state is not equal to
one, they are normalized respect to the sum of all of them:

1
" 1/ § ’
n—n+1 — knﬂn+l/ kl’l"ll“r[

i=—1

where k), _, . is the modified and normalized probability, which
is used subsequently. The exponential relationship adopted is based
on the dependency between the pseudo-unimolecular rate coeffi-
cients and the shift in transmembrane electric potential described
previously [10].

In our simulation, enzymes can be placed all parallel to the EF
(maximum energy conversion) or can be placed randomly over
a spherical cell. In such case, the EF and AV are related by
AV=1.5bE cos 0 where 0 is the angle between the direction of
the field and the radius to the point considered on the membrane,
b is the outer radii of the cell, and £ is the externally applied EF
[34]. As dimensions are not taken into account in our simulation,
we assume that AJ directly relates to £ cos 0. A random 6
between 0 and 7 is generated for each enzyme and maintained
constant along the simulation. If enzymes are assumed parallel,
0-values are set to zero.

A high electric field is expected to rearrange the dipoles (and
maybe the domains) of the molecule in such way that the
enzyme is locked into a specific state and the wheel of Fig. 1a
may fail to turn in full cycles [30,35]. This concept is introduced
with the Ey, value for each transition which defines a threshold
field that turns the transition unviable. The mathematical
treatment for the n— n+1 transition with threshold is given by

1

OS,,HH] x Ecos
1 + 104>< [‘ECOS@|7E[},”H”+] ]

X

/ —
kn"nJrl - kn"nJrl x 1

where the term between brackets decreases dramatically when
the local field exceeds the threshold. All the parameters that
govern each transition are summarized in Fig. 1b.

Each simulation was run with a variable number of enzymes
(typically 500), 5000 iterations at a frequency of 5000 iteration
per second. First, we will analyze the overall behavior of a
simple enzyme without and with a fixed EF. Then we will vary
the frequency, amplitude and waveform of the EF to finally
evaluate a second type of enzyme under the same conditions.
When a fixed EF is used, the average occupancy (Ao) and
average transitions (At) parameters will be analyzed. For each
state, Ao, is the percentage of times that a single enzyme
transitioned to it, relative to all the transitions registered. At is
also calculated for each state, and it indicates the percentage of
time that any enzyme transitioned from that state, relative to all

transitions registered. Both are calculated after running the
entire simulation and taking into account all simulated enzymes.

When a varying EF is used, the model will be evaluated
measuring the increment or decrement in H' pumped per
enzyme expressed as percentage to the amount pumped without
EF (known as normalized cycles per enzyme, NCE).

We propose two types of enzymes. The first one is very
similar to the previously proposed [8,14,30] with identical
parameters (k, S, Ey, and 7) between transitions 1—2 and
3 —4, and also between 2— 3 and 4 — 1. Transitions 2 — 3 and
4—1 (ion binding and releasing) are supposed to be very
favorable and reactive, while the others are not as favorable,
acting bottleneck-like. The latter enzyme is slightly different
than the former, and we assume that one of the transitions (1 — 2)
is not as influenced by the EF as the other (3 —4), and their S-
and Ey,-values are different. The parameters for each enzyme are
presented in Table 1. These enzymes were tested without EF and
also with sinusoidal, square, and random (RTF, Gaussian and
uniform) fields. The second enzyme was also evaluated against
the pseudo-square EF shown in Fig. 2.

3. Simulations

The main features of enzyme 1 in the absence and presence
of a fixed sinusoidal EF are depicted in Fig. 3. The overall
process is a clockwise reactive cycle. It always has more
forward than backward transitions and a net H" pumping,
however the state distribution of each enzyme along the entire
simulation is not uniform. In absence of EF, there is an increased
Ao of enzymes in states 1 and 3, it spends 85% of the time
between these two states (subset a). When an EF (of proper
amplitude and frequency) is applied, the equilibrium is altered,
and Ao is shifted from states 1 and 3 to states 2 and 4 (subset a),
attached to an increased forward At from states 1 and 3 (data not
shown).

Subset b) shows the temporal evolution for all the enzymes
with sinusoidal EF, when the enzymes are place parallel to the
EF and also when they are supposed randomly distributed over
the membrane. We will analyze first the former situation, and
then we shall extend to the latter. The process starts with a

Table 1

Parameters of the enzyme model for both types of enzymes
Parameter State 1 State 2 State 3 State 4

Enzyme 1 kns1—n 0.055 0.45 0.055 0.45
ky—n 0.045 0.1 0.045 0.1
[ 0.9 0.45 0.9 0.45
Suoni 1 0 1 0
Tyn+1(s) 0.01 0.002 0.01 0.002
Ew, ., (V/cm) 10 10 10 10

Enzyme 2 kns1—n 0.055 0.45 0.055 0.45
ky—n 0.045 0.1 0.045 0.1
k1 0.9 0.45 0.9 0.45
Snon+1 1 0 -0.2 0
Ty n+1(s) 0.01 0.002 0.01 0.002
Ew, .., (V/cm) 1 10 10 10

Enzyme 2 is almost identical to enzyme 1, it only differs in parameters 7, _, ,, +
and Ey,

sntl
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a
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n [5)

Fig. 2. Pseudo-square EF. The signal is composed by two symmetrical
hemicycles, while each hemicycle is composed by two consecutive square-wave
pulses. Each pulse is defined by its amplitude (a,), duration (z,), and the
percentage of time (p,) that maintains that amplitude @,. The remaining time
t,%(1—=p,/100) its amplitude is zero.

randomized occupancy of 25% at all states and it quickly
reorganizes due to the presence of the EF. This transitory is not
shown, and the two cycles can be considered stationary and they
will be described briefly. When the field is increasing to the
positive values, almost all enzymes are at state 1, and only a
minor part are in state 4 (¢=0.05 s). During the beginning of
the positive hemicycle, almost all enzymes in state 4 goes 1
(very reactive) and close to 90% of the enzymes are in state 1.
Transition 1 to 2 is very favored by the presence of the positive
field, and almost all enzymes have transitioned by the middle of
the hemicycle. There is also a minor backward transition from
state 4 to 3 due to the presence of the positive field. State 2
occupancy, as expected, increases but enzymes in this state are
very reactive and quickly turn to state 3. When the positive field
has ceased, most of the enzymes have turned from 1 to 3
through the forward path. As the negative hemicycle increases,
the transition 3 —4 becomes favorable and state 3 is depleted
fast, it replenishes state 1 and it completes a full cycle. This
behavior is repeated for each cycle of the EF.

For the randomly placed simulation, enzymes start also with
a 25% occupancy for every state. However, not all enzymes are
favored by the same EF. Those placed perpendicular to the EF
(0 = m/2) are almost unaffected, while some can be affected or
disaffected by the same field. This produced an average occu-
pancy close to 45% for states 1 and 3 with a cyclic behavior that
it is repeated for each hemicycle.

Fig. 4 shows the overall effect of the field when both
frequency and magnitude were changed (1 Hz<f<200 Hz;
0.1 Vem<E<10 V/cm) and a different signal was applied.
The surface shows a nearly flat behavior up to 0.3 V/cm for the
sinusoidal EF (subset a), with no effect in the average pumping
of H". As the field grows, H" pumping increases and decreases,
depending on the frequency and field ranges evaluated. The H"
pumped increases up to 100% for frequencies of 39.6 Hz,
120 Hz and 200 Hz 128% and 133% respectively, as the field
increases up to 10 V/ecm., The pumping decreases dramatically
for the mid-ranges frequencies, lower than 60% below the
steady state response when the AC field is higher than 1 V/cm.
A square-wave EF leads to similar results as the sinusoidal EF
(subset b).

The use of the RTF (subset c¢) did show a minor positive
interaction of 4% when the field amplitude was 0.5 V/cm and

its frequency 2 kHz. Random (subset d) noise produced a
similar result, with a maximum value of 3.7% at different field
amplitudes.

Thereafter, we evaluated the second enzyme, under the same
frequency—voltage ranges. The output of this system (Fig. 5a)
was more irregular and lower than the former for the sinusoidal
EF, and the maximal values were at field amplitudes slightly
higher than 1 V/cm. Higher amplitudes produced a decrease in
proton pumping. These maximums were observed at frequen-
cies of 36 Hz, 114 Hz and 196 Hz at 3.4%, 12% and 21%
respectively. The square EF (subset b) leads to similar results.
Noise EF produced a smaller effect than the previous enzyme,
with maximums between 2% and 3% (subset ¢ and d).

As this system has different sensitivities and threshold to the
EF in the bottleneck transitions, it is expected that each
transition (1 —2 and 3 —4) would react favorably at different
voltage values. However, as each hemicycle favors simulta-
neously both transitions (of enzymes in opposite sites of the
membrane) there is a restriction with the field amplitude. It can
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Fig. 3. a) Average occupancy for each state with (black) and without EF (2000
enzymes, 2 s of simulation, 6=0 for all enzymes, 40 Hz 2 V,, sinusoidal), and
b) The sinusoidal EF and time evolution of state occupancy with the enzymes
placed both parallel (—) and randomly (---) respect to the EF (20,000 enzymes,
0.1 s of simulation, 40 Hz 2 V,,, for parallel enzymes and 6 V,,, for random
enzymes).
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be high because it blocks sensitive transitions (1 — 2), but it can
be low because it does not favor the insensitive one (3 —4). By
solving this discrepancy, it was proposed that each hemicycle
could be divided into two square cycles, each one favoring
different transitions. We proposed the pseudo-square signal
shown in Fig. 2, and tried several parameters. Fig. 5e shows the
result of applying a pseudo-square signal with fixed parameters
a and p, while ¢ was variable with the frequency. The surface
obtained was similar to the previous one, having maximums at
the same frequency and voltage ranges, but the values observed
were 7.76%, 19.6% and 30.2%. Other combinations of ¢, a and
p parameters for the pseudo-square signal at these frequencies
could obtain even higher responses, as shown in Fig. 5f.

4. Discussion

The model presented enables to simulate the particular and
overall performance of a single-enzyme system, respectively,
and its time distribution of states resembles the theoretical
models previously published [10]. However, our description
adds the state distribution of enzymes randomly placed over the
membrane, and thus, it becomes a more realistic.

a

Normalized cycles per enzime

Frequency [Hz]

Normalized cycles per enzime

2000

1000

Electric Field [V/cm) Frequency [Hz]

The k-values are chosen to ensure an average positive
pumping in a steady state condition: the equilibrium has been
shifted and ATP consumption is assumed. These values are
fixed during simulation representing unaltered biochemical
conditions (ATP availability and H" concentration). These
parameters could be varied during simulation to represent real
progression of substrate and product, and a new equation should
be introduced. However, this work has been focused on the
enzyme and EF interaction, not o the biochemistry associated to
the enzyme.

Time constant assumed for transitions are clearly out of scale
(a catalytic cycle is completed in more than 10 ms), which is far
away from the real time. However, the iteration period must be,
as much, the time involved in the fastest process or reaction.
Time involved in real proteins motion range from 10'2—
10" s7! (electron transport) to 10°—10° s~ ' (local opening/
closing of folding/unfolding) [36]. For an even more realistic
simulation, each run would take about 10° iterations, instead the
currently 5000 used, becoming unpractical.

It was previously acknowledged that two conditions are
essential to observe interaction between enzymes and EF
[10,12]: (i) asymmetry of state occupancy in the steady state and
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Fig. 4. NCE due to the presence of a fluctuating field: a) sinusoidal EF, b) square EF, ¢) RTF EF, and d) — white and -~ - Gaussian EF. Calculation has been made with
500 enzymes, | s of simulation and random angles. Field amplitude indicates peak values in sinusoidal and square EF, standard deviation for RTF and random noise,

and absolute maximal value for uniform noise.
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Fig. 5. NCE of enzyme 2 when different EFs were applied: a) sinusoidal, b) square, ¢) RTF, d) — white and Gaussian, ¢) pseudo-square signal (as described in
Fig. 2, with t;=6,=1/(f*4); a,=0.55; a,=4.15; p;=100; p,=60) as a function of frequency and amplitude. Once the signal was generated, it was subsequently
multiplied by the amplitude indicated as EF in the figure, and f) pseudo-square and equivalent sinusoidal as a function of amplitude: --- pseudo-square with main

frequency of 32.9 Hz (#,=7.05; t,=8.14; a,=0.475; a,=5.03; p;=100; p,=65.24), - - - pseudo-square with main frequency of 116.5 Hz (¢,=2.12; 1,=2.17;
a1=0.473; a,=4.28; p;=97.5; p,=88.7), — pseudo-square with main frequency of 193 Hz (t,=1.31; £=1.28; a;=0.551; a,=4.15; p;=100; p,=49.6),
-+ sinusoidal of 36 Hz, - - - sinusoidal of 114 Hz, and — sinusoidal of 196 Hz; times are expressed in ms.

(ii) at least one transition must involve changes in the electric they also should be announced coupled: at least one state must
charge distribution or net movement of a (charged) ion across have a high average occupancy, and its forward transition must
the membrane. Both conditions are applicable to this model,and ~ be sensible to the extern EF Transition 1—2 and 3—4 are
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responsive to the EF in any of the models used herein, but states
1 and 3 also have the highest average occupancy. This led,
within strict frequencies, to an increase in H® pumping due to
the alternating EF. Otherwise, without accumulation in sates 1
and 3, the influence of the EF is too small to produce a major
effect in the overall H" pumping (data not shown). If the
enzyme—EF interaction were produced in other transitions
(2—3 or 4— 1), but still accumulating in states 1 and 3, there
would not be a noticeable effect either (data not shown).

Enzyme 1 interacted mostly to periodical alternating EF
(sinusoidal and square) but showed poor interaction with
randomly fluctuating fields (RTF, Gaussian or uniform noise).
Random signals increased both forward and backward transi-
tions, and they almost abolished neutral. However, if the
transition time (forward and backward) is set too longer than
used here, the result is a delaying of the enzyme respect to its
normal catalytic cycle, and a decrease in the NCE is observed. If
forward and backward transition times are close to the neutral,
the random EF clearly favors H™ pumping and the observed
NCE is positive, close the values observed for periodic signals
(data not shown).

When the field periodically fluctuates, a resonant behavior is
observed when the field’s period is close to the entire period of
the enzyme (1//=T)_,+T, ,3++-+T,_ ), with maximal
increase in H' pumping. The resonant frequencies were the
inverse of a full cycle for enzyme one (if all transition were
forward) and its odd harmonics (120 Hz and 200 Hz). This
behavior matches to the ECC theory described previously.

Enzyme 2 shows interaction with sinusoidal, square, and
random signals, but the maximal response observed for any of
them was far away for the maximum observed for enzyme 1. With
pseudo-square signals, the maximums observed were between 1.5
and 2 times bigger than sinusoidal or square signal. This indicates
that, for non symmetric parameters, the most effective energy
coupling can be accomplished with non typical signals.

Woodward stated that the energy transfer occurred with the
15 Hz sinusoidal signal [16], and the harmonic content observed
was a consequence of the coupling. In spite of that true sinu-
soidal, EF did not account for the anticipated non-linear
phenomenon, we would rather believe that the harmonic content
of'the input signal applied by Woodward could probably work in
the same way that the signals shown here. Actually, square and
pseudo-square wave (as described in Fig. 5) have very similar
harmonic content, however, they rather differ in their phase
response. An adequate phase for each harmonic is as important
as its amplitude, because it represents the proper timing to favor
(or not) each transition.

The E1E2 model explains intuitively that the enzymes
alternatively exposes its binding site to the intra- an extra-
cellular space, being these transitions equivalent (dielectrically)
but in opposite directions, but this is, by far, false. It has been
demonstrated that P-type ATPases does not expose alternatively
a binding site to the intra- and extra-cellular place. The real
process includes inter-domain motions and rearrangement of the
transmembrane «-helix, but these intermediate steps do not
have a strictly counterpart reaction [37,38]. Even more, the
intermediate reaction have different equilibrium constant (see

for example the energetics of a Ca’"-ATPase [39]) and, maybe,
a different amount of states should be taken intro account, as
suggested by [40]. In such scenario, an enzyme would require
an extremely delicate EF to get the most favorable response.
The waveform of the field could probably be segmented, with
each segment matching (both in time and amplitude) each single
transition. Some transitions may be sensitive to EF, while other
may not, leading to intervals with and without extern EF. The
analysis must also take into account the angle distribution of the
enzymes respect the EF.

5. Conclusions

This simulation model fits the theoretical requirements
imposed previously and shows the same results. Its advantage is
the iterative process, which does not require mathematical
formalism for the EF waveform. It adds new information about
the state distribution when symmetric enzymes are randomly
distributed.

Our original hypothesis, that a specific system may respond
only to broad spectrum signals, has not been fully demonstrated.
It was partially demonstrated by showing that a system can react
to a broad spectrum signal in a way unpredicted by a single-
frequency analysis. It also adds new information about the
waveform of the field, indicating that periodic non sinusoidal
signals can achieve better results than sinusoidal, tracing the
relationship between the kinetics of the enzyme and the
waveform of the signal. This analysis was carried on enzymes
randomly distributed (as the experiments detailed in the
references), however, different results can be obtained for
non-randomly distributed enzymes (such as patch clamp
procedures). To fully understand the interaction mechanism,
much more analysis must be given to the kinetics of the enzyme,
to the bottleneck transitions and to whether they are or not
sensitive to the extern EF.
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Abstract

A novel approach that uses nature biological tissues, fish blood, for the study of the direct electron-transfer of hemoglobin and its catalytic
activity for H,O, and NO, is observed. The direct electron-transfer of hemoglobin in red blood cells in fish blood on glassy carbon electrode was
observed for the first time. By simply casting fish blood on GC electrode surface and being air-dried, a pair of well-defined redox peaks for HbFe
(IIT)/HbFe (IT) appeared at about —0.36 V (vs SCE) at the fish blood film modified GCE in a pH 7.0 phosphate buffer solution. Ultraviolet visible
(UV/VIS) characterization and the enhancement of the redox response of Hb by adding pure Hb in fish blood suggested that Hb preserved the
native second structures in the fish blood film. Optical micrographs showed that the RBCs retained its integrity in blood. Hb in blood/GCE
maintained its activity and could be used to electrocatalyze the reduction H,O, and NO,.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Direct electrochemistry; Hemeglobin (Hb); Blood; Electrocatalytic activity; Red blood cells (RBCs)

1. Introduction

Hemoglobin (Hb), a heme protein that contains two o and
two [ subunits, each of which has one heme as a prosthetic
group, is the main substance in red blood cells (RBCs). Due to
its important role in oxygen and carbon dioxide transport and
storage, Hb is one of the most widely studied proteins. Although
Hb does not function biologically or physiologically as an
electron carrier, it was usually used as model systems to study
electron-transfer properties of proteins. Direct electron-transfer
of Hb at a variety of modified electrodes has been investigated
[1-5]. The electrode modifiers can be inorganic materials,
organic compounds [6,7] or even pure biological materials.
Compared with organic compounds, inorganic materials are
intrinsically more stable catalysts because of their layered oxide
structure. Recently, a series of inorganic porous materials such
as clay [8], montmorillonite [9], porous alumina [10] and sol—
gel matrix [11] have been proven to be promising as the

* Corresponding author. College of chemistry and Molecular Sciences, Wuhan
University, Wuhan 430072, PR China. Tel.: +86 27 8721 8904; fax: +86 27 6875 4067.
E-mail address: sshu@whu.edu.cn (S. Hu).
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immobilization matrices. But these materials cannot provide
real biological environments for proteins. Lu recently devel-
oped a novel approach that immobilized Hb on electrodes by
pure biological materials, yeasts cells, to study the direct
electrochemistry of Hb [12]. The utilization of real biological
materials for the direct electron-transfer of proteins and
biosensors is a new current [1]. Blood is the main biological
tissue that contains Hb for vertebrates. In this work, we found
for the first time that direct electron-transfer of native Hb in
blood can be easily obtained when casting fish blood on a glassy
carbon (GC) electrode and being air-dried. This is interesting as
it is difficult to achieve the direct electron-transfer of
commercial redox proteins that contain impurities or denatur-
alized proteins. Thus, the complicated blood film might provide
the suitable native biological environments for the direct
electron-transfer of Hb. Furthermore, Hb existed in blood
films on electrode surface was proved to retain their native
structures and natural catalytic capacity towards the reduction of
hydrogen peroxide and nitrite. The present work not only
foresaw the possibility of studying electron-transfer processes
of proteins in vivo but also opened a new way for fabricating
biosensing system based on biological tissues.
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2. Materials and methods
2.1. Reagents and apparatus

Hemoglobin was purchased from the Sigma Chemical Co.
Grass carp and Carassius auratus were purchased from a
market near Wuhan University (China). Human blood samples
were from the hospital of Wuhan University (China). Phosphate
buffer solutions (PBS) (0.1 mol L™ ") with various pH values
were prepared by mixing stock standard solution of Na,HPO,
and KH,PO, and adjust the pH with 0.1 M H3PO,4 or NaOH.
The concentration of Hb was 8 mg/ml in PBS. NaNO, and
H,0, were freshly prepared before use. All solutions were
prepared from double-distilled water.

Electrochemical measurements were performed with a three-
electrode system comprising a platinum wire as auxiliary
electrode, a saturated calomel electrode (SCE) as reference,
against which all potentials were quoted and the blood/GC
electrode as working electrode. All electrochemical experiments
were carried out with a computer-controlled electrochemical
workstation (CHI 830). All solutions were held under a nitrogen
atmosphere during the electrochemical experiments.

UV/VIS spectroscopy was recorded on a TU-1901 UV/VIS
spectrophotometer (Purkinje General Instrument Co. Ltd.,
Beijing, China). The blood or blood-Hb film for UV/VIS was
prepared by depositing the blood sample or the mixture of blood
and Hb onto glassy slide and was dried in air overnight. A film
only containing Hb on a glass slide was used as a control. The
reference was an uncoated glassy glide.

An inverse microscope (Axiovert 200 M, Zeiss) under 40x%,
0.6 NA was used to observe the red blood cells (RBCs) and a high
resolving power digital camera to image (3900%3090 pixel,
AxioCam, Zeiss). The blood was deposited onto the glass slide
and dried for the optical micrographs.

2.2. Preparation of the electrode modification

A GC electrode was first polished with an alumina (particle
size of about 0.05 mm)/water slurry on silk, then washed with
nitric acid (1:1), ethanol and double-distilled water in an
ultrasonic bath for about 5 min in turn. 5 pl of the blood samples
or the mixture of blood and 8 mg/ml Hb (with the ratio 1:1) was
dropped to the freshly cleared GC electrode surface and dried in
air for about 8 h. The electrode was thus able to be ready for use.

3. Results and discussion
3.1. Electrochemical properties of Hb in blood/GC electrode

Fig. 1 shows the cyclic voltammograms of the bare GC
electrode, the blood/GC electrode and the Hb-blood/GC
electrode in 0.1 mol L' PBS (pH 7.0), whose blood was
from grass carp dead from the absence of oxygen. A pair of
well-defined and nearly symmetrical redox peaks is observed at
blood/GC (curve b) and Hb-blood/GC electrode (curve c) while
no redox peaks appeared at the bare GC electrode (curve a).
There was also no redox peaks for remained blood serum (BS)

by separated Hb from blood/GC electrode. The formal potential
(E°), defined as the average the cathodic peak potential (E)
and the anodic peak potential (E,,), is nearly the same for both
blood/GC and Hb-blood/GC except for a lower peak current of
blood/GC, indicating that the redox peaks for blood/GC was
attributed to Hb in blood. The E,, and E,. for blood/GC
electrode are —0.338 V and —0.382 V, respectively, with £ of
—0.36 V and the separation of peak potentials (AE,) of 44 mV.
Moreover, the ratio of the cathodic current to the anodic current
is close to one. These electrochemical parameters suggest that
Hb in blood undergoes a quasi-reversible redox process at
blood/GC electrode.

In order to verify which segment of blood is responsible for
the direct electron-transfer of Hb in blood, blood serum (BS) and
blood corpuscle (BC) were separately used to modify GC
electrode for examining their electrochemical signals. No redox
peaks were observed at BS/GC and Hb-BS/GC electrodes,
suggesting that BS cannot facilitate the direct electron-transfer
between Hb and the electrode surface. However, a pair of well-
defined redox peaks is observed at the BC/GC electrode. The E°
for BC/GC electrode is —0.36 V, which is close to that at blood/
GC and indicates the similar microenvironments for Hb at the
two electrodes. RBCs provide a suitable microenvironment for
Hb to retain its native conformation in blood, and Hb can obtain
suitable orientation in the effect of potential on the electrode,
thus the direct electrochemistry of Hb in blood can be obtained
(Scheme 1). This is reasonable as the direct electrochemistry of
redox proteins have been widely reported in surfactants films
with properties similar to the cell membrane of blood cells.

The surface coverage (I') was estimated from integration of
the reduction peak of the CVs according to I'=Q/nFA, where Q
is the charge involved in the reaction, n the number of electron
transferred, ' Faraday constant, and 4 the electrode area, with a
value of 1.09x 10~ ' mol/cm? for the blood/GC electrode. The
theoretical monolayer coverage for Hb is 4.6 x 10~ ' mol/cm?,
which were estimated taking into account the crystallographic
dimensions of 6.4 nmx5.5 nmx5.0 nm for it, assuming one
molecule with the long axis parallel to the electrode surface,
only those Hb molecules in the inner layers that closed to the
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Fig. 1. Cyclic voltammograms of (a) bare GC; (b) blood/GC; (c) Hb-blood/GC
in 0.1 mol L' pH 7.0 PBS at a scan rate of 200 mV/s.
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Scheme 1. The process of the electron-transfer of Hb on blood/GC electrode.

electrode can exchange electrons with the electrode. The
electron-transfer rate (k) of Hb in blood/GC electrode was
evaluated based on the equation derived by Laviron [13] for
diffusionless CV. The value of k,, 4.27+0.13 s~ !, suggested
reasonably fast electron-transfer.

Comparing with other works in this field, we can find that £°
and ks depend on the materials used to immobilize the proteins,
suggesting that the electron-transfer between proteins and the
electrode is affected by the local environment of protein. The kg
of Hb in our work is similar to that in regenerated silk fibroin
film [2], didodecyldimethylammonium bromide (DDAB) film
[5] and sol—gel film [11], and smaller than SP sephadex [14]
and some other materials (Table 1). Speculating upon these
differences, possible explanations included that different
electrodes and methods were used. According to the theoretics
of electron-transfer, we know that the electron-transfer rate can
be facilitated with favorable orientation of proteins, which could
be adjusted by electrostatic force when the electrode surface is
modified with films possessing positive or negative charge.
Armstrong et al. have pointed that the edge face of the pyrolytic
graphite (PG), subjected to standard polishing procedures in air,
contains a variety of hydrophilic C—O functional groups, which
expected to interact favorably with the protein [16]. It is also
well known that the edge plane pyrolytic graphite electrode is
considerably more conducting, which facilitates the electron-
transfer between the protein and the electrodes. Thus, a higher
value of k was obtained in some work. The E° of Hb in blood/

Table 1
Electrochemical parameters of Hb in various films
Films pH E° (V) Average Method/  References
vs SCE k(s ") electrode
Blood 7.0 —0.36 427 CV/GE This work
Silk fibroin-Hb 7.0 -0.334 1.51 CV/GE [2]
DDAB-Hb 5.5 0.084+0.006 23+04 CV/PG [5]
(vs SHE)
PTFE-Hb 7.3 —0.281 1.9 CV/GE [15]
(Silica sol-gel)-Hb 7.0 —0.113 1.58 CV/CPE [11]
(vs SHE)
Hb-SP sephadex 55 -0.28 102.12  SWV/PG [14]
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Fig. 2. Cyclic voltammograms of the blood/GC in 0.1 mol L™ ' pH 7.0 PBS at
100, 150, 200, 250, 300, 350, 400, 450, 500 mV/s. (Inset) Plot of cathodic peak
current and anodic peak current vs scan rate.

GC electrode is more negative than those in the DDAB film [5]
and in regenerated silk fibroin film [2], more positive than that
in the lecithin film [17]. This confirms a specific influence of
film environment on E° of heme proteins. Film components
may change formal potential by the interaction with the protein
or by their influence on the electrode double-layer.

The peak currents for blood/GC electrode are linearly
proportional to scan rate from 0.1 to 0.5 V s~ ' (Fig. 2). Fur-
thermore, integration of reduction peaks at different scan rates
gave nearly constant charge (Q) values. All these are
characteristic of diffusionless, thin-layer electrochemical beha-
vior, that is, nearly all electroactive proteins in the films are
reduced on the forward cathodic scan, with full conversion of
the reduced proteins back to their oxidized forms on the
reversed anodic scan. The potential separation between anodic
and cathodic peaks (AE,) is larger than the theoretical value of
0 mV for a surface process, which is probably attributed the
long distance from the heme of Hb to the electrode surface due
to the deep-buried electroactive centers in polypeptides.

3.2. Influence of pH on the voltammetry

Nearly reversible voltammograms were obtained in the
tested pH range (3.0—10.0), with stable and well-defined peaks
(Fig. 3). The CV of blood/GC electrode showed a strong
dependence on the solution pH. An increase of pH caused a
negative shift in both cathodic and anodic peak potentials for
Hb, indicating that protons are involved in the electrode reaction
of Hb. In general, all changes in cyclic voltammetry peaks with
pH are reversible in the pH range from 3 to 10. When the
modified electrode was transferred from a pH 7.0 solution to a
pH 3.0 solution, an asymmetric redox CV was observed, which
can be restored into well-defined symmetric redox peaks when
the modified electrode was transferred back to the buffer pH
7.0. This is likely due to a reversible pH-induced conforma-
tional change at low pHs. This can also be proved by UV/VIS
experiments.
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Fig. 3. Cyclic voltammograms of blood/GC in 0.1 mol L™ ' PBS at different pHs.
Scan rate: 300 mV/s. (Inset) Plots of E,, E. and E° vs pH for blood/GC at a scan
rate of 300 mV/s.

The E° of Hb in the modified electrode has a linear
relationship with pH from 3.0 to 10.0, with a slope —46.4 mV
pH ™ '. This value is close to the expected —58 mV pH ' at
20 °C for a one electron and one proton reaction. Thus, the
electron-transfer between Hb and the electrode for blood/GC
electrode can be presented by

HbpemeFe(IIT) + H' + € —HbpemeFe(I1) (1)

3.3. UV/VIS spectroscopy

The location of the Soret absorption band of prosthetic heme
group provides information about possible denaturation of
heme proteins. Fig. 4a shows the UV/VIS spectra of Hb film,
blood film and blood-Hb film on glass slides immersed in pH
7.0 PBS. The Soret bands for them are 405.2, 404.4 and
404.6 nm, respectively. It suggests that there is no change in the
environment of heme group in blood. Comparing with the UV/
VIS spectrum of haematin hydrochloride that has a broad band
at about 384.2 nm, the UV/VIS spectrum of blood shows an
obvious peak band at 404.4 nm, suggesting that the heme group
of Hb is not removed from the heme pocket and retains its
native environment in blood. Fig. 5 shows the optical
micrographs of RBCs in fish blood on glass slide. The results
showed that RBCs retained their native integrity in blood when
it was dried on the glass glide. The diameter of RBCs is about
5—6 um.

Fig. 4b shows the effect of pH on the Soret band for Hb in
blood. It can be seen that the blood film absorption spectra in the
range of pH 4.0-10.0 exhibits a strong heme Soret band at
405 nm. However, when pH was decreased to below 3.0, the
405 nm Soret band absorption disappeared, while a new broad
380 nm band appeared, indicated that there is a great change in
heme pocket. The change is reversible. When the blood film
was transferred to pH 7.0 PBS from pH 3.0 solution, the Soret
band at 405 nm reappeared. The reversibility of change in
conformation should be attributed to a highly specific and
tightly folding conformation of proteins [18]. At strong acid
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Fig. 4. (a) UV/VIS spectra of Hb, Hb-blood, blood and hemin films on glass
slides. (b) pH dependence of UV/VIS spectra of blood film on a glass slide.

solutions, the heme group became unfolded and acted as a kind
of “glue” that tends to hold the surrounding protein structure
together. This state was a transient intermediate and was
changed into its native structure easily when it was immersed in
the buffers of suitable pH.

Fig. 5. The optical micrograph of red blood cells.
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3.4. Catalytic activity

Fig. 6a shows the cyclic voltammertic curves for the blood/
GC electrode by adding H>O». The blood/GC electrode showed
a pair of redox peaks attributed to hemeFe (III/II) in pH 7.0
PBS. When adding H,0, into the buffer, the reduction peak at
—0.40 V was increased, and this was accompanied by the
disappearance of the oxidation peak. However, the direct
reduction of H,O, was not observed at bare GC or BS/GC
electrode at the potential range from 0.2 to —0.8 V. These results
are characteristics reduction of H,O, by Hb in blood. The
calibration curve shows that the reduction peak current
increases linearly with the concentration of H,O, in the range
from 5x10°7 to 1.05x10 % mol L™' (Fig. 6b). When the
concentration of H,O, was higher than 3.5 x 10 * mol L™ 1, the
calibration curve gradually tended to a plateau and then dropped
down upon adding more H,O,, implying a progressive enzyme
inactivation in the presence of higher concentration of H,O,,
consistent with a Michaelis—Menten kinetics model. The
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Fig. 6. (a) Cyclic voltammograms of blood/GC in 0.1 mol L™' pH 7.0 PBS
containing H>0, (a) 0; (b) 0.5 umol L™'; (¢) 1 pmol L™'; (d) 1.5 pmol L™;
(e) 2 pmol L™%; (f) 2.5 pmol L™ ; (g) 3 pmol L™'. (b) Plot of catalytic peak
current vs the concentration of H,O,. At a scan rate of 300 mV/s.
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Fig. 7. Cyclic voltammograms of blood/GC in 0.1 mol L™' pH 5.0 PBS
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apparent Michaelis—Menten constant (Kqi"), which can provide
an indication of the enzyme—substrate kinetics, can be obtained
from the Lineweaver—Burk equation:

1/]i§ - 1/Imax + K?p/lmaxc (2)

Where, I is the steady-state current after the addition of
substrate, C is the bulk concentration of the substrate, and 7,4
is the maximum current measured under saturated substrate
conditions. KiPP can be obtained by the analysis of the slope
and the intercept of the plot of reciprocals of the steady-state
current versus H>O, concentration. The KiPP value for the
elecrocatalytic activity of blood/GC electrode to H,O, was
determined to be 80.5 umol L™ !. It was smaller than that of
896 pumol L' for a Hb/sol-gel film modified carbon paste
electrode [9] and 427 umol L™ ' for a Hb/Triton X-100/PG
electrode [19], which implies that the present modified
electrode shows a higher affinity for H,O,.

Electrocatalytic reduction of nitrite was also studied by
blood/GC electrode. Fig. 7 shows the cyclic voltammetric
curves of blood/GC in pH 5.0 PBS upon addition of NaNO,.
The reduction peak can be observed at about —0.87 V. When the
pH of the buffer was higher than 6.0, no electrocatalytic
reduction peak of nitrite was observed by blood/GC electrode. It
has been demonstrated that the reduction peak at —0.87 V arose
from NO. NO is one of the products of the disproportionation
reaction of nitrite in its acidic solution. The mechanisms can be
expressed as followings:

2NO; + 2H*—2NO + NOj + H,0 3)
HbFe(II) + NO—HbFe(II)~-NO (4)
HbFe(I1)-NO + 2¢~ + 2H" —HbFe(Il) + H,0 + N,0  (5)

The reduction peak current is linearly dependent on the con-
centration of NO5 in the range from 5x10™* to 3x 1072 mol
L
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3.5. Reproducibility and stability of the modified electrode

The stability and reproducibility of the modified electrode
was also studied. The direct electrochemistry of blood/GC
electrode can retain satisfying current values upon continues
cyclic sweep over the potential range from —0.8 to 0.2 V at
200 mV/s. When the modified electrode was stored in air for
about 2 weeks, it can retain >97% of its initial current response
for its direct electron-transfer behavior. The fabrication of
6 blood/GC electrodes, made independently, showed an
acceptable reproducibility with a R.S.D. of 3.7% for the current
determined at a H>,O, concentration of 12 uM and 4.6% at a
NaNO, concentration of 3 mmol L™ .

4. Conclusions

Hb in pure blood films showed its direct electrochemical
behavior when blood was immobilized on GC electrode. The
formal potential (E°) of Hb in blood is —0.36 V which attributed
to the Fe (II)/Fe (III) couple of Hb in pH 7.0 PBS. The
investigation of UV—VIS spectrum has shown that Hb in blood
maintained its native conformation due to the native environ-
ment for Hb in blood. The conformation change is reversible in
the pH range from 3.0 to 10.0. Optical micrographs indicated
that the RBCs in blood can retain its native integrity. Hb in
blood can catalyze the reduction of H,O, and nitrite. The blood/
GC electrode can be used to determine the concentration of
H202 and NOE .
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Abstract

We report the use of dielectrophoresis (DEP) to position U-937 monocytes within a non-uniform electric field, prior to electroporation (EP) for
gene delivery. DEP positioning and EP pulsing were both accomplished using a common set of inert planar electrodes, micro-fabricated on a glass
substrate. A single-shell model of the cell’s dielectric properties and finite-element modeling of the electric field distribution permitted us to
predict the major features of cell positioning. The extent to which electric pulses increased the permeability of the cell membranes to florescent
molecules and to pEGFPLuc DNA plasmids were found to depend on prior positioning. For a given set of pulse parameters, EP was either
irreversible (resulting in cytolysis), reversible (leading to gene delivery), or not detectable, depending on where cells were positioned. Our results
clearly demonstrate that position-dependent EP of cells in a non-uniform electric field can be controlled by DEP.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Electroporation; Electropermeabilization; Dielectrophoresis; Non-uniform electric field; Gene delivery; Transfection; Micro-electrode

1. Introduction

Biological cells of various types can be distinguished
from one-another and displaced within a liquid medium using
dielectrophoresis (DEP) [1]. In a spatially non-uniform electric
field, E, the differential electric polarizability of cells and their
suspending medium produces the DEP force, which can be either
attractive (towards the strong-£ regions) or repulsive (towards the
weak-F regions), depending on experimental conditions. Attrac-
tive or repulsive DEP forces are usually referred to as “positive”
(pDEP) or “negative” (nDEP), respectively. Measurement of the
DEP force as a function of experimental variables produces DEP
“spectra” which are characteristic of each cell-type, allowing for
cell separation and identification [2,3]. In microfluidic devices,

* Corresponding author. Tel.: +1 514 340 4711x4931; fax: +1 514 340 2980.
E-mail address: michael.buschmann@polymtl.ca (M.D. Buschmann).
URL: http://www.polymtl.ca/tissue/ (M.D. Buschmann).

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.01.006

DEP has been used to transport and position cells with sufficient
precision to enable single-cell manipulation [4—6].

Microfluidic devices for single-cell or sub-cellular analysis
often use electric field-based techniques other than DEP to in-
crease permeability of the cell membrane [7-9], or to induce
cytolysis [10,11]: Electroporation or electropermeabilization (EP)
results from the application of an intense electric field to bring
about structural changes of the cell membrane that increase its
permeability. It is well known that irreversible EP leads to cytoly-
sis[12], while reversible EP can be used to transfer molecules such
as DNA into the cells while maintaining high rates of cell survival
[13]. Generally, pulsed electric fields are used and the extent of EP
is determined by parameters such as the strength, duration, and
repetition rate of the electric pulses. Critical values of the electric
field strength, which determine whether cell membrane EP is
reversible or irreversible, are specific to each cell-type and are
usually determined by performing experiments at different £
values [14,15].

Traditionally, in vitro EP has been accomplished using
electrodes with millimeter spacing, and the position of individual
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cells within the electrode chamber did not need to be considered
[16]. In contrast, micro-fabricated devices for EP accommodate
relatively small numbers of cells and their smaller (sub-mm) elec-
trode dimensions require consideration of spatial non-uniformities
in £ and of cell positioning with respect to the electrodes [7—11].
Cell positioning by DEP is known to complement EP experiments.
For example, the alignment of cells by DEP after EP has been used
for cell—cell fusion [17], and EP of DEP-trapped cells increased the
sensitivity of impedance-based cell-detection [18]. In a spatially
non-uniform £, the dependence of EP on the field’s amplitude
results in position-dependent EP, and therefore leads to regions
within the chamber where either reversible or irreversible EP may
prevail [19,20].

In the present report, we have used spatially non-uniform E to
assess the extent of reversible and irreversible EP as a function of
cell position within the electrode chamber. As a first step, position-
dependent EP of a single cell-type, U-937 [21], was investigated
using florescent probes. We selected a single cell-type to ensure that
pulsing conditions required for EP were similar for all cells, such
that any differences in EP would primarily be due to their posi-
tioning. We then used DEP to accentuate position-dependent EP,
by moving cells into specific regions within the electrode chamber.
Gene delivery was accomplished for all cases of cells being
randomly distributed, or selectively positioned by DEP prior to EP,
however the number of successfully transfected cells and their
viability depended on the specific conditions of EP and of DEP.

2. Methodologies

2.1. DEP analyses using a single-shell dielectric model of a
spherical cell

Dielectric parameters were determined independently of EP
experiments, by fitting the measured cross-over frequency from
DEP experiments (defined in Eq. (3) below) with a single-shell
model of the spherical cell [22,23]. Different values of the
complex electrical permittivity, e*, were assigned to the exter-
nal medium, e¥=¢.—jo/w, to the cell membrane, e =¢,—
Jjom/w, and to the (internal) cytosol, e¥=¢;—jo;/w, where &
designates permittivity, o electrical conductivity, and w=2xf
angular frequency, f being the frequency of the applied sinu-
soidal electric field, and j = v/—1. The relative permittivity is
Kk=¢/gg, &g being the permittivity of free space.

The DEP phenomena observed in the present work can be
modeled using the following four equations (Egs. (1)—(4)) [25]:
The DEP force, Fpgp, for the case of a spherical cell of radius,
a, is approximated by

Fpep = 2me.a’ Re[K ()] VE?, (1)
where the polarization factor, K, is

e —eF
K(o) = cell ¢ , 2
(@) negy + (n+1)el 2

where %= ¢&cen1 —jo e/ is the complex electrical permittivity
of the cell and # is the multipolar term (for the present spherical
case, we assumed a pure dipole, n=1). nDEP and pDEP cor-

respond to K<0 and K>0, respectively. A single “cross-over”
frequency, f,, defined by K(fy)=0 and Fpgp( fo)=0, was seen in
DEP experiments (described below) when /<107 Hz:

1 ((oe — Geen) (Oeen + 2ae)>%

- 3
2n (’Scell - 8e)('gcell + 288) ( )

fo

The effective complex permittivity of the cell, %, based on
the above single-shell theory is

3 & —er
&= (4)

Eeell — & 3
cel m(ﬁ)_gi”r—zsrn

where d is the membrane’s thickness. This model has been used in
previous work to measure &%, ¢¥ and the area-specific conduc-
tance of the membrane, G,,=a,,/d, for several cell-types, using
DEP [2,3,22,23] and the electrorotation technique [24,26,27]. In
our study we took fixed values for a, d, o, &; and €.. We assumed
a=7.5 pm (from optical measurements), d=7 nm [27], o,=
107 °Sm ', and &;=¢,=80¢,, as will be further discussed below.
The experimental conditions determined f'and o, that were in the
ranges 10*<f(Hz)<10" and 10 *<o, (Sm™ ") <1.6. The remain-
ing two parameters, ¢, and g;, were then found by fitting experi-
mental f, data using Eq. (2) (K( f5)=0), with e¥.;; given by Eq. (4)
and restricting the fit parameters to the ranges 0.2<g; (Sm ™ ') <1;
and 3g(<e,,<23é&,. The differences between measured and cal-
culated values of f, were minimized using a least-squares algo-
rithm (Isqcurvefit, Matlab v. 7.2, The Mathworks, Natick, MA).

The polarization factor K( f, o) determines cell positioning by
DEP, where nDEP occurs when K(low-f)<0 and pDEP when K
(high-f)>0. Using parameters found from best fits presented
below in the results (g,=6.0go, 0;=0.425 Sm™ '), the cross-over
frequency, £y, is seen to increase when o, increases (from A to B
to C to D in Fig. 1). When o.>>0;, K<O0 for all values of f, and
only nDEP can occur (Fig. 1, curves C and D).

2.2. Fabrication of electrodes and modeling of the electric field

Planar Ti/Pt electrodes were fabricated on glass substrates
using standard lift-off processes [28]: Chromium masks were

1

o
[

Re[K(f)]

o

log(f / Hz)

Fig. 1. The real part of the polarization factor, Re[K( /)], in Egs. (1) and (2) versus
frequency, f, for model parameters corresponding to U-937 monocytes and at
different values of .. A: 6.=0.0175Sm '} B:¢.=0.1Sm ';C:6.=04Sm !;
and D: 5,=1.0Sm .
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fabricated on glass (Bandwidth Foundry, Sydney, NSW,
Australia) and photolithography was carried out by spin-coating
an adhesion promoter, AP300 (Silicon Resources, Chandler,
AZ), a lift-off resist LORSA (MicroChem, Newton, MA) and a
final, positive, resist S1813 (Shipley, now part of Rohm & Haas,
Philadelphia, PA). UV exposure was done using a Karl Siiss
MA-4 mask aligner (Siiss Microtec, Waterbury Center, VT).
The electrodes were deposited by electron beam evaporation (Ti
adhesion layer, 10 nm) and sputtering (Pt layer, 70 nm), the
former under ultra-high-vacuum and the latter in Argon at
2.4 Pa. For each glass slide (dimensions: 76.2 x25.4 x 1.5 mm),
the lift-off procedure produced 12 sets of electrodes, each with
three leads (Fig. 2a) to which electrical connectors were bonded
using a combination of conductive silver epoxy (MG Chemi-
cals, Surrey, BC, Canada) and a standard two-phase epoxy
(LePage, Toronto, ON, Canada). The electrodes were placed within
the microscope slide-carrier of an inverted optical microscope
(AxioVert S1I00TV, Carl Zeiss Microimaging, Thornwood, NY)

Fig. 2. Ti/Pt electrodes deposited on a glass microscope slide. (a) Twelve sets of
3-lead electrodes. Scale bar is 1.5 cm. (b) One 3-lead electrode set with
electrodes labeled el, €2, and €3. The inner two electrodes, el and €2, are driven
at opposite polarity, while the outermost electrode, e3, is grounded.
(c) Magnified view of the inner two electrodes, el and e2. The rectangular
trace represents the region used for DEP: Strong- and weak-£ regions occur
where el approaches and recedes from e2, respectively. Scale bar is 1 mm.

and connected to a signal generator (Model 33220A, Agilent, Palo
Alto, CA), which was used to generate both sine waves for DEP
and square pulses for EP, without the requirement for any additional
signal conditioning or amplification. During DEP manipulations,
the central electrode was driven at opposite polarity to the sur-
rounding structure (Fig. 2b, €2 and el, respectively). The latter
possessed periodically-spaced triangular features, which gave rise
to alternating regions of strong- and weak-£ (Fig. 2¢). The electrode
area over which significant DEP occurred (Fig. 2¢, outlined trace)
was about 3 mm?. The distance of closest approach between the
inner two electrodes (at the tip of each triangular portion) was
50 pum.

We defined positions within 50 um of the electrode edges as
strong-E regions, and otherwise as weak-E. The values of E
averaged over the strong and weak regions differed by a factor of
approximately three. For example, when the applied voltage was
U=10 V, the maximum value of E=U/l, where [ is the inter-
electrode distance, was 200 kV m™'. The E values averaged over
the strong- and weak-E regions were ~ 180 kV m™ ' and ~60 kV
m ', respectively. These estimates of £ were accomplished with
Comsol Multiphysics v3.2 software (Comsol, Stockholm, Sweden)
using the conductive media mode with the electric potential
assigned at boundaries (Dirichlet-type of boundary conditions), and
assuming a homogeneous medium in which the presence of cells
was neglected.

2.3. Cells and media

An established human monocytic cell-line, U-937, obtained
from ATCC (Manassas, VA), was chosen for these experiments,
primarily because these cells are cultured in suspension and tend
not to adhere either to solid surfaces or to one-another. The cells
were cultured in RPMI 1640 (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% FBS (Atlanta Biologicals, Laurenceville,
GA), and incubated at 37 °C in an atmosphere supplemented with
5% CO,. Prior to EP and DEP experiments, the cells were cen-
trifuged at 190 g for 5 min (Model CR4 22, Jouan, Saint-Herblain,
France) and re-suspended in one of several low-conductivity
buffers. Buffers of different conductivity were made by diluting
phosphate-buffered saline (PBS D1283: 136.8 mM NaCl, 8.1 mM
Na,HPOy, 2.7 mM KCI, 1.5 mM KH,PO,, Sigma) in de-ionized
water (DI-H,0), and adding D-glucose (Sigma) to maintain the
osmolality at 20025 mOsm kg ' (close to the isotonic value
of~285 mOsm kg ). A slightly hypotonic buffer was used to
induce a slight swelling of the cells that is advantageous for EP
experiments since the amplitude and numbers of pulses could be
reduced compared to the isotonic case [29,30]. The cell radius
(and standard deviation) was estimated at ¢=7.5£1.0 pm, on
using the straight-line measurement feature of imaging soft-
ware (Northern Eclipse v. 7.0, Empix Imaging, Mississauga, ON,
Canada). In comparison, the isotonic value was a=6.25+1.0 pm.
This level of hypotonicity was considered acceptable with re-
ference to the relatively large range of osmolalities 75<Osmo-
lality (mOsm kg~ ') <300 used in previous EP-based experiments
[29,30]. The pH was always above 6.0£0.5, and was also safe for
short-term use, cells being kept within the buffer solution for less
than 15 min. The conductivity range of the diluted PBS buffers
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was 10 *<eo, (Sm ') <1.6, and the maximum concentration of
D-glucose required, corresponding to the medium with lowest o,
was 220 mM. Conductivity and pH were measured using an
Accumet model 20 instrument (Fisher Scientific, Hampton, NH),
and osmolality was measured using a model 3D3 osmometer,
based on freezing-point depression (Advanced Instruments,
Norwood, MA).

2.4. Cell positioning and measurement of the
cross-over frequency

Unless otherwise stated, cells were suspended in buffer at a
density of ~5x10° cells mL™ ', as measured by hemocytometer
(VWR Scientific, Mississauga ON), and were transferred in
7.5 uL volumes to the electrode surface using a micropipette. This
produced a ~250 um deep liquid layer containing ~ 3750 cells,
which covered an area of ~30 mm?. The DEP signal applied to
the electrodes was a sine wave with a peak voltage of U=3 V, and
a frequency sweep 10%<f (Hz) <107 was performed for each
value of g... Cell behavior was monitored visually or with a CCD
camera (Model QIC-F-/M2: QImaging, Burnaby, BC, Canada),
and still images were captured for subsequent analysis. Under
these conditions, the majority of cells attained equilibrium posi-
tions along the plane of the electrodes after about 5 min, by a
combination of DEP and sedimentation, at which point the ex-
periment was stopped. Cell positioning statistics were then
compiled from the image by counting the cells that had migrated
to strong-£ regions (where the distance between cells and elec-
trode edges was <50 pm), versus weak-E regions (where the
distance between cells and electrode edges was >50 um).

Under certain conditions with appropriate choices of fand o,
Fpep was found to be negligible, and cells remained randomly
distributed over the electrode surfaces. As described above, the
corresponding f'values are the “cross-over” frequencies, fy, and a
different value of f, was found for each value of .. To determine
Jfo, we repeated the positioning experiments at different f values,
until random distributions of cells were observed, approaching f;
from frequencies both above and below f; in order to minimize
error. This procedure was repeated three times for each o..

2.5. Electroporation and gene delivery

We used square-wave bipolar electric pulses for electroporation.
For each experimental condition, a sequence of six pulses was
applied, each with width 7,=20 ps, rise- and fall times of =5 ns,
and inter-pulse intervals ¢,=0.5 s (that is, repetition rate, rr=2 Hz).
Peak applied voltages were U=7, 8, 9, and 10 V. First, randomly
distributed cells were electroporated in the presence of fluorescent
probes, to visualize the spatial dependence of EP in the case of a
non-uniform electric field. Cell positioning by DEP was used to
accentuate this position-dependence of EP and further influence
gene transfer. Expression of the transferred genes and cell viability
(cell survival) were quantified by determining the ratios Ny/Ntot
and Ng/Ntot, Nt being the number of transfected cells, Ng the
number of surviving cells, and Nyot the total number of cells.

We used a “Live(green)/Dead(red)” cytotoxicity kit (Invitro-
gen, Carlsbad, CA) to visualize the position-dependence of EP.

The protocol consists of adding a mixture of two different
fluorescent indicators, each at 1 pM concentration, to the cell
suspension. The first indicator, Calcein AM, can enter through
the cell membrane and then be cleaved by esterases in healthy
cells to become fluorescent (green). The second indicator,
Ethidium HD-1, is excluded from healthy cells with intact cell
membranes, but traverses those that have been compromised;
once inside the nucleus, it binds to nucleic acids, which greatly
(40x%) increases its fluorescence (red). Thus, healthy cells appear
green, irreversibly damaged cells red, and reversibly electro-
porated cells appear orange due to the combined presence of
both indicators. Live/Dead EP results were obtained using a
random and uniform distribution of cells to assess position-
dependence of EP due to the spatially varying E.

Fig. 3. Positioning of U-937 monocytes by DEP. (a) Simulated electric field
distribution using an arbitrary linear scale. (b) Cells positioned in the strong-£
regions by pDEP. (c) Cells positioned in the weak-E regions by nDEP. Scale bars
are 300 pm.
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Fig. 4. The cross-over frequency, fo, versus conductivity of the extracellular
medium, o, for U-937 monocytes. Open circles are experimental fy (mean=+SD,
n=3), while the dotted line is a fit using Eqgs. (2) and (4), and the solid line is a fit
using Eq. (3). The inset shows the region of low o..

For gene transfer we used a DNA plasmid expressing a fluo-
rescent reporter, pPEGFPLuc (Clontech, Mountain View CA), at a
concentration of 0.55 pg mL™'. As above, 7.5 uL of buffer
containing cells and DNA were placed over the electrodes at a cell
density of D=5x10° cells mL™" (total number of cells ~3750).
The buffer was PBS diluted in DI-H,O, with conductivity o.=
50 mS m~ ', and osmolality=200+25 mOsm kg~ '. Transfection
experiments were performed at room temperature (27 °C, or

300 K) under four sets of conditions: (i) EP pulses were applied
after the cells had been positioned by pDEP for 5 min, usinga 3V,
1 MHz sinusoidal potential; (ii) EP pulses were applied after
5 min of nDEP positioning, using a 3 V, 40 kHz sinusoidal
potential; (iii) EP pulses were applied after 5 min of sedimentation
only (“no DEP”); and (iv) as a control with neither DEP nor EP
pulses. Each condition (i) to (iv) was repeated four times. Fol-
lowing gene transfer, cells were incubated in FBS-supplemented
RPMI growth medium at 37 °C with 5% CO,. The number of
transfected cells, N1, and surviving cells, Ng, were monitored by
fluorescence microscopy.

3. Results
3.1. Cell positioning

The measured DEP spectra of cells reveal the ranges of fand o
for which both pDEP and nDEP positioning were achieved (Fig. 3b
and c, respectively). The data can be represented by the cross-over
frequencies (Fig. 4), where a linear relationship between f; and o,
was observed for 0.02<o, (S m™ ') <0.2. When o, was close to
physiological (1.5 S m™"), only nDEP was observed within the
frequency range investigated, the onset of pDEP occurring only
when ¢.<0.4 S m™ . The intercept of f; data extrapolated towards
o.=0 (the origin in Fig. 4) was close enough to zero that an upper
limit of 6, <10 Sm ™' (G, <1430 S m ™ ?) could be determined.
These small values of ,, have a negligible effect when calculating
K, forg,>5x10 2Sm ' so that we assumed o,,=10 ®Sm™ ! for
further calculations and for model fitting.

Fig. 5. Position-dependent EP of U-937 monocytes, as monitored by “Live(green)/Dead(red)” florescence tests. (a) Live cells, shown before pulsing. (b) The same cells
shown in (a), but 5 min after applying pulses of amplitude U=8 V, showing limited cell death. (c) Live cells shown before pulsing. (d) The same cells shown in (c), but 5 min
after applying pulses of amplitude U=10 V, showing more extensive cell death near the pDEP region. Electrode (el, €2) edges are outlined for clarity. Scale bar is 100 um.
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We fit f;, data to both Eq. (2) (with the condition K( f,)=0) and
Eq. (3) (valid for ¢.<~0.2 Sm™ ', see Fig. 4) by varying &, and
o;, with other parameters fixed at a=7.5 um, d=7.0 nm, o,=
10°°Sm ! and &;=&.=80¢,. The best fit for both equations was
found when ¢,,=6.0¢¢ (C,=7.6 mF mfz) and 6;=0.425 Sm .
These data therefore provide estimates for the dielectric properties
of U-937 monocytes as 5, <10 > Sm™ ' (Gn<1430Sm™ ?), £,,=
6.06g (Cy=7.6+1.25 mF m %), 6;=0.425 S m ', and &=80¢,,
and can be used to predict DEP responses under arbitrary con-
ditions of f'and o..

3.2. Live/Dead viability tests

During DEP experiments with U<4 V, Live/Dead tests
revealed that the U-937 cells remained viable for at least 15 min,

Fig. 6. Calculated position-dependence of EP of U-937 monocytes, for different
values of U. White = irreversible EP (cytolysis), Red-Green = reversible EP,
Blue =no EP. (a) U=6V, (b) U=8 V, (¢c) U=10 V.
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Fig. 7. Position-dependent gene transfection level and viability of U-937
monocytes. (a) Number of transfected cells, N_, and (b) viability versus pulse
amplitude, U, for cells positioned by either pDEP (squares), nDEP (triangles), or
with “no DEP” (no induced positioning, circles) prior to pulsing. Mean+SD (n=4)
values are shown, and data were shifted slightly to increase clarity between groups.

independent of f'and o, values. Thus an amplitude of U=3 V
was used for subsequent DEP positioning prior to EP.

The application of higher voltage (7 V<U<10 V), short-
duration (z,< 100 pus) pulses demonstrated position-dependent EP
within the region of spatially non-uniform electric field.
Although cells displayed some heterogeneous behaviour (some
cells in the strong-E regions remained green, while others in
weak-E regions became red), a clear position-dependent response
to EP could be observed (Fig. 5), consistent with the calculated
distribution of E (Fig. 6). For the case of low pulse amplitudes
(U<4 V), few green-to-red transitions occurred (less than 3% of
cells), but as U was increased the regions containing red cells
expanded from the tips of the “e1” electrodes to eventually fill in
the space between electrodes el and e2 when U>8 V (Figs. 5d
and 6c). Therefore, the “critical” field values for reversible and
irreversible EP could be estimated from calculated field values
and these cell distributions as E=40 kV m~ ' and E=120 kV
m~ ', respectively. For example, when U=10 V, the region of
irreversible EP coincided with that in which pDEP was observed
in the course of cell positioning experiments (Fig. 3b), while
reversible EP was observed in the nDEP region (Fig. 3c).

3.3. Gene delivery

Cell positioning by DEP prior to EP significantly influences
transfection efficiency and cell viability, compared with randomly
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distributed cells (“no DEP”) under otherwise identical pulsing
conditions (Fig. 7). For EP amplitudes of U=7 or 8 V, viability
was generally high, while higher EP amplitudes reduced viability
(Fig. 7b). A coupling between DEP and EP was evident, where
the number of transfected cells increased with U initially for all
three cases (nDEP, no DEP, pDEP) (Fig. 7a), but then decreased
above U=8 V, initially for pDEP and then for “no DEP”. Cell
viability decreased monotonically as EP amplitude U increased.
Transfected cells that survived the first 24 h after EP remained
viable and were observed to proliferate for the duration of our
observations (one week). For the control group (no DEP, no
pulses) we found N1+=0, as expected.

It is important to note that a sizeable fraction of cells
remained outside the DEP/EP-affected regions (identified in
Fig. 2¢), and that these cells were later counted when compiling
transfection data (Fig. 7). This was the result of the necessarily
quite large (7.5 pL) volumes of cell suspension applied, and led
to a relatively high background of viable but non-transfectable
cells that were estimated to be ~30% of the total cell number.

4. Discussion
4.1. Dielectrophoresis and electroporation

The major features of DEP positioning were adequately
predicted using a single-shell theory, with static dielectric pro-
perties of the membrane, (¢, 0,,), cytosol, (¢;, o;), and media
(€e, 0.). Best fit values of €,=6.06g (C,=7.6+1.25 mF m ?),
om<10"°Sm ' (G,<1430 Sm ?), and 0;=0.425 Sm ', with
¢; taken as 80¢,, are comparable to previously published para-
meters for U-937 monocytes [3], particularly when the low
osmolarity is taken into account [29]. The measurements of f;
allowed optimization of experimental parameters (ranges of f'and
o values), in order to examine the influence of cell positioning by
DEP on cell transfection.

We found that the spatial non-uniformity of £ used during
DEP produced a position-dependent EP. Comparing cell
positioning by DEP (Fig. 3) with the position-dependence of
EP for randomly distributed cells (Fig. 5) reveals how pDEP and
nDEP increased and decreased, respectively, the EP and number
of transfected cells. For a given value of U, the field acting on
cells in the strong-E region (corresponding to pDEP) was, on
average, three times higher than in the weak-E region (cor-
responding to nDEP). Thus, for example, when U=8 V, the
average E in the nDEP region was too low for significant EP, in
contrast to the pDEP region. In the case of still higher U (U>8 V),
lysis of cells frequently occurred in the pDEP region, resulting in
low viability and low Nt (Fig. 7) while nDEP positioned cells
retained better viability and increased transfection efficiency.

The occurrence of “optimal” E values, the range below which
transfection is low and above which viability drops, is well known
in the literature [14,15]. Generally, when E is spatially uniform,
experiments designed to correlate EP with field strength are
repeated at different U values. The present spatially non-uniform
field offers an advantage that for a given U and set of pulse
conditions (fixed values of 7, #,, and #,), EP can be visualised for a
range of £ in a single experiment. For the present conditions and

cell-type, we estimated “critical” field strengths of E=40 kV m ™'

for reversible EP, and E=120 kV m ' for irreversible EP.
Therefore, reversible EP leading to the possible uptake of dyes
and genes was observed to occur in the range 40<E (kV m™ ') <
120. Since the regions within the electrode chamber where these
conditions existed could be calculated from U, we were able to
predict the extent of EP-based on the combined effect of DEP cell
positioning and the EP pulse amplitude U.

4.2. Limitations

Commercial electroporators are capable of transfecting various
cell-types (including U-937) with a higher efficiency than that
reported here. This is in part due to the fact that the device
presented here allows ~30% of cells to remain in low-E regions,
and they were therefore not transfected. Additionally, we did not
optimize the cell transfection medium with special reagents that
are used in commercial systems. Another limitation related to
prediction of gene transfer is the use of the Live/Dead viability
tests with dyes that are ~4200 times smaller (by molecular
weight) than the DNA plasmid.

5. Conclusions

Several new micro-devices for the manipulation of biologi-
cal cells have been reported in the literature. Dielectrophoresis
(DEP) and electroporation (EP) enable diverse manipulations
such as physical displacement (transport and trapping of cells),
and gene delivery. The present simple planar micro-electrode
device demonstrated that applying both DEP and EP in a
spatially non-uniform electric field, permitted correlation of EP
with electric field strength. Regions within the electrode cham-
ber where reversible or irreversible EP occurred could then be
predicted by the choice of EP pulse height U, and DEP posi-
tioning allowed additional control over the outcome of EP. This
study shows that future devices may combine DEP and EP
using spatially non-uniform fields to achieve different objec-
tives in cell movement and manipulation.
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Abstract

Electrochemical impedance spectroscopy (EIS) has been used to determine several electrochemical properties of the anode and cathode of a mediator-
less microbial fuel cell (MFC) under different operational conditions. These operational conditions included a system with and without the bacterial catalyst
and EIS measurements at the open-circuit potential of the anode and the cathode or at an applied cell voltage. In all cases the impedance spectra followed a
simple one-time-constant model (OTCM) in which the solution resistance is in series with a parallel combination of the polarization resistance and the
electrode capacitance. Analysis of the impedance spectra showed that addition of Shewanella oneidensis MR-1 to a solution of buffer and lactate greatly
increased the rate of the lactate oxidation at the anode under open-circuit conditions. The large decrease of open-circuit potential of the anode increased the
cell voltage of the MFC and its power output. Measurements of impedance spectra for the MFC at different cell voltages resulted in determining the internal
resistance (R;,,) of the MFC and it was found that R, is a function of cell voltage. Additionally, R;,, was equal to R, at the cell voltage corresponding to

maximum power, where R, is the external resistance that must be applied across the circuit to obtain the maximum power output.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Microbial fuel cell; Electrochemical impedance spectroscopy; Internal resistance of a microbial fuel cell

1. Introduction

EIS is frequently employed in corrosion studies, where it is
used to evaluate corrosion protection by inhibitors, polymer
coatings and anodic layers, pitting of alloys, and microbiologi-
cally influenced corrosion (MIC) [1,2]. EIS has also been used in
microbiologically influenced corrosion inhibition (MICI) studies.
Nagiub and Mansfeld [3,4] used EIS and electrochemical noise
analysis (ENA) to show that Shewanella ana and Shewanella
algae prevented pitting of Al, tarnishing of brass and rusting of
steel in artificial seawater containing a growth medium.

Despite the successful application of EIS in corrosion science,
very few studies have been published in which EIS has been used
to evaluate the properties of MFCs and the parameters that
determine its power output. This might be due to the perception
that it is difficult to use EIS and to analyze the impedance spectra
[5]. In the present studies EIS is being used to evaluate the

* 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.2008.01.004

electrochemical behavior of the anode and the cathode of a
mediator-less MFC at their open-circuit potentials under different
experimental conditions [6—8]. This was made possible by the
introduction of Ag/AgCl reference electrodes in the anode and
cathode compartments. EIS data are also being obtained for the
MEFC at different applied cell voltages. As previously discussed,
[6] a better understanding of how an MFC works and how its
power output can be improved, can only be obtained if a number
of different electrochemical techniques such as EIS, potential
sweeps, potentiodynamic polarization and cyclic voltammetry are
applied in combination with other techniques such as surface
analysis and microbiological investigations.

2. Experimental approach

A dual compartment MFC was used for all experiments.
Bare graphite felt (GF-S6-06, Electrolytica) was used as the
anode and the cathode. The cathode was electroplated with
platinum at a loading of 0.15 mg/cm? [9]. A proton-exchange
membrane (Nafion® 424, DuPont) was used to separate the
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anode and cathode compartments. Each electrode had an
apparent surface area of 20 cm” and was connected to Pt-wire
leads by a conductive carbon epoxy (EPOX-4, Electrolytica).

The assembled MFC was autoclaved at 121 °C for 15 min prior
to the addition of any liquid media. Sterile Ag/AgCl reference
electrodes were inserted into both the anode and cathode
compartments after autoclaving. Anaerobic conditions were
maintained in the anode compartment of the MFC by
continuously passing filtered nitrogen gas through the compart-
ment at a rate of 20 mL/min. Aerobic conditions were maintained
in the cathode compartment by continuously passing air at a rate
of 40 mL/min.

Electrochemical measurements were performed using two
different anolytes: 1) buffer and lactate (20 mM) and 2) buffer,
lactate (20 mM) and Shewanella oneidensis MR-1 (MR-1).

The buffer solution contained 50 mM PIPES (CgH;gN,O4S>)
and 7.5 mM NaOH (pH 7.0). The same buffer solution was used
in the anode and the cathode compartments. The same cell was
used for the two sets of experiments.

The MFC was allowed to remain at the open-circuit cell
voltage V, for several hours such that a stable open-circuit cell
potential (OCP) could be observed for both electrodes before
measurements were taken.

2.1. Bacterial growth conditions

2.1.1. Shewanella oneidensis

MR-1 was grown in a PIPES-buffered minimal media (pH 7.0)
containing 18 mM lactate as the sole electron donor, 50 mM
PIPES, 7.5 mM NaOH, 28 mM NH,CI, 1.3 mM KCl, 4.3 mM
NaH,PO,-H,O and 10 mL/L each of vitamin, amino acid and
trace mineral stock solutions. The cells were harvested and injected
into the MFC such that an ODg, of 0.4 was achieved in the anode
compartment (the buffer served as the diluting medium) [9].

2.2. Electrochemical techniques

A Gamry PCI4/300 potentiostat was used for all electro-
chemical measurements. Gamry EIS300 software was used for
recording of impedance spectra, while DC105 software was
used for recording of potential sweeps, monitoring of the
potential difference between the two reference electrodes and
for measuring the /- curve at an applied cell voltage.

2.2.1. Electrochemical impedance spectroscopy (EIS)

EIS measurements were carried for the anode, the cathode and
the MFC in a frequency range of 100 kHz to 1 mHz with an ac
signal of 10 mV amplitude. Anode impedance spectra were
recorded using the anode as the working electrode and the cathode
as the counter electrode. Cathode impedance spectra were
recorded using the cathode as the working and the anode as the
counter electrode. During these measurements, the Ag/AgCl
reference electrode in the compartment of the working electrode
was used as the reference electrode. When EIS measurements
were performed for the MFC at several applied cell voltages, the
anode was used as the working electrode and the cathode was
used as the reference as well as the counter electrode.

2.2.2. Potential sweeps

Potential sweep experiments were carried out at a scan rate of
0.1 mV/s from the open-circuit cell voltage (V,), where zero
current is passed across the circuit (/=0), to the short-circuit cell
voltage (Vy.), where current is at a maximum (/=1,,,). From the
V—I curves power (P)—V curves were calculated. The P—V curves
were used to determine the cell voltages at which the maximum
power (Vmax) and half the maximum power (/7) occur.

2.2.3. Voltage—time (V—t) and current—time (I-t) curves

The potential difference between the two Ag/AgCl reference
electrodes was monitored for about 30 min to estimate a baseline
value for determination of the membrane resistance (R,,,). Current—
time curves were then measured at three different applied cell
voltages, i.e. Viax V1, and V.. The cell current flowing between the
anode and the cathode, and the potential difference between the two
reference electrodes, were monitored at each applied cell voltage for
3 h. From these measurements an estimated value of R, under MFC
operational conditions was made using Ohm’s law.

2.3. Test procedure

The MFC was assembled with the anode compartment
containing buffer solution and lactate. The cycle of electro-
chemical experiments was started by collecting an impedance
spectrum for the anode and the cathode at their OCP followed
by a potential sweep experiment.
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Fig. 1. Impedance spectra for the anode and cathode at their OCP for test with
buffer and lactate as the anolyte.
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Monitoring the potential difference between the two
reference electrodes was started at the open-circuit condition.
After about 30 min of monitoring this potential difference, the
required cell voltage was applied across the cell without
interrupting the monitoring of the potential difference between
the two reference electrodes. /-t curves were recorded for 3 h
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Fig. 3. Impedance spectra for the anode and cathode at their OCP for test with
buffer, lactate and MR-1 as the anolyte.
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and then an EIS measurement was carried out for the MFC at the
same applied cell voltage. All three processes were carried out
for each cell voltage V., V7 and V., respectively.
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Fig. 5. Impedance spectra for the MFC at different applied cell voltages with
buffer and lactate as the anolyte.
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Fig. 6. Impedance spectra for the MFC at different applied cell voltages with
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Fig. 7. Comparison of experimental and fitted impedance spectra (data of Fig. 3)
of anode (a) and cathode (b).

Table 1
Fit parameters for the spectra of the anode and cathode (anolyte: buffer and
lactate)

Parameter Anode Cathode
R, () 7.79%10° 8.32*%10°
C (F) 9.22%1074 6.22%1072
R (Q) 15 5.5

This same sequence of experiments was repeated after the
anode solution was completely replaced with a suspension
containing buffer, lactate and MR-1. The same MFC assembly,
i.e. the same electrodes and membrane, was used for all tests.

3. Results and discussion

The EIS data are presented in the form of Bode plots in
which the logarithm of the impedance modulus |Z] and the phase
angle @ are plotted vs. the logarithm of the frequency f of the
applied ac signal. The impedance spectra recorded for the anode
and cathode at their OCP with buffer and lactate as the anolyte
are shown in the Fig. 1. The impedance spectra of both the
anode and the cathode follow the one-time constant model
(OTCM), in which the solution resistance (Ry) is in series with a
parallel combination of the capacitance of the electrode (C) and
its polarization resistance (R,) [1,2]. R, is inversely proportional
to the exchange current density (/,) of the reaction that takes
place at each electrode [7]. It can be seen from Fig. 1 that the
frequency dependence of @ in the low-frequency region of the
spectra indicates that the polarization resistance of the cathode
(Rp) is much lower than the polarization resistance of the anode
(Rp), i.e. the rate of oxygen reduction at the cathode is much
faster than the rate of lactate oxidation at the anode.
Additionally, these spectra show a much higher capacitance
value for the cathode (C°), which is due to the higher active
surface area of the Pt-plated graphite cathode [6—8].

Fig. 2a shows the V-I plot for buffer and lactate as the
anolyte. The open-circuit cell voltage was found to be 156 mV
and a maximum current of 0.17 uA was measured at short-
circuit. The P—V curve in the Fig. 2b shows that the V., was
about 80 mV and the maximum power that was obtained from
this cell was 6 nW.

Fig. 3 shows the impedance spectra for the anode and
cathode when the anode solution contained buffer, lactate and
MR-1. The spectrum for the anode was very different from the
condition when no bacteria were present in the anode
compartment (Fig. 1). The frequency dependence of |Z] and &
at low frequencies demonstrated that R, decreased considerably
in the presence of MR-1. This decrease in Rj was accompanied
by a sharp decrease of OCP* from 0.197 V to —0.481 V. The
decrease of R, and OCP* when MR-1 is present in the anode

Table 2

Fit parameters for spectra of the anode and cathode (anolyte: buffer, lactate and MR-1)
Parameter Anode Cathode
R, () 1.02*10* 8.51*%10°
C (F) 9.70*10~* 6.62*10° >
Ry (Q)) 1.1 5.3
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Table 3
Fit parameters for spectra of the MFC at different applied cell voltages (Anolyte:
buffer and lactate)

Parameter Vs Vimax " Ve

R (Q) 9.79*10° 2.94%*10° 1.50%10° 5.23*10°
el (F) 7.11%1074 7.28%1074 8.33*%107* 1.03%1073
RE" (Q) 14.6 14.6 14.7 14.2

compartment suggests that the rate of the anodic redox reaction
is considerably increased [6—8]. The cathodic impedance
spectrum for the case when MR-1 is present at the anode is
very similar to that without MR-1 (Fig. 1).

The MFC V—I curve for the case when MR-1 was present in the
anolyte is shown in the Fig. 4a. ¥ increased to 0.844 V and the
maximum current that passed through the cell was 104 pA, which
was much higher than the maximum current that was obtained
without MR-1 (Fig. 2). The P-V curve (Fig. 4b) shows that the
maximum power (Pp,.x) had increased to 23 pW at V., =0.430 V.

Fig. 5 shows the MFC impedance spectra that were obtained
at four different applied cell voltages V,, Vinax, V1, and Vi, with
buffer and lactate as the anolyte using a two-electrode technique
[1,2]. When comparing these results with those shown in Fig. 1,
several interesting points are observed. The solution resistance
(RZ") of the MFC is higher than R, for the anode and cathode
since it includes the resistance of the anolyte and catholyte
between the anode and the cathode (R() and the resistance of
the membrane (R,,,.). EIS data obtained in the presence of MR-1
at four different applied cell voltages are shown in the Fig. 6.
The low-frequency dependence of the impedance spectra
indicates that RS of the MFC decreases significantly as the
applied cell voltage decreases, i.e. the cell current increases.

The EIS results shown in Figs. 1, 3, 5 and 6 were analyzed
using the OTCM in the ANALEIS software developed by Shih
and Mansfeld [2,10,11]. Fig. 7 shows a comparison of the
experimental and the fitted spectra for the data in Fig. 3. Very
good agreement between the two data sets was obtained for the
EIS data obtained with and without MR-1. The results of the data
analysis are tabulated in Tables 1 and 2. The only significant
difference of the fit parameters is the drastic decrease of R;, in the
presence of MR-1. According to mixed potential theory [12] this
decrease of Ry, accompanied by the marked negative shift of
OCP? is due to the large increase of the rate of lactate oxidation
that occurs at OCP® in the presence of MR-1 [6—8].

The results of the analysis of the impedance spectra obtained for
the cell at different cell voltages and under different anode
conditions, i.e. without and with MR-1, are given in Tables 3 and 4.
As will be discussed in more detail elsewhere [8] the internal
resistance Riy of an MFC is defined as Ry =Rp+R;+Ra +Rp.
For the MFC under investigation Ry +R;>>Rq + Ry,. Since Rf,e“ is

Table 4
Fit parameters of the MFC at different applied cell voltages (anolyte: buffer,
lactate and MR-1)

Parameter Vo Vinax 14 Ve
RE(Q) 7.20%10* 9.81*%10° 7.24%10° 458%10°
U (F) 7.84%10°% 9.24%10 % 9.13%10°* 7151074
ReM (Q) 14.2 13.4 12.8 11.7
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Table 5

Variation of R,,+ R’ with applied cell voltage

Applied cell voltage Rt R0 (Q)
Vs 5.85

4 5.40

Vie 3.52

of bacteria at the anode). The cell capacitance (C**"), which
contains contributions from the capacitance of the anode and the
cathode and R®"'=Rq +R,,, were independent of the applied cell
voltage.

Fig. 8 shows the P—V curves for both anodic conditions and
the dependence on cell voltage of R;, and the external
resistance R.y; that has to be applied to obtain the desired
power production form the cell (Req=P/I%). These figures
demonstrate that R. =00 at V;,, and R.=0 at V.. Additionally,
R, decreased as the cell voltage decreased due to the decrease
of R, and R;. For both tests it was found that Rip=Rex; at Vinax
as suggested by Logan et al. [5]. For V<V, it is shown that
Rini> Reyi and for V>V ., it is shown that R, <Ry

A comparison of the impedance spectra in Figs. 1 and 3 with
those in Figs. 5 and 6 indicates that R, i.e. the impedance at the
highest frequencies, was higher in the tests with an applied cell
voltage (Figs. 5 and 6) than R, obtained for test at the OCPs of the
anode and the cathode (Figs. 1 and 3). This result is due to the fact
that R includes the resistance Rq of the solution between the
anode and the cathode as well as the membrane resistance R,,,. In
order to obtain an estimate of the experimental value of R, the
potential difference between two references electrodes in the anode
and cathode compartment and the current flowing through the cell
were measured at V.., V7 and V. for 3 h in buffer, lactate and
MR-1 anolyte. Fig. 9a shows the potential difference data, while
Fig. 9b shows the current—time curves. The potential difference in
the absence of current flow is due to small differences in the
potential of the two Ag/AgCl reference electrodes. The potential
difference increases as a cell voltage is applied between the anode
and cathode because of the contributions of the resistance R’ of
the electrolyte between the two reference electrodes and R,,,. This
resistance value R’ +R,, was calculated based on the potential
difference in the absence and presence of current flow (Fig. 9a) and
the value of the current at the end of the test (Fig. 9b). The results
of these calculations in Table 5 demonstrate that R'o+R,,
decreased slightly with increasing current and the sum of these
components is very small compared to Ry, (Table 4).

4. Summary and conclusions

EIS has been found to be a convenient tool for the
determination of the electrochemical properties of the anode and
the cathode of a MFC. EIS data have been collected for several
MFC operational conditions including different anode solutions
and various applied potentials. In all cases the impedance spectra
followed a simple one-time-constant model (OTCM) in which the
solution resistance R; is in series with a parallel combination of the
polarization resistance R, and the electrode capacitance
C. Analysis of the impedance spectra for the anode showed that

addition of MR-1 to a solution of buffer and lactate greatly
increased the rate of the lactate oxidation at the OCP? of the anode.
The large decrease of OCP? in the presence of MR-1 increased the
cell voltage of the MFC and its power output. The fact that R, is
much larger than Rj; shows that in the evaluated MFC system, the
rate of oxygen reduction at the cathode is much larger than the rate
of lactate oxidation at the anode.

Measurements of impedance spectra for the MFC at different
cell voltages allow the determination of the internal resistance R;
of the MFC. R;,,; was lower by about a factor 100 in the presence of
MR-1 and decreased with decreasing cell voltage since both Ry
and R;, decrease with increasing current flow. It was found that at
Vimax» the MFC produces the maximum power, and Rj;=Rext.

Potential measurements between the two reference electro-
des and current measurements at different cell voltages have
been used to obtain an estimate of the membrane resistance R,
of about 5 ().
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Abstract

In this article, the electrochemical behavior of emodin at multi-wall carbon nanotube modified glassy carbon electrodes (MWNTs/GCE) was
studied. The result showed that MWNTs/GCE had high electrocatalytic activity for emodin. And the electrocatalytic redox process was a two-
charge-two-proton process. Diffusion coefficient (Dz) of 8.403x 10> cm® s~ ! of emodin was obtained. Further experiments demonstrated that the
oxidative peaks increased linearly with emodin concentrations in the range of 1.0 x 10™° to 1.0x 10~ * M with a limit of detection of 3.0x 10~ M.
This electrochemical method was accurate and reliable, therefore, it might provide a novel way for emodin detection.

© 2008 Elsevier B.V. All rights reserved.

Keywords: Carbon nanotube; Modified electrode; Emodin; Determination

1. Introduction

Carbon nanotube (CNT), discovered in 1991 [1], is one of the
world wide hot spots due to its unique physical, chemical
characters and its potential application foreground. Carbon
nanotube may be regarded as a graphite sheet rolled up to form a
tube and can be divided into single-wall carbon nanotube
(SWNT) [2] and multi-wall carbon nanotube (MWNT) [3].
Carbon nanotube has unique structure, appropriate surface area,
low resistance and high stability [4]. Because of its curved wall,
electric charge transfer is quicker than that of the transfer in
graphite, it can be used as an excellent electrode material [5].
Multi-wall carbon nanotube modified electrodes are easy to
prepare, of low disturbance and high stability, they can be widely
used in the detection of bioactive molecules, such as theophyl-
line [6], hydrogen peroxide [7], guanine [8] and levodopa [9].

Emodin [1, 3, 8-trihydroxy-6-methylanthraquinone] (Fig. 1) is
a biologically active natural compound extracted from the
rhizomes of Rheum palmatum with anti-microbial, immunosup-

* Corresponding author. Tel.: +86 27 87792235; fax: +86 27 87792202.
E-mail address: zydi@mail.hust.edu.cn (Y.-D. Zhao).
! These authors contribute equally to this work.

1567-5394/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2008.01.005

pressive and anti-inflammatory activities [10,11]. Emodin has
strong anti-microbial activities because it can restrain the
biosynthesis of the nucleic acid and respiration of bacteria, the
mechanism of which lies in its effect of oxidation and dehy-
drogenation of sugar and the intermediate product of the sugar
metabolism, oxidation and dehydrogenation of amino acid as well
as restriction of protein synthesis. Recently, it was discovered that
emodin can increase the repair of UV- and cisplatin-induced DNA
damage in human cells, and elevate ERCC1 gene expression [12].
It was also found that emodin had the potential application
foreground in the treatment of multiple organ dysfunction
syndromes [13]. Therefore, the research and detection of emodin
has important theoretical and practical significance.

Emodin can be chemically classified as an anthraquinone
derivative with electro-activity. Current detections of emodin
include spectroscopic method [14], oscillopolarography [15],
micellar electrokinetic capillary chromatography [16], etc.
Among these, the electrochemical methods have the advantage
of celerity, simplicity and high sensitivity. For example, Zou etc.
[15] studied the polarographic behavior and the mechanism of
electrode reaction of emodin. It was found that there was a
sensitive second derivative peak at —0.75 V (vs. SCE) when
using single sweep oscillopolarography. This peak current
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OH O OH

HO"'CH3

0]

Fig. 1. Chemical structure of emodin.

increased linearly with emodin concentration in the range of
1.42x10" " t05.7x10 *Mand 7.1x 10 ®t0 7.1 x 10~ > M with
a limit of detection (LOD) of 0.7x 10" " M.

In this paper, based on the advantage of quicker electric
charge transfer of CNT, multi-wall carbon nanotube modified
glassy carbon electrode was used to study the electrochemical
behavior of emodin. It was discovered that multi-wall carbon
nanotube modified glassy carbon electrode had better electro-
catalytic effect for the redox of emodin than that of bare glassy
carbon electrode. Electrochemical parameters were obtained
and this electrochemical method was used to determine the
unknown concentration of emodin sample solution extracted
from Rheum. A controlled experiment showed that the result
obtained from the electrochemical method was accurate and
reliable. Thus, a novel possible way was provided for the
detection of emodin.

2. Experimental
2.1. Instruments and reagents

The electrochemical experiments, cyclic voltammetric (CV)
and chronocoulometric (CC) experiments were performed with
an electrochemical workstation (CHI621A, CH Instruments,
China) coupled with a conventional three-electrode cell. The
working electrode was a multi-wall carbon nanotube modified
glassy carbon electrode (MWNTs/GCE) or a bare glassy carbon
electrode (GCE), the auxiliary electrode platinum wire, and the
reference electrode saturated calomel electrode (SCE). All the
potentials were given against the SCE. A pH meter (PHS-3C,
Shanghai Precision Scientific Inc., China), ultrasonic cleaning
device (DL-180A, Shanghai ZX equipment Ltd., China), trans-
mission electron microscope (Tecnai G2 20, PEI, Netherlands)
and UV-visible spectrophotometer (UV-2550, Shimadzu,
Japan) were used. Pure emodin was obtained from Chinese
Institute for the Control of Pharmaceutical and Biomedical
Products (Beijing, China) with the purity of more than 98%.
The rhizomes of rhubarb were purchased from the Hubei
Chinese Herbal Medicine Resource Ltd. (Wuhan, Hubei, China)
and identified as Rheum officinal Baill. MWNTs were prepared
in the same way as reference [17]. Phosphate-buffered saline
(PBS, pH 10.1, 0.1 M) and other reagents were of analytical
grade. All solutions were prepared with twice-distilled water.
The buffer solutions were purged with high-purity nitrogen for
at least 10 minutes prior to experiments and a nitrogen envi-
ronment was then kept over the solution in the cell. All exper-
iments were performed at room temperature.

2.2. Preparation of the MWNTs/GCE

Crude MWNTs were ultrasonically agitated in 3 M HNO;
for 1 h and refluxed in 5 M HCI for 4 h at 110 °C. After acid
treatment, the samples were calcined in static air at 350 °C for
about 2 h. 1 mg purified MWNTSs were dispersed with the aid of
ultrasonic agitation in 1 mL of N, N-dimethylformamide (DMF)
to form 1 mg/mL black suspension. The bare GCE was polished
with 0.05 um alumina slurry, sonicated in acetone and twice-
distilled water for 3 to 5 min, respectively. The cleaned GCE
was then coated by 20 pL 1 mg/mL MWNTs black suspension.
After dried in the air overnight to remove the solvent, the
MWNTs/GCE was prepared.

2.3. Preparation of the emodin sample solution

Emodin was extracted from the rhizomes of rhubarb in the
same way as reference [ 18]. This process was mainly as follows:
a certain amount of the 80-mush-sized rhubarb rhizomes pow-
der in 1:12 (w/v) chloroform—glycerol—sulfuric acid (20%)
(4:1:1, v/v/v) was heated to reflux for 110 minutes. After
cooling, the solution was filtered. The filtrate was washed three
times with twice-distilled water. The organic phase was re-
moved and distilled under vacuum to give solid power anthra-
quinone derivatives. Unknown concentration of emodin sample
solution in PBS (pH 10.1, 0.1 M) was then prepared.

3. Results and discussion
3.1. TEM characterization of MWNTs

1 mg purified MWNTs were dispersed in 1 mL DMF to form
1 mg/mL black suspension. From the TEM image (Fig. 2), it can
be clearly seen that MWNTs dispersed homogeneously and the
MWNTs were about 10 nm in diameter.

3.2. Electrochemical behavior of emodin at MWNTs/GCE

After MWNTs/GCE was prepared, | mM K;Fe(CN)g so-
lution was used as probe to determine the microscopic areas of
the bare GCE and MWNTs/GCE by CV. From CV graphs, it
was found that K;Fe(CN)g had a reversible redox peak at both
bare GCE and MWNTs/GCE (figures were not displayed). For a
reversible process, the anodic peak current is given by [19]:

Ipa = 2.69 % 10° s/ (mol V'/2) )24 (em?)co (mol /em’ )
x [De(em’ f5)] (v /)] V2 (1)

where 1, refers to the anodic peak current, 7 is the electron
transfer number, A is the surface area of the electrode, Dy is
diffusion coefficient, ¢, is the concentration, v is the scan rate,
in the parentheses are the units of the measurement ahead.
As for K3Fe(CN)g, n=1, Dz=5.90%10"> cm? s~ ' [20]. From
the slope of the /,,, ~v'2 relation, the microscopic areas can be
calculated, with 0.0345 cm” for the bare GCE, 0.0820 cm” for
the MWNTs/GCE, indicating that the microscopic area of
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Fig. 2. TEM image of the purified MWNTs.

MWNTs/GCE increased significantly and was about 2.38 times
larger than the microscopic area of bare GCE.

CV behaviors of emodin at bare GCE and MWNTs/GCE
were studied respectively, the result is shown in Fig. 3. From
Fig. 3, an irreversible peak can be seen at —0.332 V with the
peak current of 7.50x10" 7 A at bare GCE (Fig. 3, curve a),
while the same irreversible peak shifted positively to —0.275 V
at MWNTs/GCE with the peak current increased to
7.75x107° A (Fig. 3, curve b), about 103 times larger. It was
also found that the peak currents of the irreversible oxidative
peak increased linearly with the square root of scan rate in the
range of 10 to 100 mV/s, indicating that it was a diffusion-
controlled process. At the same time, a reductive peak can be
seen at —0.777 V with the peak current of 7.50x 10~ ¢ A at bare
GCE, while the same reductive peak shifted negatively to
—0.853 V at MWNTs/GCE with the peak current increased to
9.878x10" > A, about 13 times larger. These showed that the
electrochemical response of emodin at bare GCE was very weak

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
E/Vvs. SCE

Fig. 3. CV curves of bare GCE (a) and MWNTs/GCE (b) in 1.0 x 10~ > M emodin
solution (PBS, pH 10.1) and MWNTs/GCE (c) in PBS at a scan rate of 100 mV/s.

compared to the electrochemical response at MWNTs/GCE.
The increased multiple of peak currents and microscopic areas
were out of proportion, indicating that the increase of peak
currents depended not only on the increase of microscopic area
but mainly on the electrocatalytic effect of MWNTSs. Moreover,
another oxidative peak was observed at —0.728 V at MWNTs/
GCE while there was only an inconspicuous oxidative process
observed at GCE with much smaller peak current. The result
of all these demonstrated that MWNTs/GCE has significant
electrocatalytic effect for emodin, thus can be used for the
detection of emodin.

3.3. Electrochemical behavior of emodin at different pH values

The redox process of anthraquinone derivatives was
frequently related to proton participation; therefore the electro-
chemical behavior of emodin at different pH values was studied.
The relationship between the peak currents of the irreversible
peak of the emodin at MWNTs/GCE and pH values were shown
in Fig. 4. It can be seen that the peak potentials of the irre-
versible peaks shifted negatively as pH increased (Fig. 4A),
indicating that this electrochemical process involving proton

-1.0 -0.8 06 04 0.2 0.0
E/Vvs. SCE

-0.20 |
-0.25

> -0.30 |

a

Q
M 035t

-0.40 -

-0.45 -

8 9 10 11 12
pH

Fig. 4. (A) CV curves of MWNTS/GCE in 1.0x 10> M emodin solution at a
scan rate of 100 mV/s, pH fromatoe: 8.1,9.1, 10.1, 11.1, 12.1. (B) Relationship
between E,,,, I,, and pH values.
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OH 0 OH OH OH OH
- + N
HO CH; AL =2 HO CH;
0 OH

Fig. 5. Redox mechanism of emodin at MWNTs/GCE.

participation [21]. The peak potential of the irreversible
peak and pH fitted linearly according to the following equation:
Epo/V=0.215-0.053pH (R=0.991) (Fig. 4B), the slope of the
E,, and pH was near to the theoretic value of —=0.056 V/pH when
the number of participated protons and electrons was equal
[22,23].

In the later experiments, emodin would be extracted from the
rhizomes of Rheum which contained various types of anthra-
quinone derivatives, and the best pH was 10.1 in order that more
emodin could be extracted with less impurity such as aloe-
emodin [18], so the pH of 10.1 is selected.

3.4. The parameters of the electrochemical processes
of emodin

3.4.1. Determination of electron transfer number

Relationship between peak current of the irreversible
oxidative peak and scan rate was studied, the peak current
increased as the increase of scan rate, and following equation
was obtained: £,, (V)=—0.218+0.0625 Ig(v (V/s)), R=0.999.
According to Laviron’s theory [24], for an irreversible process
the following equation exists:

Epa(V) = EY (V) + 2.303RT /[oanF] (V) (2)
+1g[RT/ [anF] (V)K" (cm/s)v(V/s)]

where o refers to electronic transmission coefficient and is
usually 0.5 [25], k”is the standard rate constant, 7 is the electron

0.5 7040608 1.0 1214 1.6 1.8 20
172, 172
t/s

1 1

3 4

0 1 Zt/s

Fig. 6. Plot of Q against ¢ for the MWNTs/GCE in 1.0x 10> M emodin PBS

solution. Insert: plot of O against 2,

transfer number, v is the scan rate, £”' is the formal potential, in
the parentheses are the units of the measurement ahead. n can be
calculated to be 2, and because the number of participated
protons and electrons was equal, it was a two-charge-two-
proton process. Therefore, the proposed redox mechanism for
emodin at MWNTs/GCE can be written as follows (Fig. 5) [15]:

3.4.2. Determination of the diffusion coefficient
The diffusion coefficient of emodin was determined at the
MWNTs/GCE using CC (Fig. 6). For a diffusion-controlled

1 1 1
-0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0
E/Vvs. SCE

0 1 1 1 1 1
0 2 4 6 8 10

[emodin] / 10°M

Fig. 7. (A) The irreversible oxidative peak of different concentration emodin at
MWNTS/GCE. from a to e: 1.0x107% 5.0x107° 1.0x107° 5.0x107°,
1.0x10"* M. (B) The peak currents of the irreversible oxidative peak as the
function of concentrations.
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electrochemical process, the following Cottrell equation [26]
exists:

2n[F(C/mol)]4(cm?)[Dg(cm?/s)] e (mol/cm3> [t(s))'/?
= Y + Qu(C)

(3)

where n refers to electron transfer number, F' is Faraday con-
stant 96,500 C/mol, 4 is the surface area of an electrode, Dy is
diffusion coefficient, ¢y is the concentration. The potential step
was from 0.1 to 0.5 V (Fig. 6). Based on the slope of O~7"?
curve, 1. 637x10° % C's 2 (R=0.992), in the parentheses are
the units of the measurement ahead, the diffusion coefficient

(Dg) of emodin was estimated as 8.403x 10> cm® s .

3.5. The application of CV for the detection of emodin

Based on the experiments mentioned above, MWNTs/GCE
was used to study emodin solutions of different concentrations
(Fig. 7A). The result showed that the peak current of the irre-
versible oxidative peak increased linearly with the concentration
of emodin in the range of 1.0x 10~ to 1.0x 10~ * M (Fig. 7B).
The linear regression equation was expressed as 1,/ 107° A=
0.659+1.481¢ / 10" ° M, R=0.999 (n=5), with a limit of de-
tection (LOD) of 3.0 x 10~ 7 M. Further experiments showed that
MWNTSs/GCE was of good reproducibility and reliability.

As an anthraquinone derivative, emodin has strong absor-
bance in the wavelength range of visible light [14]. Fig. 8 is the
UV-visible spectra of pure emodin with different concentra-
tions. In order to verify the effectiveness of this electrochemical
method for the detection of emodin, the unknown concentration
of emodin sample solution extracted from the rhizomes of
Rheum officinal Baill was determined by electrochemical meth-
od and UV—visible spectrometry respectively. The UV—visible
spectrometry result showed that the concentration of emodin is
4.90x10"° M, while 4.81 x 10> M for CV result using MWN
Ts/GCE, which was close to the former one. This result con-
firmed that the electrochemical method for the detection of
emodin was accurate and reliable.

3.0F
2.5

2.0

Absorbance spectrum

0.5

0.0
400 450 500 550 600
A (nm)

Fig. 8. UV—visible spectra of emodin with different concentration, from a to d:
1.0x107%,5.0x107°, 1.0x 1074, 5.0 10™* M.

4. Conclusion

In this paper, the electrochemical behavior of emodin at MW
NTs/GCE was studied. It was found that emodin presented
better electrochemistry behavior at MWNTs/GCE, and the peak
currents of the irreversible oxidative peak increased linearly
with the concentration of emodin. The result of the detection of
emodin by this electrochemical method matched that obtained
by UV—visible spectrometry. Therefore the determination emo-
din at MWNTSs/GCE was accurate and reliable, and thus a novel
possible way for the detection of it is provided.
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Abstract

This paper presents a novel method to measure the dynamic process of membrane permeability during electroporation (EP) on microchips for
human cancer cells. Micro EP chips with three-dimensional gold electrodes accommodating a single cell in between were fabricated with a modified
electroplating process. Electrochemical impedance spectroscopy (EIS) was carried out with an electrochemistry analyzer on micro EP chips and a
nonlinear equivalent circuit model was proposed to describe the dynamic response of the whole system. Using such a method, micro EP current was
isolated from undesired leakage current to study the corresponding electroporation dynamics under different input voltages. In addition, cell
membrane recovery dynamics after electroporation was also studied and the resealing time constants were determined for different pulse treatments.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Membrane electroporation (EP) is the use of an intense
electric pulse to make the cell membrane transiently porous
and then permeable to exogenous molecules present in the
surrounding media [1,2]. It has been shown that electric field
controls the permeabilization of cell membrane in two ways [3].
The pulse amplitude determines the electric field intensity which
initiates the short-lived structural changes in the cell membrane,
while the pulse duration provides time to allow the initiated pore
size to expand. The permeability of the cell membrane and the
resealing dynamics can be quantified by fluorescence micro-
scopy [4]. The electroporation efficiency, i.e., the uptake of dif-
ferent size molecules by cells, has been studied under various
electric pulse amplitudes and durations [5,6]. In addition, the
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1543.
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measurements of the electrical properties change of the cells
during and after electroporation, such as transmembrane voltage
U(?), transmembrane current /,,,(f) [7] or conductometric and
electrooptic relaxation spectrometry [8,9], provided another way
to characterize the dynamics of cell membrane permeability.

The electric current in response to electroporation on micro
EP chips I, mainly consists of the electroporation currents
(transmembrane currents) /gp, the leakage currents /1 o (including
the membrane capacitance currents /., and the currents bypassing
cells fpypass) and the ion-channel currents /iy, as illustrated in
Fig. 1. The application of an external electric field to the cell
results in a considerable increase in the membrane conductance.
The EP current is directly related to membrane conductivity
change which is induced by the initiation of nanometer-scaled
pore. However, it is very difficult to observe the dynamics of these
pores using a regular fluorescence microscope.

Kinosita and Tsong have shown that electric field pulses
(1.5 kV/em < E<6 kV/cm and 80 ps pulse duration) significantly
increase the conductivity of erythrocyte suspension in 1979 [10].
However, this kind of conductivity change can only be measured in
a low conductivity solution (use sucrose as the one of the main
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Anode Cathode

Fig. 1. Schematic diagram of three electric current components on micro
electroporation chip. 1. EP current /gp (solid line), 2. Leakage current /; ., (dash
dot) (include bypassing current and capacitor current), 3. Ion-channel current
Iion (daSh 1ine)~ 1t0t=]Leak+Iion+IEP'

solvents), which is different from a commonly used electroporation
buffer.

Recently, Ryttsen et al. [11] and Krassen et al. [12] used the
patch-clamp technique to measure the nonlinear current—voltage
relationship of a single cell. Gowrishankar et al. immobilized a
single muscle fiber between a double vaseline gap voltage-clamp
for studying the dynamics of electroporation and resealing [13].
These types of experiments connected the cell membrane with
a pipette or patch-clamp to ensure a tight seal. In this case, the
leakage current could be neglected. However, the manipulation of
the cells using a pipette causes difficulties in operation and usually
requires complicated instrumentation.

In order to have a deeper understanding about EP, the electric
current monitoring during electric field can be used to study
membrane electroporation, circumventing the limitation of opti-
cal method. Since the total current response recorded from
micro EP chip consists of three components:

Liot = Ireak + Lion + Iep, (1)

the EP current /gp needs to be isolated from the other currents
(i.e. [i cax and [iyy). Usually, the ion-channel current /;,,, is much

smaller than the other components, /;,, can be neglected in Eq.
(1). Therefore, the EP current Ipp(f) at any time ¢ can be
determined as follows:

[EP(t) = Itot(t) - ILeak(t) (2)

provided that the total current /() can be directly measured
and /j ..x(f) can be determined in a certain way.

Here, we will employ electrochemical impedance spectro-
scopy (EIS) to obtain an equivalent circuit model for the
calculation of leakage current /j ... This model can be used to
predict the leakage current for the poration medium (without
cells) and cell suspension. It can be shown that the EP current
can be related to the electropore dynamic process. In addition,
the resealing procedure was also examined and the resealing
time constants were determined for different pulse treatments.

2. Methods
2.1. Device fabrication

Micro EP chips with three-dimensional gold micro electrodes
were fabricated by using Microelectromechanical System
(MEMS) technology and a modified electroplating process. A
gold seed layer was patterned first using the lift-off technique, so
that no additional step was required to etch the gold layer in an
iodide bath after electroplating. This can prevent the electroplated
structure from being attacked, and ensures that it is consistent with
the original design. The detailed fabrication process was de-
scribed elsewhere [6]. A photograph of a packaged micro EP chip
and the SEM close-up view of the fabricated 3D electrode
structures are shown in Fig. 2.

2.2. Cell preparation

Human cervical cancer cells (HeLa cell) were grown as a
monolayer in a 60 mm Petri dish in EMEM medium (CCL-2™,
ATCC, VA, USA), supplemented with 10% fetal bovine serum
(ATCC, VA, USA) at 37 °C and 5% CO.. Cells were trypsinized
by 0.05% trypsin/EDTA and then were washed twice with
the poration medium (comprised of 280 mM mannitol, 5 mM
sodium phosphate, 10 mM potassium phosphate, 1 mM MgCl,
and 10 mM HEPES at the pH level of 7.4) by spinning at

Fig. 2. A photo of a packaged micro EP chip (left) and the SEM close-up view of the 3D microelectrodes (right).
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1400 rpm at room temperature. Subsequently, they were re-
suspended in the poration medium at a high concentration of 10®
cells/mL. The purpose of using high concentration cell suspension
was to block the space between the two electrodes and minimize
the current bypassing the cell.

2.3. Impedance spectroscopy

Electrochemical method has been widely adopted in
biological applications [14]. The electrical impedance measure-
ments can be used to build an equivalent circuit to describe the
electric characteristics of the system.

The impedance measurement setup consisted of a two-
electrode system, where one of the multiple-input electrodes
was used as a working electrode and a common ground as a
counter electrode. Counter electrode and reference electrode from
the instrument were connected to each other. In the experiments,
15 uL poration medium and HeLa cell suspension (10® cells/mL)
were loaded onto the micro EP chip respectively. Electrochemical
impedance spectroscopy (EIS) was carried out with Autolab
PGSTAT 30 Potentiostat/Galvanostat system (Eco Chemie, the
Netherlands) with frequency response analyzer (FRA) using a
modulation voltage of 10 mV. The scanning frequency ranged
from 10 Hz to 100 kHz at zero bias potential.

2.4. Current response during EP

The experimental setup for recording cells’ current response
was built as shown in Fig. 3. A sequence of pulses with increasing

pulse amplitude ranging from 1 V to 6 V were delivered to micro
EP chip by one HP 33120A function generator. A 1 k() high
precision resistor connected in series with the micro EP chip
functions as a current to voltage converter. The resistance of this
1 kQ resistor is far smaller than that of chip circuit so that it can be
ignored in current analysis. Real-time voltage signal from this
resistor was then recorded simultaneously by using PCI 6110
DAQ card (National Instrument, TX, USA) for further analysis.
The sampling frequency was kept at 1 MHz.

2.5. Resealing dynamics after EP

Resealing kinetics of cell suspension was examined by using a
series of low-voltage short pulses with 1 Vamplitude, 1 ms pulse
duration and 50 ms pulse intervals immediately after the high
intensity pulse (stimulation pulse) treatment. The change of
measured current responses with time can indicate the con-
ductivity change as a function of time which reflects cell mem-
brane resealing procedure.

3. Determine electroporation current to reveal electropore
dynamics

3.1. Building an equivalent circuit model for the system to
predict the leakage current

The current responses /i, of 15 pL poration medium and cell
suspension on a microchip recorded at a sequence of 0.2 ms
pulses with increasing pulse amplitude ranging from 1 Vto 6 V

(a) _[| Trigger signal

Electric pulse

a =/ s
Micro EP chip 4

l NI PCI 6110 DAQ Card

Microscope
CCD Camera

(b)

Connect to a.

Multiple-input
electrode

Connect to b.

Common ground

Fig. 3. (a) Experimental setup for the micro electroporation system, (b) the layout of the micro EP chip and the interconnection of the micro electrodes in the

experimental setup.
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Fig. 4. Current responses, /. to different input electric pulses ranging from 1 V to 6 V for (a) the poration medium, (b) HeLa cell suspension. Average electric field can

be calculated by E,y,=aU,/L where 2=0.976 and L.=30 um.

was shown in Fig. 4. An average electric field can be obtained by
averaging the non-uniform electric field distribution calculated
from the numerical simulation [6]. Therefore, the externally
applied voltage U, can be converted to the average electric field
E,we=0U,/L. via a correction factor o=0.976, where L. is the

(@)

distance between the two adjacent electrodes. It is obvious that
the current measured in the poration medium is larger than the
current in the cell suspension, since the cells act as a lossy
dielectric object in the intact state to block the current passing
across the two electrodes. Atan applied voltage larger than 3 V, it

(b)

MicroEP Chip

C.E. 1 CPE
R.E R [x]
% (R Autolab PGSTAT30 @ I AN/e
3 g RCl Zwar
(c) (d)
15
1997 Medium only " Medium + cell
80-
~ _ 1.0
N 40 <
E E 05-
20-
D_
R TP RE 0.0
O 10 20 =0 40 50 B0 T A0 00 05 10 15 20 25
Re (2) (KQ) Re (2) (KQ)

Fig. 5. (a) Electrochemical impedance spectroscopy setup: R.E.=Reference Electrode, W.E.=Working Electrode, C.E.=Counter Electrode, CPE=Constant Phase
Element. (b) Equivalent circuit used to model the impedance data. Fitted (solid line) and experimental (open circle) Nyquist plots of impedance spectra in poration
medium (c) and cell suspension (d) at zero potential. Frequency ranges from 10 Hz to 100 kHz.
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can be seen that there is a current “jump” in cell suspension
(Fig. 4(b)). The current jump is due to the increase of cell mem-
brane conductance. Since HeLa cells are not excitable, the ion-
channel current can be negligible [14]. Thus, if the undesired
leakage current can be isolated from the total current response,
the dynamics of membrane conductance changes can be char-
acterized by using electroporation current data.

To build an equivalent circuit model for the system,
electrochemical impedance spectroscopy was carried out with
Autolab PGSTAT 30 at a range of 10 Hz to 100 kHz. The
electrodes of microchip and Autolab system were connected
as shown in Fig. 5(a). In this electrode configuration, we can
measure the impedance of the poration medium or the cell sus-
pension in between the common ground electrode and the
multiple-input electrode. Therefore, we obtained the Nyquist
plots for the impedance for the poration medium on the microchip
(Fig. 5(c)) and for the cell suspension on the microchip (Fig. 5(d)).
The Nyquist plots display the polar plot of the impedance, Z(w),
as a function of frequency w in the complex plane. The Nyquist
plot can be formed by plotting the imaginary part of Z(w) against
the real part of Z(w) at different frequencies.

Based on these Nyquist plots, a modified Randle’s
equivalent circuit [15] as shown in Fig. 5(b) was found to
nicely fit the impedance data over the working frequency range
(the solid lines in Fig. 5(c) and (d)). The equivalent circuit
consists of four components which are defined by five
parameters. R is a charge transfer resistance and CPE is a
Constant Phase Element, Zcpp=1/(Yy jw)", which can be
determined by two parameters, Y, and n. The phase angle of
CPE impedance is independent of the frequency and has a value
of (—90xn) degrees. Z,, represents the Warburg impedance
associated with diffusive ion transport and R, is the resistance of
electrolyte between the two electrodes [15]. All of the five
parameters for the poration medium (PM) and cell suspension,
R, Yo, n, R and W, were determined and further adjusted by a
short pulse for system calibration. (see more detail in the
supplementary data) (Fig. 6).

3.2. Electroporation current determination

The net electroporation currents /zp can be determined by
Eq. (2), i.e., subtracting the leakage current /i, from the
measured total current response of the cell suspension /. The
I} cak can be determined by the numerical calculation from the
equivalent circuit model using Laplace transform and Inverse
Laplace Transform (see the Supplementary data for detailed
information). As shown in Fig. 7(a)—(c), the EP currents under
different electric pulses (amplitude from 1 V to 6 V and the
pulses duration of 0.2 ms, 0.8 ms and 2 ms) were recorded.

Similar to the result previously obtained from fluorescence
microscopy with Propidium Iodide (PI) dye indicator [6], the EP
current can only be detected when external applied voltage is
larger than some critical value, e.g. 3 V pulse with duration
of 0.2 ms and 2 V pulse with duration of 0.8 ms and 2 ms.
The threshold voltage indicates the minimum voltage to induce
conductivity increase of cell membrane under different pulse
duration. And the longer the pulse duration, the lower the pulse

@
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Fig. 6. (a) Measured current response /i, of the poration medium (black solid
line) and calculated leakage current response /j .. (blue dash dot) at U=6 V and
13=0.2 ms. (b) /i, of cell suspension (solid line) and calculated leakage current
response /| ..k (dash line) at a sequence of 0.2 ms pulses with increasing pulse
amplitude ranging from 1 V to 6 V. Average electric field can be calculated by
Eyg=0U,/Le.

amplitude required for a detectable EP current. The isolated EP
currents under the same voltage of 6 V with pulse duration of
0.2, 0.8 and 2 ms were plotted in Fig. 7(d). It can be seen that the
EP current increased at the same rate for the three pulse widths.

3.3. Electropore formation time constant

Although the nanoscale pores can only be observed on cell
membrane by rapid-freezing electron microscope 1 ms after
pulse treatment [16], we believe that the conductivity increase at
hundreds of micro seconds is the precursor of pore formation by
using small molecule fluorescent dye, propidium iodide. We can
monitor the free diffusion of dye molecules through electro-
pores (Fig. 9(a)). The EP current measurement and fluorescent
microscopy are in good agreement at the threshold voltage
which induces cell membrane permeability.

As shown in Fig. 9(b), EP current increase undergoes two
stages, a rapid increase Region 1 followed by a more flat Region
2. Region 1 is related to the initiation of a large number of small
pores induced by the external electric field, while Region 2
shows the further expansion of these pores. The time constant of
electropore formation was then defined by the intersection point
of the tangent lines of Region 1 and that of Region 2 since most
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(b) 0.8 ms (c) 2 ms, and (d) EP currents under different pulse widths of 6 V. Average electric field can be calculated by E,,=0oU,/L..

of pores have been generated in Region 1. The electropore
formation time constants under different pulse amplitudes and
pulse duration of 0.8 ms and 2 ms were listed in Table 1.

4. Resealing dynamics and time constant determination

The resealing current /;e.o; can be defined as the difference
between the measured current responses after simulation pulse
treatments /;,; and the predicted current from equivalent circuit
I} cax- It indicates the conductivity change as a function of time
which reflects cell membrane resealing procedure. Due to the
electric pulse induced pores on the cell membrane, the resealing
current reached its peak value immediately after the stimulation
pulse treatment and decrease gradually with time. The resealing
time constant is the time elapsed after the conductivity of cell
membrane decays to 37% (1/e) of the peak value immediately
after the stimulation pulse treatment. By integrating the
resealing current, the total charge across the permealized mem-
brane can be calculated as follows:

(t;41) ms

ircscal(t)dt <3>

t=ti

where ¢; is the starting time of the i-th pulse with the amplitude
of 1 Vand 1-ms pulse duration, i=1,2...250. With the aid of Q,,
the cell membrane recovery dynamics can then be examined
and the resealing time constant can be determined.

Fig. 8 shows the comparison of the total charge Q; as a
function of time obtained from both of the poration medium and
cell suspension after the treatment of a 6-volt pulse with the
duration of 0.2 ms. The total charge data obtained from cells
suspension (solid line) can be fitted by dual exponential decay
function

Yo+ Ayexp(—t/t1) + Arexp(—t/11), (4)

which consists of a short time constant 7, and a long time
constant 7,. The short time constant 7; was related to the
electric pulse induced ion accumulation at the two electrodes
surface and consequently the change of the electric double layer.
This type of quick current recovery phenomenon can also be
seen in poration medium, as dash dot line shown in Fig. 8,
which has a very short time constant of 0.092 s, similar to 7 in
0.087 s. The long time constant 7, was related to cell membrane
recovery. The resealing time constant for the treatment of a 6-
volt electric pulse with duration of 200 ps is around 1.54 s. After

Table 1
The time constants of electropore formation for different pulse treatments

Pulse amplitude

Pulse width 2V 3V 4V 5V 6V
800 ps 585 ps 410 ps 343 ps 265 pus 189 us
2 ms 625 pus 453 ps 370 ps 278 pus 200 ps
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Fig. 8. The total charge of cell suspension and poration medium after the treatment
of'a 6-volt pulse with the duration 0f 200 ps. In cell suspension (solid line) the short
time constant 7;=0.087+0.013 and long time constant 7,=1.540+0.211 while in
poration medium (dash dot) 7=0.092+0.006. Average electric field can be
calculated by Eyyg=0U,/Le.

analyzing the EP current under different electric pulse
treatments, the cell membrane recovery time constants have
been determined as listed in Table 2.

5. Discussion

The recorded current response of HeLa cells during an electrical
pulse consists of several components. Since HeLa cells are not
excitable, the ion-channel current can be negligible. Thus the
leakage currents which include the membrane capacitance current
and currents bypassing cells were the only major components need
to be extracted. This paper presents a novel method to predict the
leakage current and then extract the EP current, which reflects the
dynamics of cell membrane electroporation.

By measuring EP current we can detect the cell membrane
electroporation threshold, above which membrane permeabili-
zation occurs. While higher than critical electric field, short
pulse widths required higher electric field intensities and vise
versa (as shown in Fig. 7).

The threshold voltages of EP obtained from current
measurement show in good agreement with fluorescent micro-
scopy results (Fig. 9(a)). Moreover, current measurement
provides a method with time resolution down to ns (1 ps in
our experiment) which can not be achieved by a common CCD
video camera, while fluorescent microscopy can verify the
current increase is related to pores formation and also provides
the information about the size of pores. A micro electroporation
chip made it possible to carry out the two methods simulta-

Table 2
Cell membrane recovery time constants for different stimulation pulse treatments
(in seconds)

Pulse amplitude

Pulse width 4V SV 6V

200 ps 0.8123+0.1054 1.2906+0.08112 1.5403+0.2106
800 ps 1.0475+0.1980 1.3999+0.1018 1.6700+0.1395
2 ms 1.5076+0.1106 1.9097+0.1808 2.1700+0.1981

Favg (a.U.)

T T T T T T

Iep (MA)

0.0 0.4 0.8 1.2 1.6
Time (ms)

Fig. 9. (a) Average fluorescence intensity of propidium iodide, F,e, as a
function of applied voltage with duration of 0.2 ms, 0.8 ms and 2 ms. Each data
point from the average of 10 single HeLa cells and (b) the definition of the time
constant of electropore formation. Average electric field can be calculated by
Epg=aU,/Le.

neously. The conductivity increase during electric pulse was also
reported on densely packed pellets of CHO cells [17] and on a
single HeLa cell trapped in a micro channel [18].

As listed in Table 1, the electropore formation time constant,
decreased from around 400 ps for 3 V to 200 ps for 6 V while
the EP current increased at the same rate under the same applied
voltage but different pulse width (Fig. 7(d)). This is because the
transmembrane potential of spherical cells is estimated by V(f)=
1.5Eacosd [1—e ''",,], where E is the electric-field intensity, a
is the radius of the cell, 6 is the polar angle measured with
electric field £, and 71, is the membrane charge time constant.
For a high electric intensity, the time required for charging the
membrane to the critical transmembrane potential (around 1 V)
is shorter than a lower one. Thus, the slope of current increase is
large at a higher applied voltage. Besides, the peak current
depended on pulse duration at the same pulse amplitude. Longer
pulse duration results in higher peak current due to a group of
larger pores on the cell membrane. Fig. 7(d) shows the EP
current at three different pulse widths under the same applied
voltage of 6 V. The current increased under the same slope at the
beginning due to the same pore initiation rate. After 200 ps, the
current increase was slowed down. This can be contributed the
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fact that the formation of many small pores will cause the
decrease in membrane potential. This membrane potential
decrease can decrease the formation of new pores.

In conclusion, pulsed electric field initiated short-lived
structural changes in the cell membrane can be detected by
observing the EP current. As shown in Table 1 all the three pulse
amplitude with 2 ms pulse width needs a recovery time longer
than 1.5 s, while a high amplitude pulse with short pulse width
(6 V and 200 ps) can be more quickly recovered. If a high
electrical field for a relatively long time was exposed to cells, it
eventually will lead to the cell lysis and the membrane cannot be
repaired anymore. The recovery time we obtained here were
consistent with the single-cell measurement results by Khine
et al. [19].

In their experiments, single-cell was trapped by a micro-
channel and the conductivity change of membrane was recorded
by Ag/AgCl electrodes and a patch-clamp amplifier. The
averaged resealing time constants for various pulse conditions
were at around 1.75 s.

6. Conclusion

Micro electroporation chips with 3D micro electrodes have
been designed and fabricated, using MEMS technology and a
modified electroplating process. A nonlinear equivalent circuit,
with the help of impedance measurement, was proposed for the
dynamic study of micro electroporation on microchips. Un-
desired leakage currents bypassing the cells on the microchip
were predicted by the equivalent circuit modeling and simu-
lation. The increase of electroporation current due to electro-
poration and the time constant of the electropore formation have
been successfully determined under different input voltages
and pulse duration. Cell membrane recovery dynamic was also
examined and the resealing time constants were determined for
different pulse treatments. This provides an alternative efficient
method to quantify the temporal changes in cell membrane
conductance and electropores in response to electroporation.
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Abstract

In this work, the electron transfer reactivity of kaempferol was studied and the interaction in vivo between kaempferol and protein was
simulated. Dimethylsulfoxide (DMSO) as an aprotic solvent was employed to simulate the specific environment. Various residues of amino acids
were used to study the effect of the amino acids in the active site of protein on the electron transfer reactivity of kaempferol. Experimental results
revealed that the redox activity of kaempferol was different in aprotic medium DMSO from that in water, and a new redox process was further
found. Of all the residues tested, nitrogenous nucleophile, for example, imidazole, was observed to be able to facilitate the electron transfer of
kaempferol, and the mechanism was also proposed. This work might provide a simple model to study the electron transfer reactivity of some small
active organic molecules, especially medicines, in specific environment, which might approach a more accurate understanding of the activity of

some medicines in vivo.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Kaempferol; Imidazole; Amino acid residues; Simulation; Electron transfer

1. Introduction

Flavonoids are a large group of natural polyphenolic products
that are ubiquitous in vegetables and fruits, and are components in
human diet. They are famous as potent antioxidants [1]. Besides,
flavonoids possess anticancer, antiviral, anti-inflammatory and
anticoagulant activities [2]. As a typical kind of flavonoids,
kaempferol (3,4',5,7-tetrahydroxyflavone, chemical structure
shown in Fig. 1) is also reported to exhibit tyrosinase inhibitory
activity [3], protein tyrosinase kinase inhibitory activity [4] and
alkaline phosphatase stimulating activity, etc [S]. As is known,
these activities often begin with interaction between the small
molecules here kaempferol and various proteins especially
enzymes. And thereby, downstream signal transduction can be
induced. So, studies on the interaction between protein and the

* Corresponding author. Department of Biochemistry and National Key
Laboratory of Pharmaceutical Biotechnology, Nanjing University, Nanjing
210093, PR China. Tel.: +86 25 8359 3596; fax: +86 25 8359 2510.
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small active organic molecules, especially the medicinal herbs,
have attracted more and more attention. And, various methods
have been employed [6].

An electrochemical method has been proven to be a powerful
method to study the electron transfer process and electrochemical
reaction mechanism [7]. In fact, flavonoids have also been studied
by using electrochemical methods. For example, the electro-
chemical behavior of kaempferol has been studied by Jergensen
and Kusu in acetonitrile and neutral buffer solution, respectively
[8,9]. However, these studies focus on the electrochemistry of
flavonoids. To our knowledge, the electrochemical behavior of
flavonoids in a simulated environment where they will interact
with proteins has not been reported.

In this work, we simulate the environment in vivo where
interaction between kaempferol and protein occur to study the
electron transfer reactivity of kaempferol. Dimethylsulfoxide
(DMSO) as an aprotic solvent is employed to simulate the specific
environment for the active region of protein. Various residues of
amino acids have been used to study the amino acids’ effect in the
protein’s active site on the electron transfer reactivity of
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Fig. 1. Chemical structure of kaempferol.

kaempferol. For comparison, similar experiments have also been
carried out in protic solvent water.

2. Experimental
2.1. Reagents and apparatus

Kaempferol (98%) was obtained from DELTA Information
Centre For Natural Organic Compounds (Anhui, China), and was
used as received. Imidazole 99%, isopropylamine, arginine,
glycine, acetamide, n-tetrabutylammonium hexafluorophosphate
(n-BuyNPFg) 98% and DMSO containing less than 0.1% water
were Aldrich chemicals. All other reagents were of analytical
grade. Double distilled water was purified with a Milli-Q puri-
fication system (Branstead, USA) to a specific resistance of
>18 MQ) cm.

Electrochemical experiments were performed on a VMP
Potentiostat (PerkinElmer, USA) with a three-electrode system.
In a one-compartment (volume 10 ml) glass cell, a pyrolytic
graphite (PQG) electrode as the working electrode, a saturated
calomel reference electrode (SCE) and a platinum wire auxiliary
electrode were used for the measurements. All the following
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potentials reported in this paper were versus SCE. UV—vis
spectroscopy was performed using a UV-2550 spectrophot-
ometer (Shimadzu, Japan).

2.2. Electrochemical measurements

The PG electrode was first polished with rough and fine
sand papers. Then its surface was polished to mirror smooth-
ness with alumina powder (particle size of about 0.05 pum)/
water slurry on silk. Finally, the electrode was thoroughly
ultrasonically washed first with ethanol and then with double
distilled water both for 3 min, respectively. The polished PG
electrode was tested with cyclic voltammetric scanning in
0.1 M NaCl solution in a range from —200 mV to 800 mV. If a
reproducible voltammetric wave could be obtained, the elec-
trode was ready for further use. Otherwise, the electrode should
be pretreated again.

DMSO containing 50 mM n-BuyNPF, and double distilled
water containing 0.1 M NaCl were used as aprotic and protic
eletrolyte, respectively. The test solution was firstly bubbled
thoroughly with high purity nitrogen for 5 min. Then a stream
of nitrogen was blown gently across the surface of the
solution in order to maintain the solution anaerobic through-
out the experiment. Cyclic voltammetry was employed to
monitor and record the electrochemical signals related to
kaempferol. All experiments were performed at room tem-
perature of 25+2 °C. Each experiment was replicated for at
least three times.

2.3. UV—vis spectroanalysis
Spectrophotometric analysis of kaempferol alone or with an

amino acid single residue in DMSO or water solutions were
also conducted. 100 pl of DMSO or water containing 0.05 mM
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Fig. 2. UV—vis spectra of 0.05 mM kaempferol in (a) DMSO or (b) water along with (dash line) or without (solid line) 0.2 mM imidazole.
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Fig. 3. Cyclic voltammograms of different concentrations of kaempferol in
DMSO containing 50 mM n-BugNPFg. (2) 0 mM, (b) 0.1 mM, (c) 0.2 mM,
(d) 0.3 mM, (e) 0.4 mM. Scan rate: 100 mVs '. Accumulation time: 30 s.

kaempferol and an amino acid single residue was first bubbled
thoroughly with high purity nitrogen for 5 min. The sample
was then immediately analyzed with the spectrophotometer.

3. Results and discussion
3.1. UV—vis absorption spectra of kaempferol

UV-vis spectroscopy was employed to study whether
there are any structural changes of kaempferol in aprotic and
protic solvents in the presence of some residues of amino
acids. Results show that UV—vis absorption spectra of
kaempferol remain approximately unchanged with different
kinds of amino acid residues (Fig. 2 shows the case for
imidazole). We conclude that there is no significant effect of
residues of amino acids on the ring structure of kaempferol.
Certainly, this does not necessarily exclude the possibility that
the residues affect kaempferol through some weak chemical
bonds, which is revealed by the following electrochemical
experiments.

3.2. Electron transfer reactivity of kaempferol in DMSO

As is shown in Fig. 3, in the low concentration range,
kaempferol shows only one redox peak couple (P;), which are
located at 520 mV (Pjanoq) and 450 mV (Picam), respectively.
When increasing the concentration of kaempferol, we can
observe that another redox peak couple (P,) appears. The new
anodic and cathodic peaks are located at about 250 mV
(Pranoq) and 160 mV (Pycam), respectively. According to a
previous report [8,9], the P; couple can be regarded as the
response of 4’-hydroxyl group on the B-ring (Scheme 1).
However, the P, couple has not been reported yet. Interest-
ingly, when we set the potential scan range from OmV to
500mV to only observe P,, to our surprise, P, disappears.
Only when Pj.n0q 1S Observed, P, can be obtained (Fig. 4).
So, we can conclude that the appearance of P, is dependent
on P; and the first oxidation state of kaempferol (state II in
Scheme 1) plays an important role in the following redox
process. Considering that further oxidation beyond state II
needs a higher potential [10,11], P, cannot be the redox peaks
associated with the state II/II1 transition. With reference to the
other studies on the other medicinal herbs [12,13], we propose
that it should be the phenoxyl radical of state II that attacks
the original species in state I, which produces a dimer that can
be subsequently oxidized at a potential less positive than that
of kaempferol oxidation.

3.3. Effect of imidazole on kaempferol

In order to exclude other unnecessary influence, we use a
relatively low concentration of kamepferol to study the effect
of various residues of amino acids on kamepferol. Imidazole,
which is one of the most important residues in the active site
of protein, is initially employed. The cyclic voltammograms
(CVs) for 0.15 mM kamepferol in DMSO with imidazole are
shown in Fig. 5. With the increase of the concentration of
imidazole, the current of the original peaks of kaempferol
decreases. Simultaneously, a new redox peak couple appears
and keeps increasing with the imidazole concentration. After
addition of enough imidazole, the concentration of which will
be 0.54 mM, we observe that the original redox peaks of

State |

State Il

State Il

HO. o ,! OH
e QO
OH ©

State IV

Scheme 1. The electrode reaction mechanism of kaempferol.





172 G. Chen et al. / Bioelectrochemistry 72 (2008) 169-173

kaempferol completely disappear. The new redox peak couple
is located at a potential about 150 mV, which is less positive
than the original one.

The effect of imidazole on the electrochemical behavior of
kaempferol may be explained in the following two step pathway:

OH—Q +H'e (1)
Q" +RNH—ONR+H" + e (2)

where QH is kaempferol, Q" is the phenoxyl radical (state I in
Scheme 1) and RNH represents imidazole as a nucleophile. By
oxidation of OH, Q" produced at the electrode surface are likely
to be attacked by imidazole, which serves to decrease the Gibbs
energy for the oxidation of OH in Eq. (1). In other words, imi-
dazole accelerates the electron transfer of kaempferol. For com-
parison, if water containing 0.1 M NaCl is used as the protic
solvent, imidazole cannot accelerate the electron transfer of
kaempferol, since H,O instead of O becomes the substrate of the
nucleophile imidazole.

3.4. Effect of nitrogenous residues on kaempferol

Isopropylamine, arginine, acetamide and glycine, are further
employed to study the effect of nitrogenous residues of amino
acids on the electron transfer reactivity of kaempferol in DMSO.
Isopropylamine, arginine, and glycine, except acetamide, can give
a similar effect on kaempferol just like imidazole in aprotic
solution (data not shown). However, in protic solution, to our
surprise, accelerated redox process appears also in the case of
isopropylamine and arginine. The reason might be that the
mechanism of the accelerated redox process in aprotic and protic
solutions are different. In protic solution, isopropylamine and
arginine are all protonated, that is to say, H,O instead of Q' is the
substrate of them. As amines, isopropylamine and arginine can
react with the H" which is a production from the oxidation of
kaempferol, thus decrease the Gibbs energy for the oxidation of
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Fig. 4. Cyclic voltammograms of 0.2 mM kaempferol. Scan range: (a) 0—
700 mV, (b) 0—500 mV. Others same as in Fig. 3.
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Fig. 5. Cyclic voltammograms of 0.15 mM kaempferol with different
concentrations of imidazole. (a) 0 uM, (b) 20 uM, (c) 40 uM, (d) 60 uM,
(e) 130 uM, (f) 200 pM, (g) 540 uM. Others same as in Fig. 3.

kaempferol. For the glycine case, because glycine is neutral in
water, it cannot neutralize the H, thus cannot decrease the Gibbs
energy for the oxidation of kaempferol. Consequently no
accelerated redox peaks can be observed.

Acetamide, which is a residue of glutamine or asparagine, is
found to have no effect on the voltammetric behaviour of
kaempferol in both the aprotic and protic solutions. Though
acetamide has an amino group, its nucleophilicity is greatly
depressed by the acyl group, and cannot work as a nucleophile
to attack kaempferol. So we can conclude that nucleophilicity of
the residues of amino acids is important in accelerating the
electron transfer reactivity of kaempferol.

3.5. Effect of other residues of amino acids on kaempferol

The effect of ethanethiol, ethanol, phenol and acetic acid,
which are the residues of Cys, Ser, Thr, Tyr, Asp and Glu, was
also examined. In all of these cases, no effect on the volta-
mmetric behaviour of kaempferol was found. These results are
in accordance with the principle we have proposed above.

4. Conclusions

This study has revealed that the redox reactivity of kaempferol
in aprotic medium is different from that in water. In the aprotic
medium DMSO, two redox peak couples can be observed for the
high concentrations of kaempferol, and the appearance of P, is
dependent on P;. The first oxidation state of kaempferol plays an
important role in the following redox process. Of all the residues
tested, nitrogenous nucleophile such as imidazole, isopropyla-
mine, arginine and glycine have been observed to be able to
facilitate the electron transfer of kaempferol in aprotic solution. In
protic solution, accelerated redox process appears only for the
case of isopropylamine and arginine. The mechanism of the
accelerated redox process in aprotic solution is proposed to be
different from that in protic solution. This work might provide a
simple model to study the electron transfer reactivity of some
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small active organic molecules, especially medicines, in specific
environment, which might approach a more accurate under-
standing of the activity of some medicines in vivo.
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Abstract

The enzyme p-diphenol:dioxygen oxidoreductase (laccase, EC 1.10.3.2) was isolated from Cerrena unicolor fungus and embedded in a sol—
gel film obtained by acidic condensation of TMOS. The gel was cast to thin films on glass. The laccase-containing silicate films were inspected by
confocal laser scanning microscopy (CLSM), scanning force microscopy (SFM) and scanning electrochemical microscopy (SECM). CLSM
images in the reflection mode showed aggregates within the silicate films. SECM images in the substrate-generation/tip-collection mode using
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) as electron donor for laccase showed that the position of aggregates coincides with
increased enzymatic activity within the silicate film. The flux from individual aggregates was detected. SECM images in the redox competition
mode confirmed the assignment and could exclude that topographic features observed by CLSM and SFM could be the reason for the image
contrast. SFM images showed that the aggregates partially dissolve during prolonged exposure to aqueous buffer. The experimental setup allowed
following one individual aggregate over time with all three microscopic techniques which enabled the collection of complementing information on
morphology and catalytic activity as well as their development over time.
© 2008 Elsevier B.V. All rights reserved.

Keywords: Laccase; Sol—gel; Dioxygen reduction; Scanning electrochemical microscopy (SECM); Scanning force microscopy (SFM); Confocal laser scanning
microscopy (CLSM)

1. Introduction

Laccases (p-diphenol:dioxygen oxidoreductases, EC 1.10.3.2)
belong to the larger group of multicopper enzymes. They are
produced by plants, fungi, some bacteria and insects [1-3]. The
active site of most of the fungal laccases (i.e. blue oxidase)
contains four copper ions in the 2+ oxidation state. One of the
most important properties of laccases is its capability to oxidise

* Corresponding authors. Gunther Wittstock is to be contacted at Tel.: +49 441
798 3971; fax: +49 441 798 3979. Marcin Opallo, Tel.: +48 22 343 3375, fax:
+48 22 343 3333.
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gunther.wittstock@uni-oldenburg.de (G. Wittstock).
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numerous organic substrates and to reduce dioxygen directly to
water without formation of reactive intermediates [3]. These
phenomena can be utilised in electrochemical devices if an
efficient electron transfer path between the protein and the
electrode is provided. Recently, the successful application of
laccase-modified electrodes was reported for the oxidation of
phenolic substrates [4—6], electrochemical sensing [6—9] and
electrocatalytic dioxygen reduction [4—24]. The last system can
potentially be applied in biofuel cells [25-28 and refs. cited
therein].

For all these applications the stable immobilisation of intact
laccase plays a crucial role in the construction of enzyme
electrodes. Among others, the use of sol—gel technology seems
to be promising. The protein encapsulation into a sol—gel
processed silicate matrix preserves its activity and prevents its
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leaching to the surrounding solution [29,30]. Not surprisingly,
the sol—gel process has already been applied successfully for
the immobilisation of laccase on the electrode surface
[8,14,15,18,20—24] and efficient electron exchange between
electrode and embedded enzyme was demonstrated. The porous
hydrophilic silicate film allows fast diffusion of the redox
mediator between the immobilised protein and the electrode.
The encapsulation of laccase in silicate matrix has not been
restricted to electrochemical devices but was also used in an
optical sensor [31].

Among other factors the distribution of laccase immobilised
in a silicate matrix and the specific laccase activity affect the
efficiency of the resulting electrochemical devices stimulating
an interest in local characterisation of such electrodes. Scanning
electrochemical microscopy (SECM, [32—-34]) has already been
widely used to monitor distribution and activity of enzymes
immobilised on flat surfaces, e.g. on electrodes and within thin
films [35—-39]. A number of schemes can be used to monitor the
activity of oxygen-reducing enzymes. If H,O, is formed, this
compound can be detected in the substrate-generation/tip-
collection (SG/TC) mode [38]. If a quantification shall be
attempted the modified regions must be a microstructure by
itself, in order to form a steady state diffusion layer. The four
electron reduction favourable for biofuel cells is more difficult to
detect, since the reaction product H,O is the solvent. If the
enzyme is connected to an electrode and an efficient electron
transfer is possible, one may use the tip-generation/substrate
collection (TG/SC) mode in an oxygen-free solution and use the
UME to produce dioxygen by water electrolysis. The locally
available dioxygen is then consumed by the enzyme-modified
electrode [40]. Plotting the sample current vs. the UME position
provides a reactivity image that has been used to screen
immobilisation procedures for bilirubin oxidase (BOD) and
laccase [40]. One of the drawbacks of this arrangement is the
potentially high background currents due to the reduction of
dioxygen traces at a macroscopic sample independent of the
UME position. The additional contribution from the locally
increased oxygen availability has to be determined on this
background. Furthermore, the sample has to be an electrode
because otherwise the substrate conversion cannot be measured.
These problems have been circumvented by the redox competi-
tion (RC) mode. In this mode, active areas on the sample and the
microelectrode compete for dissolved dioxygen [41]. Catalyti-
cally active areas on the sample are identified by reduced
oxygen-reduction currents at the UME. The sensitivity can be
enhanced by applying a pulse programme to the UME. In a pre-
pulse the UME is used to produce dioxygen by water electrolysis
in order to supersaturate the solution between the UME and the
sample. In the detection pulse, dissolved dioxygen is reduced at
the UME and the detected amount is decreased if the sample is
also consuming dioxygen [42]. This concept has been applied to
BOD wired to a redox polymer [41].

This paper presents investigations of laccase distribution
within sol—gel processed silicate films by SECM. A glass plate
was used as support because of its flat surface, strong affinity to
silicate films and insulating character. The SECM investigations
are performed with 2,2’-azino-bis(3-ethylbenzothiazoline-6-

sulfonate) (ABTS?") as one-electron donor for the laccase-
catalysed reduction of dioxygen (Eq. (1)).

0, +4 H' +4 ABTS* -2 H,0 + 4 ABTS*~ (1)

The measurements are performed in the SG/TC mode and
the RC mode detecting amperometrically either ABTS®™ or
ABTS?" at the ultramicroelectrode (UME) scanned over the
laccase film.

2. Experimental

Laccase was obtained from the Cerrena unicolor fungus
according to a literature procedure [43,44]. This protein was
purified by ion exchange chromatography on DEAE Sepharose
(fast flow, Pharmacia, Uppsala, Sweden) connected into
ECONO-System chromatograph (Bio-Rad, Herkules, CA,
USA) and concentrated on a Pellicon 2 ultrafiltration semiprep
cell (10 kDa cut off, Millipore, Billerica, MA, USA). Then
laccase was distributed into lyophilisation vials and lyophilised
in Labconco FreeZone 12 (Labconco, Kansas, MO, USA).
Each vial contained 1.4 mg of protein and 3x10° nM s~ ' of
laccase. The activity of the laccase was determined by
following the oxidation of 0.025 mM syringaldazine (Sigma-
Aldrich, Steinheim, Germany) in 0.1 M citrate—phosphate
buffer at pH 5.0 [45] by kinetic measurement at A=525 nm
(655=6.5x10* M~ ' cm ™" at 25 °C). The protein content was
determined with bovine albumin (Sigma, St. Louis, MO, USA)
as a standard [46].

The hydrophilic sol—gel matrix for immobilisation of laccase
was prepared by mixing tetramethoxysilane (TMOS, Sigma-
Aldrich, Steinheim, Germany), H,O and 0.04 mol L! aqueous
HCIl in volume ratio 18:4.5:1 [18,23]. This mixture was
sonicated for 20 min. After mixing with water in volume ratio
1:1, the sol was sonicated for 3 min, diluted with water in 1:100
volume ratio and sonicated for another 3 min. Finally, 145 pg of
laccase was added to 250 pL of this solution. 10 pL of the
laccase—sol was placed on an area of 0.5 cm?® on a glass surface.
For sol—gel processing and drying these samples were left for at
least 20 h at room temperature.

SECM experiments were carried out on two homebuilt
SECM [47,48]. The first setup consists of three closed-loop
piezo actuators (PI HERA, P625.1CD piezos and LVPZT
Amplifier E-509 C3A, PhysikInstrumente, Karlsruhe, Ger-
many) mounted on an inverted optical microscope (Eclipse
TS100, Nikon, Diisseldorf, Germany) and an analogue
potentiostat (uP3, M. Schramm, Heinrich Heine University of
Diisseldorf, Germany). The maximum scan range is
500 umx500 pmx=500 pm with a resolution better than
1 nm. The motors and the potentiostat are interfaced via AD/DA
cards (PCI-DDAS and PCI-DAS1602/16, Plug-in Electronic
GmbH, Eichenau, Germany). The second SECM mounted on a
confocal laser scanning microscope (Leica TCS SP AOBS,
Leica Microsystems GmbH, Wetzlar, Germany) uses closed-
loop piezo motors (mechOnics AG, Miinchen, Germany),
controlled via USB interface and a microprocessor controller
and a digital potentiostat (CompactStat, Ivium Tech-
nologies, Eindhoven, Netherlands). Maximum scan range is
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17 mmx 17 mmx 17 mm with a nominal resolution of 50 nm.
Both instruments run on the homebuilt software SECMx [47].
Data analysis was performed with the in house package MIRA
[49].

SECM measurements were performed in a three electrode
cell consisting of a Pt UME as working electrode, a Pt wire as
auxiliary electrode and a silver wire as quasi-reference
electrode to which all potentials are referred. The UME was
obtained by sealing a Pt wire (10 um diameter, Goodfellow
GmbH, Bad Nauheim, Germany) into borosilicate glass
capillaries (Hilgenberg GmbH, Malsfeld, Gemany) and shaping
the apex according to Kranz et al. [50]. The ratio RG between
the radius of the insulating glass and the radius 7 of the active
electrode area was approximately 9. The sample was mounted
and 1 mM ABTS® in 0.1 M phosphate buffer (pH 4.8,
dearated) was used as working solution. Ar was passed over the
cell. After assembling all parts, oxygen from air was allowed to
diffuse into the electrolyte which started the reaction at the
laccase. Oxidation of ABTS?™ was carried out at +0.4 V (RC
mode), reduction of ABTS®™ at —0.1 V (GC mode). Horizontal
and vertical translation rates vy were 4-15 pm s~ ' and 0.6—
3 um s ', respectively.

AFM micrographs were recorded at ambient conditions in
Tapping Mode™ with a RTESP probe (Veeco, Mannheim,
Germany) using a Nanoscope IIIA controller and a Dimension
3100 sample stage (Veeco Instruments Inc., Santa Barbara, CA,
USA).

Optical micrographs were obtained by CSLM TCS SP2
AOBS (Leica Microsystems GmbH, Wetzlar, Germany) built
as an inverted optical microscope in the reflection mode at a
wavelength of 488 nm with a HC PL FLUOTAR 10x
objective (numerical aperture NA=0.3, Leica) and a HC
PL FLUOTAR 50x objective (numerical aperture NA=0.80,
Leica).

3. Results and discussion

The investigation of thin films of laccase immobilised in
sol—gel matrices using optical microscopy or CLSM (Fig. 1A)
reveals features that are considered to be aggregates of laccase.
In order to confirm this assignment, combined SECM/CSLM
experiments were performed that correlated the optically
detectable features in the laccase/silicate film to electrochemical
signals (Fig. 1). Several spots are visible in the CLSM image
recorded in the reflection mode (Fig. 1 A). The inverted setup of
the optical microscope allowed to observe the sample during
SECM imaging. This feature was used to position the UME of
the SECM close to the features of interest by means of optical
observation. The UME is visible at the starting point of the
experiment as a white spot at the bottom right corner of Fig. 1 A.
With the help of the motorised and digital stage of the CLSM
the UME to sample distance d was adjusted to d~4 rr=20 pm.
The image frame corresponds to the bright region in the optical
image in Fig. 1A.

The SECM experiments were carried out in the SG/TC mode
(Fig. 1B). A solution of ABTS?™ in phosphate buffer was used.
ABTS? serves as the electron donor in the enzymatically

driven reduction of dioxygen (Eq. (1)). The reaction product,
ABTS®", diffuses into the solution and forms a diffusion layer.
At the UME a potential is applied that is sufficiently negative to
reduce ABTS® so that the reaction proceeds according to

Eq. (2)
ABTS® + e —ABTS?" (2)

ABTS was selected as electron donor, because of its
good solubility in water, its ability to diffuse through the
silicate film and efficiently exchange electrons with the
prosthetic group of laccase. The insulating nature of the
glass support eliminates positive feedback contribution in SG/
TC experiment.

When the UME scans across the surface, an increased
reduction current it is observed at the UME (Fig. 1C) when it is
scanned across the features visible in the CLSM image Fig. 1A.
A rising background is observed in Fig. 1C because the
macroscopic silicate film contains laccase also in areas outside
the optically visible aggregates. After allowing the influx of
dioxygen into the previously dearated solution from air after
assembly and positioning the electrode, the macroscopic
laccase—silicate film provides an increasing flux of ABTS®”
leading to a steadily increasing bulk concentration. Oxygen
from air had to be excluded from the cell during assembly
because otherwise the solution composition (ABTS®  con-
sumption) would change too rapidly for recording reasonable
images. In order to highlight the signals from the additional
flux above the laccase aggregates on the rising background, the
colour scale (but not the vertical position of the datapoints) was
corrected by subtracting a second order polynomial (Fig. 1C
and E).

A control experiment was performed in order to exclude
that topographic features lead to variations of it in Fig. 1C
and are wrongly interpreted as enzymatic activity. In the SG/
TC mode experiment an increased reduction current is also
expected if small amounts of ABTS®™ are present in the bulk
solution and d is increased for instance when scanning over a
depression in the silicate film. In this case an enhanced
diffusional mass transport of ABTS®™ to the UME would take
place because the shielding of sample and insulating sheath of
the UME is reduced at larger d. For the control experiment, a
potential was applied to the UME in the same working
solution at which diffusion-controlled oxidation of ABTS*"
takes place. Due to the consumption ABTS® by the
enzymatic reaction at the sample, a decrease of it is expected
if the UME is scanned over an area with increased laccase
activity (Fig. 1D). Compared to the RC mode procedure by
Eckhard et al. [42], no pulse programme has been used here.
However, for a qualitative detection of enzyme activity the
sensitivity was sufficient here in order to detect an additional
contribution of the laccase aggregates (Fig. 1E). It even seems
that the noise is significantly lower if no potential pulses are
applied to the UME. Possible topographic features of the
silicate film would lead to the same signal variations as in the
SG/TC mode: an increase of d leads to an increase of the
oxidation current at the UME. The opposite trend is observed
in Fig. 1E: the reduced oxidation current above the enzyme
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Fig. 1. Combined SECM/CLSM mapping of laccase aggregates. A) Reflection mode CLSM image (10% objective); B) schematic of SG/TC mode SECM imaging of
laccase activity (not in scale) 1) microscope objective; 2) glass slide; 3) laccase—silicate film; 4) laccase aggregate; 5) UME; C) SG/TC mode SECM image; E1=

—0.1 V, 7r=5 pm, I mM ABTS* +0.1 M phosphate buffer (pH 4.8), vy=7.7 pm s~

'; D) schematic of RC mode SECM imaging of laccase activity (not in scale);

E) RC mode SECM image, Er=+0.4 V, other conditions as in C. Current scales in C and E are inverted to show high activity as “hills”.

aggregate indicates the consumption of ABTS®> by the
enzymatic reaction. This observation is supported by AFM
micrographs (vide infra) and CLSM surface reconstructions
(supporting information). In those topographic data, only
small features are observed that cannot be responsible for

the signals in the SG/TC mode or RC mode experiments at the
given d=4ry where topographic effects do not play an
important role.

For quantification of the additional flux from the laccase
aggregate, a cross section above the centre of the spot has been
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Fig. 2. Flux of ABTS®™ produced by individual laccase aggregates. Flux values
are obtained from the extracted profile along the white line in the inset and fits to
Egs. (3, 4); symbols — experimental data, curve 1) — fitted curve using
4Drres=1.583x10""° mol s !, xy=126.92 pm, d=23.31 pm, r¢=14.54 pm,
iofrser=0.0484 nA, curve 2) fitted result using 4Drrcs=1.4631x10""" mol s~ ',
x0=126.80 um, d=20 um, rg=13.5 um, iype=0.0508 nA (d and rg fixed);
Experimental parameters: scan area 250 pumx250 um, Er=-0.1 V, rr=5 pm,
1 mM ABTS? +0.1 M phosphate buffer (pH 4.8), vr=4.2 pm s~ .

extracted from a SECM image (Fig. 2). The resulting profile has
been fitted to Egs. (3,4)

it = AnFD(ABTS® )rr[ABTS® g { (3)
(= galrctan V2,
m 2
< (Ax2 +d? — rg) + \/(sz +d?— rg) +4d2rsz>
(4)

that have been developed for diffusion at an isolated disk-
shaped pore [51,52], where n=1 is the number of transferred
electrons from the UME per ABTS®™ molecule, D(ABTS® )=
32x10 % em® s~ ! [19] is the diffusion coefficient of ABTS®,
rr=5 pum is the UME radius, rg is the radius of the enzyme
aggregate, [ABTS® ] is the increased concentration of ABTS®~
at the enzyme aggregate surface, and { is a dimensionless
factor describing the decrease of the ABTS®  concentration as
a function of the lateral distance Ax=x—x, and the vertical
distance d from the centre of the spot at (xo, d=0). Non-
linear curve fitting yielded the following adjustable parameters:
4Drres=1.583x10""° mol s~ ', xo=126.92 pum, d=23.31 pum,
rs=14.54 pm, iymge=0.0484 nA (Fig. 2B, curve 1).

The fitted value of d=23.3 um agrees well with the working
distance retracted from the surface, checked through an inverted
optical microscope, and compared to an approach procedure
over glass. The fitted rg=14.5 um is consistent with the optical
microscopic observation that yielded rs=13.5 pum. The small
offset current is a consequence of the slowly increasing bulk
concentration of ABTS®". Fitting of the profile by fixing the
parameters d and rg to the independently determined values
leads to results deviating less than 10% from the results of the
other fitting strategy (4Drrcs=1.4631x10""" mol s ',
X0=126.80 um, i,sre;=0.0508 nA; Fig. 2B, curve 2). Therefore,
derived values will be reported only for the fit with adjustable rg
and d because the derived values are also within a 10%

uncertainty interval. The additional surface concentration
[ABTS® ]s can be estimated to be 9.8x10 % M. From this
value, the flux Q of ABTS®™ from the enzyme aggregate can be
calculated according to Eq. (5) [52].

Q = 4D(ABTS® )rs[ABTS® |g = 1.7 x 10 *mols™".  (5)

Assuming a uniform flux over the enzyme aggregate a
generation rate J can be determined according to Eq. (6).

J=Q/(nr}) =3.0 x 10 "mols™' cm™2. (6)

This value is 38 times higher than the average flux
determined from the current density of 0.03 mA cm™ ? measured
at a silicate—laccase-modified ITO electrode with ABTS
dissolved in solution [24].

To further investigate the laccase aggregates, SFM micro-
graphs of some aggregates were recorded (Fig. 3). The radius of
the particular spot shown in Fig. 3A, B is approximately 7 pm
and the height is 1.8 um. As discussed above, these height
variations are not sufficient to cause the current variations in
SG/TC mode investigations at d~20 pm. The aggregate is
surrounded by a dendritic-like structure that is approximately
100 nm high. At the edges the thickness increases and lies in the
range of 150—650 nm. The nature of this dendritic-like structure
is unknown at present but is reminiscent of other crystallisation
and de-mixing processes that are connected with formation of
new solid phases.

After exposing the sample to 1 mM ABTS® in 0.1 M
phosphate buffer (pH 4.8) for 22 h and drying it, the very same
aggregate was imaged again (Fig. 3C, D). The lateral
dimension of the central aggregate has not been changed
significantly compared to Fig. 3A, B. The height of the
surrounding dendritic-like structure has significantly been
reduced to a few nanometres. Only the edges show a peak
height of a few tens to several hundred nanometres indicating
that some material has been dissolved during the exposure to
the aqueous buffer.

The importance of consideration of topographic informa-
tion for SECM image interpretation has been emphasised
earlier [53] and it is a re-occurring problem for most technical
samples. Besides distance-control mechanisms (for an over-
view see [37]), the usage of combined SFM/CLSM/SECM is a
useful tool in this context as it does not only allow for precise
positioning of the UME with respect to features on the sample.
Previously, combinations of CLSM and SECM have been
used to characterise diffusion layers in front of microelec-
trodes using fluorescent dyes [54—57]. In this study, a
combined CLSM/SECM setup has been used to generate
high quality optical micrographs of the sample to relocate
specific features in laccase—silicate films and to precisely
position the UME above areas of interest. It was thus possible
to obtain images of identical surface regions by means of
complementing microscopic techniques (CLSM, SFM, SECM,
Fig. 4). The laccase aggregate has been identified using
CLSM. This is advantageous because optical microscopy
allows to screen large regions on the sample rapidly and then
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Fig. 3. SFM micrographs of a laccase aggregate. A) False colour representation of the topography of the aggregate of a freshly prepared sample; B) cross section along
the black line as in (A); C) false colour representation of the topography of the same aggregate after 22 h exposure to 1 mM ABTS? in 0.1 M phosphate buffer
(pH 4.8); D) cross section as indicated in part (C). Note the different colour scales in (A) and (B). (For interpretation of the references to colour in this figure legend, the

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

to increase magnifications for a more detailed inspection.
CLSM measurements allow in addition the reconstruction of
topographic information from recorded image stacks [58,59].
As an example, the reconstructed topography of the spot in
Fig. 4B is shown in the supporting information. However, the
resolution in vertical axis is limited by the wavelength of the
light and — more importantly — by the numerical aperture
(NA) of the objective used. In the particular experiment that
led to Fig. 4B, an objective with a large working distance and
suitable for imaging through microscope slides with a
thickness of 1 mm had to be used (e.g. HC PL FLUOTAR
10x objective, NA=0.3). In this case, the nominal resolution
in z direction is 4.77 pm. This is too large to make a detailed
topographic analysis of features that had been seen in
SFM images of laccase—silicate films (Fig. 3). In order to
achieve higher resolution, it is important to be able to
characterise the very same region on the sample additionally
using either SFM or CLSM with an objective with higher
numerical aperture (e.g. 50x objective, NA=0.8, nominal z

resolution=0.549 pm). Typically such objectives cannot
image through objective slides and it is required to turn the
sample upside down and relocate the region of interest. The
same holds for SFM images, in which relocation is typically
performed by an optical microscope attached to the setup. Due
to the high quality of the optical images, this relocation was
possible in the present study. The topography was imaged
using Tapping Mode™ SFM (Fig. 4A) and the height of the
aggregate was determined to be 2.7 pm. A topographic feature
of this height cannot be the reason for the features observed in
SG/TC SECM images at working distances of 20 um. In order
to verify the catalytic activity of the aggregate studied in
Fig. 4, the imaged area was relocated and reflection mode
CLSM image (Fig. 4B) and SECM image (Fig. 4C) were
recorded. The CLSM image has a high enough resolution to
prove the identity of the aggregates investigated by SFM and
SECM (see the structure of the dendritic-like phase around the
central aggregate) and can be used to position the UME
exactly relative to this feature. The SECM image shows the
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Fig. 4. Subsequent images of one and the same laccase aggregate. A) SFM
image, B) CLSM reflection mode image (50x objective), C) SG/TC mode
SECM image, Er=—0.1 V, r/r=5 um, 1 mM ABTS? +0.1 M phosphate buffer
(pH 4.8), vp=7.7 um s .

enhanced catalytic activity of the particular aggregate under
study (Fig. 4C).
4. Conclusion

The embedding of the enzyme laccase in silicate films

obtained by a sol—gel process using TMOS as precursor leads to
films that show scattered aggregates. The aggregates have been

characterised. They extend around 2—4 pum above the film.
Around the aggregates a dendritic-like phase is often observed.
This phase has a height of 100-500 nm above the film and
partially dissolves in aqueous buffers. The exact chemical
nature of the dendritic-like phase could not be determined. The
central aggregate is most likely laccase. This is concluded from
the enhanced catalytic activity that has been determined above
such regions using the SG/TC and RC modes of SECM. It has
been demonstrated how SFM, CLSM and SECM can be used as
complementing techniques to relocate specific features on
complicated transparent samples. This opens interesting
perspectives for characterisation of a number of technologically
important surfaces.
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