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Abstract

The use of electrochemical impedance spectroscopy (EIS) and the conducting polymer, poly (pyrrole), as an integrated recognition and
transduction system for reagentless biosensor systems was demonstrated with two different systems. The first system being an immunoassay
for detection of luteinising hormone (LH) with the antibody being entrapped with in the poly (pyrrole) matrix and the second, a construct for
DNA hybridisation discrimination able to differentiate single- and double-stranded DNA based on the interaction of the DNA with poly

(pyrrole). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Traditional enzyme electrode systems invoke a ‘shuttle’
mechanism, whereby reactions at the active site, following
the binding of the substrate, create diffusing electron carrier
species that migrate to the electrode where they are
detected. A reagentless system where the recognition
element and the transduction component are integrated at
a single interface on the electrode surface offers a number
of advantages including speed of assay and deskilled
analysis. Therefore, a number of approaches have to be
developed to immobilise the biological recognition element
and any required mediators at a functionalised surface
while retaining efficient electron transfer [1]. While
enzyme-based reagentless systems have been developed,
affinity based systems, e.g. antibody/antigen, have proven
to be more difficult to realise because, unlike enzymes, no
reaction cascade occurs following binding. Two-electrode
electrochemical impedance spectroscopy (EIS) may over-
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come this problem since it allows visualisation of the
changes in the charge transfer process within the polymer
after the affinity interaction.

2. Experimental

Two sensor systems were developed based on poly
(pyrrole), one detecting luteinising hormone (LH) using
antibodies entrapped in a polymer film and the second
discriminating double- and single-stranded DNA using poly
(pyrrole) as reporter. The former system was created by
mixing 0.25 mg/ml of anti-LH with pyrrole monomer to
give a final pyrrole concentration of 0.5 M. This was
electropolymerised onto the surface of an interdigitated
electrode (IDE) using cylic voltammetry between — 0.9
and +0.9 V vs. Ag/AgCl with a Pt counter electrode; the
film was deposited over 15 cycles. Following film deposi-
tion, the polymer was polarised at — 0.1 V for 1 min to fully
oxidise the film. EIS measurements were then performed
using a frequency sweep between 5 Hz and 13 MHz in
phosphate buffer. The electrode was then exposed to the
appropriate ligand (e.g. LH) and cycled through a single
redox between —0.1 and —0.9 V and the film was then
probed using EIS.
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DNA sensor surfaces were produced by absorbing 10mer
oligonucleotide sequence onto the electrode surface, either
single-stranded or pre-hybridised with the complementary
strand. The electrode was then placed into pyrrole monomer
solution in phosphate buffer and cycled between — 0.9 and
+0.9 V for five cycles. The electrode was then examined in
deionised water using EIS at frequencies between 5 Hz and
13 MHz.

3. Results and discussion

Bode plots of EIS measurements of a poly (pyrrole) film
containing an antibody or any other biomolecule showed a
dominant peak in the phase angle at low frequencies with a
second peak developing at high frequencies. It is believed
that the low frequency peak represents polaronic conduc-
tion while the second peak represents electronic conduc-
tion. The peak profile was reproducible with independent
films produced using the same counter-ion showing little or
no difference in terms of position and magnitude. Exposure
of an anti-LH-loaded film directly to LH did not result in a
change in the EIS spectra, but following a redox cycle, a
significant change emerged with regard to the phase angle
peak (Fig. 1); this was not observed when the antibody-
loaded film had been exposed to a baseline buffer or to a
control (urease) solution. The effect of the redox cycling
suggests that there is a realignment of the polymer chains
following the binding interaction; a similar effect was
observed for high molecular weight analyte detection using
cyclic voltammetry [2].

Fig. 2 shows the EIS spectra following the electrochem-
ical cycling of an IDE coated with adsorbed single- and
double-stranded DNA in pyrrole monomer. There is a
significant difference between the two spectra, which is
likely to be due to the different reporter interactions of poly

1000000 ~ r 90

Total g
Impedance 0IU/L e
S 10000 - 60 P
3 [=]
o — —5
5 \ o
° =)
g <
£ 100 - 30 o
- 7]
£
Phase o

Angle

1 T T 0
1 1000 1000000 1000000000
Frequency/Hz

Fig. 1. Bode plot showing change in phase angle of an antibody-loaded film
following exposure to luteinising hormone. For clarity, the minor change in
the impedance has not been shown.
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Fig. 2. (a) Plot of single-stranded DNA absorbed at IDE and following
cyclic voltammetry in 0.5 M pyrrole in phosphate buffer. (b) Plot of double-
stranded DNA following same protocol.

(pyrrole) with the double-stranded chain vs. the single-
stranded DNA chain indicating that the polymer may act
through a specific intercalation or groove binding route in
the case of the double-stranded DNA.

4. Conclusions

While a fully mechanistic understanding of the factors
inducing impedimetric change in conducting polymeric
films is unclear at present, there is now direct evidence
that these changes can be used for reagentless transduction.
The lack of a reaction product as an outcome of antigen or
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DNA binding may therefore be overcome in this biosensing
strategy.
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Abstract

Previous studies demonstrated that lipid membranes attached to a proteinaceous crystalline surface-layer (S-layer) revealed a prolonged
lifetime and showed a reduced tendency to rupture in the presence of membrane active molecules. In addition, comparative studies on folded
and S-layer-supported lipid membranes (SsSLM) revealed an uniform capacitance of 0.64 + 0.04 uF/cm? for both composite membranes. In
the present study, the feasibility to reconstitute the channel-forming protein a-hemolysin (oHL) into SsLM at single channel resolution was
investigated. Single oHL channels could be recorded and the intrinsic properties like unitary conductance, current—voltage characteristics,
and closure was found to be similar at both membranes. Thus, the tightly attached S-layer allowed complete reconstitution of «HL channels

in SSLM. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Crystalline monomolecular bacterial cell surface layers
(S-layers) represent the outermost cell envelope component
of organisms of almost every taxonomic group of walled
bacteria and archaea [1,2]. S-layers are isoporous structures,
composed of a single protein or glycoprotein species.
Isolated S-layer subunits are able to assemble into mono-
molecular arrays at many interfaces and particularly on lipid
films, mimicking the supramolecular architecture of arch-
aeal cell envelopes. [2,3]. Certain protein domains of the S-
layer protein interact with some headgroups of the adjacent
lipid layer, resulting in a lipid bilayer membrane with an
enhanced stability [4,5]. Interestingly, the tight lipid—pro-
tein interaction has minute impact on the hydrophobic part
of the lipid membrane as determined by X-ray [6] and
capacitance measurements [4]. These intrinsic features make
the composite S-layer/lipid membranes attractive for the use
at biosensors based on transmembrane channel proteins as
sensing elements. The aim of the present work was to study
the feasibility of single channel measurements in S-layer-

* Corresponding author. Tel.: +43-1-47654-2200; fax: +43-1-4789112.
E-mail address: bschuste@edv1.boku.ac.at (B. Schuster).

supported lipid membranes (SsLM). For this purpose, the
staphylococcal toxin a-hemolysin (oHL) has been recon-
stituted in SsLM (Fig. 1).

2. Experimental

Growth, cell wall preparations, and extraction of the S-
layer protein SbpA from Bacillus sphaericus CCM 2177
(Czech Collection of Microorganisms) were performed as
described elsewhere [7]. For the formation of SsLM, a lipid
membrane was generated as described below and after half
an hour, 0.5 ml of a SbpA solution (1.8 mg protein/ml) was
injected into the frans chamber. The recrystallization was
completed after 3 h as determined by transmission electron
microscopy as described previously [4]. Folded planar lipid
bilayers were formed from diphytanoyl phosphatidylcholine
(Avanti Polar Lipids, Alabaster, AL) and hexadecylamine
(Fluka, Buchs, Switzerland) at a molar ratio of 10:3 on a
130-pm diameter orifice in a Teflon septum that separated
the cis and trans chambers [4,8]. The protein a-hemolysin
from Staphylococcus aureus (oaHL, Wood strain 46, Amer-
ican Type Culture Collection) was a kind gift of H. Bayley
of the A&M University, Texas, and purified as described
elsewhere [9]. Single channels were formed by adding <2.5
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Fig. 1. Schematic illustration of the assembly of a-hemolysin oligomers in
an S-layer-supported bilayer membrane (not drawn to scale).

pg of aHL monomers to 4 ml of buffer in the cis chamber.
All experiments were performed in 100 mM KCl, 2 mM
CaCl,, pH 7.4 at 22 + 1 °C. The current flow through the
oHL channel was measured by an EPC 9 patch clamp
amplifier (HEKA Elektronik, Lambrecht, Germany). The
settings of the two built-in Bessel filters were 10 and 1.5
kHz, respectively.

3. Results and discussion

Electron microscopical studies demonstrated the recrys-
tallization of SbpA into large continuous lattices on the
planar lipid bilayer. The attachment of the proteinaceous
lattice caused no significant change in the specific capaci-
tance of the lipid membrane, which was 0.64 + 0.04 pF/cm?
for both the folded and the SsLM. Thus, the attached S-layer
obviously has no impact on the area, thickness, or the
dielectric properties of the hydrophobic part of the mem-
brane. The capacitance is also close to data reported for
common folded lipid bilayers [10]. The benefit in the use of
SsLM is the enhanced mechanical stability as SsLM
revealed a prolonged lifetime and showed a decreased
tendency to rupture in the presence of a high amount of
oHL [4]. In a previous study, a clear difference in the
reconstitution behaviour of aHL channels was found
depending on the side of the SsSLM to which aHL mono-
mers have been added [4]. Staphylococcal aHL formed lytic
channels when added to the lipid-exposed side. The assem-
bly was slow compared to unsupported membranes, perhaps
due to an altered fluidity of the lipid bilayer. No assembly
could be detected upon adding cHL monomers to the S-
layer-faced side of the composite membrane. Therefore, the

intrinsic molecular sieving properties of the S-layer lattice
do not allow passage of a«HL monomers through the S-layer
pores to the lipid bilayer.

In the present paper, the feasibility to perform single
channel measurements was investigated by using the trans-
membrane protein oHL (Fig. 1). The water-soluble mono-
mer has a high affinity to lipid membranes and once seven
attached individual monomers converge, the thin strand of
amino acids in the center of each subunit borrows into the
lipid membrane to form the channel. Indeed, as in unsup-
ported folded membranes, single aHL channels reconsti-
tuted also in SsLM. The conductance of single channels
was determined by continuously incorporating channels
(Fig. 2A). The unitary oHL channel conductance was
calculated to 72+ 3 pS at <+60 mV and 61 =1 pS at
< — 60 mV. At a potential higher than £+ 60 mV, no linear
increase of the transmembrane current was observed (Fig.
2B) and the calculated unitary conductance even decreased
with increasing potential. The same behaviour was found
with unsupported membranes and is also in accordance
with previously reported data [11]. Another feature
observed with folded and SsSLM was the closure of single
«HL channels (data not shown). These closing events are
most probably due to the presence of calcium ions that are
known to show voltage-dependent blocking effects on
oHL [12]. All the properties of single oHL channels are
similar in both systems, indicating that the tightly attached
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Fig. 2. (A) Current steps of reconstituted a-hemolysin (o¢HL) channels in an
S-layer-supported lipid membrane (SsSLM) clamped at —60 mV. Each
current step (except the first one) is due to the opening of a new ionic
channel into the membrane. (B) Current—voltage characteristics of «HL
channels reconstituted in an SSLM. The curve has been normalized to the
mean current flowing through a single channel. The electrolyte solution
consisted of 0.1 M KCl and 2 mM CaCl,, pH 7.4.
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porous S-layer provided far enough space for the stem
region of the aHL cannel and allowed full and undisturbed
penetration. In contrast, the addition of oHL to supported
bilayer membranes comprised of alkanethiol and phospho-
lipids on a gold surface resulted only in an incomplete
reconstitution and no single channel formation could be
detected [13]. In this context, it is also interesting to note
that bilayer lipid membranes have also been generated on
smooth S-layer lattices deposited on a microfiltration
membrane [10]. This membranes are called SUM-sup-
ported lipid membranes [3,10]. In accordance with SsLM,
SUM-supported lipid membranes also showed complete
reconstitution of aHL channels. Most interestingly, without
the S-layer as a separating structure between the micro-
filtration membrane and the lipid membrane, no channel
formation of aHL could be observed. Thus, the S-layer
provides a biomimetic environment for domains of trans-
membrane proteins protruding from the lipid membrane.

4. Conclusion

The present results demonstrated the feasibility to use
SsLM for the investigation of unitary aHL channels. Since
SsLM reveal a decreased tendency to rupture [4], these
composite structures represent an appealing biomimetic
system for studying structural and functional properties of
membrane proteins. In addition, a great variety of solid
surfaces can be completely covered with a closed ultrathin
S-layer [2]. This water-containing layer, separating the lipid
membrane and reconstituted proteins from inorganic surfa-
ces, will allow the combination of relevant biological
interactions as sensing elements with electronic devices as
read-out systems. For example, oaHL assembled at SsLM
might lead to new nanotechnological applications, partic-
ularly in ultrarapid sequencing of nucleic acids [14,15] and
in sensor technology [16,17].
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Abstract

For the design of a biosensor sensitive to steroidal glycoalkaloids, pH-Sensitive Field Effect Transistors as transducers and immobilised
butyrylcholinesterase as a biorecognition element have been used. The total potato glycoalcaloids can be measured by this biosensor in the
concentration range 0.5—100 pM with detection limits of 0.5 uM for a-chaconine and of 2.0 pM for a-solanine and solanidine, respectively.
The responses of the developed biosensors were reproducible with a relative standard deviation of about 1.5% and 5% for intra- and inter-
sensor responses (both cases, n=10, for an alkaloid concentration of 5 uM), respectively. Moreover, due to the reversibility of the enzyme
inhibition, the same sensor chip with immobilised butyrylcholinesterase can be used several times (for at least 100 measurements) after a
simple washing by a buffer solution and can be stored at 4 °C for at least 3 months without any significant loss of the enzymatic activity.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Electrochemical biosensor; pH-SFET; ENFET; Enzyme inhibition; Steroidal glycoalkaloids

1. Introduction

Every year, consumption of potatoes containing higher
than normal levels of steroidal glycoalkaloids (a-solanine,
a-chaconine and solanidine) is associated with human
deaths and poisonings and a lot of livestock deaths [1].
Such potatoes and individual alkaloids have been shown to
be teratogenic and embryotoxic. High concentration of
alkaloids may cause acute poisoning, including gastrointes-
tinal and neurological disturbances, in man, with death
being caused by central nervous system depression. Other
studies have also suggested that there is an increased risk for
cancers of the brain, breast, endometrium, lung and thyroid
associated with the consumption of large quantities of
potatoes [1].

These considerations are sufficient to demonstrate the
strong necessity for glycoalkaloids control in the fields of
agriculture, food analysis and health care. Routinely used
methods for glycoalkaloids analysis involve calorimetric

* Corresponding author. Tel.: +380-4-42660-749; fax: +380-4-42660-
759.
E-mail address: a_soldatkin@yahoo.com (A.P. Soldatkin).

detection [2], high performance liquid chromatography [3]
and, during the last time, ELISA methods [4]; however,
each of these methods has disadvantages, such as high price
of analysis and their time-consuming nature. Biosensors
seem to be a very promising tool to overcome the problems
described above. Up to now, there have been no commer-
cially available biosensors for glycoalkaloids detection, nor
has there been any research proposed. We therefore propose
the development of enzyme sensor for potato steroidal
glycoalkaloids detection.

2. Experimental

Butyrilcholinesterase (BuChE) (EC 3.1.18) from horse
serum, 13 U/mg; bovine serum albumin; a-chaconine, o-
solanine and solanidine from potato sprouts were purchased
from Sigma. Glutaraldehyde (GA) was obtained from Serva.
Other chemicals were of analytical grade.

pH-Sensitive Field Effect Transistors (pH-SFETs) were
fabricated at the Research Institute of Microdevices (Kiev,
Ukraine). The chips contain two identical SizN4-pH-
SFETs, the design and operation mode of which have

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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been previously described [5]. Biologically active mem-
branes on the transducer surface were formed by a method
of protein cross-linking in saturated GA vapour [6]. Meas-
urements were conducted in daylight at room temperature.
The differential output signal between the measuring and
reference sensitive elements was registered with the labo-
ratory devices manufactured in-house, and the kinetic (dU/
df) maximum response of the biosensor was plotted. The
evaluation of the enzyme activity inhibition by glycoalka-
loids was carried out in a 10 mM K,Na-phosphate buffer,
pH 7.5, and at an excess concentration of butyrylcholine
chloride. The level of inhibition due to the action of a
definite concentration of alkaloids was evaluated by com-
parison of the biosensor response levels with and without
inhibitor.

3. Results and discussion

Recently [7], it was shown that potato glycoalkaloids
inhibit reversibly the activity of butyrylcholinesterase. Since
BuChE hydrolyses butyrylcholine according to the reac-
tion:

Butyrylcholine 4+ H,0O Buche, Choline + Butyrate + H™,

the products of this reaction can be detected by pH-SFET-
transducers. The decrease in the electrochemical biosensor
output signals caused by enzyme inhibition are propor-
tional to the steroidal alkaloid concentration in the tested
sample.

Measurements of butyrilcholinesterase inhibition were
performed for various substrate concentrations and rep-
roducible inhibition effects were obtained at BuChCl con-
centrations above 10 mM. From these results, a fixed
substrate concentration of 10 mM was chosen for inhib-
itory analysis.

An example of the enzyme inhibition effect of glyco-
alkaloids concentration (Fig. 1) was investigated. As can be
seen, a-chaconine, a-solanine and solanidine can be
detected within the range of 0.5-100 uM depending on
the type of steroidal alkaloid. The detection limits were
estimated to be 0.5 pM for a-chaconine and 2.0 pM for a-
solanine/solanidine. The dynamic ranges for the com-
pounds examined show that such biosensors are suitable
for a quantitative detection of glycoalkaloids in foodstuff
samples as these analytical devices are sensitive in a
broader range than the one needed. The total glycoalkaloid
concentrations in potato tubers destined for human con-
sumption can reach 20-200 mg/kg (about 25-250 pM)
[8].

The responses of the glycoalkaloid sensitive sensors
created are reproducible. The relative standard deviations
are about 1%, and 5% for intra- and inter-sensor responses
(both cases, n=10, for an alkaloid concentration of 5 pM),
respectively.
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Fig. 1. Calibration curves for the detection of glycoalkaloids by pH-SFET-
based biosensor. Measurement conditions: 10 mM K,Na-phosphate buffer,
pH 7.5, room temperature.

Moreover, the same sensor with immobilised enzyme can
be used repeatedly (for at least 100 measurements) after a
simple washing by buffer and can be stored at 4 °C without
substantial loss in activity of the biologically active material
not less than 3 months.

4. Conclusions

An innovative process for the detection of steroidal
glycoalkaloids based on the use of pH-sensitive field effect
transistors coupled to butyryl cholinesterase have been
developed. In comparison to the methods routinely used,
the biosensor method proposed is simple, inexpensive, fast
(the overall time for one analysis is less than 10 min) and
reliable. The biosensor developed could find successful
application fields, especially in agriculture, food quality
control and health care.
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Abstract

Immobilisation of enzymes is important for applications such as biosensors or biofuel cells. A poly(histidine) tag had been introduced on
the C terminus of a lactate dehydrogenase enzyme. This mutant enzyme was then immobilised onto poly(aniline) (PANi)—poly(anion)
composite films, PANi—poly(vinylsulfonate) (PVS) or PANi—poly(acrylate) (PAA). The NADH produced by the immobilised enzyme in the
presence of B-nicotinamide adenine dinucleotide (NAD ") and lactate is oxidised at the poly(aniline)-coated electrode at 0.05 to 0.1 V vs.
saturated calomel electrode (SCE) at 35 °C. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Enzyme immobilisation; Poly(aniline) composite films; NADH; Biofuel cell

1. Introduction

Fuel cells convert chemical energy into electrical energy
as long as fuel is supplied and in the presence of a catalyst.
Biocatalysts (microorganism, enzymes) can be an alterna-
tive to the use of transition metal catalysts in fuel cells.
They are very efficient and can be developed for a wide
range of fuels; they are also renewable and operate at
moderate temperatures. We are investigating the design of
bianodes for biofuel cell applications based on lactate
dehydrogenase enzymes. The current of the anodic com-
partment of the fuel cell will be generated by the oxidation
of NADH enzymatically produced in the presence of
NAD * and substrate.

However, the direct oxidation of NADH at pH 7 requires
a large overpotential at bare electrodes, at pH 7. Therefore,
the use of a mediator is necessary. In our laboratory, we
have shown that poly(aniline) (PANi) films doped with
poly(anions), i.e. poly(acrylate) (PAA), poly(vinylsulfonate)
(PVS) or poly(styrenesulfonate) (PSS), catalyse NADH
oxidation at pH 7 [1-3].

* Corresponding author. Tel.: +44-2380-592373; fax: +44-2380-
593781.
E-mail address: pnb@soton.ac.uk (P.N. Bartlett).

LDH (E.C.1.1.1.27, from rabbit muscle) have been
previously immobilised by adsorption onto poly(aniline)
films [1,2], and via a cross-linking technique onto poly
(pyrrole)—poly(vinylsulfonate) films [3], to prepare lactate
or pyruvate biosensors. We have chosen to use mutant lac-
tate dehydrogenase enzymes that have been designed for
immobilisation onto the electrode surface.

In the present work, we described some results on the
immobilisation of a tagged lactate dehydrogenase on
PANi—PAA or PANi—-PVS composite films. These en-
zymes, immobilised on the poly(aniline) composite films,
produce NADH in the presence of NAD " and lactate.

2. Experimental

B-Nicotinamide adenine dinucleotide (NAD ", ~ 98%,
Sigma), lactate, poly(acrylic acid, sodium salt) and poly
(vinylsulfonic acid, sodium salt) were purchased from
Aldrich and used without further purification. Mutagenesis
and protein expression were performed as described else-
where [4].

Electropolymerisation of aniline was performed as de-
scribed previously [5,6]. The poly(aniline)—poly(anion)
electrode was soaked in enzyme solution (0.91 mg/ml) for
2 h at 4 °C. Chronoamperometry experiments were recorded

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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using an EG&G model 263A potentiostat coupled with a
thermostated cell (35 °C), containing 10 ml of 1.0 M Tris—
HCI buffer pH 7.1 and 30 mM NAD . The working
electrode was a glassy carbon rotating disc (0.38 cm?), the
counter-electrode was a platinum foil and the reference
electrode a saturated calomel electrode (SCE).

3. Results and discussion

Lacate dehydrogenase (LDH) enzymes were immobi-
lised onto poly(aniline)—poly(anion) composite films in
order to generate NADH and pyruvate in the presence of
NAD " and lactate (Fig. 1). The enzymatically produced
NADH is oxidised at the poly(aniline) film, and the reduced
film (leucoemeraldine state) is electrochemically reoxidised
(to the emeraldine state). Poly(aniline)—poly(anion) com-
posites such as poly(aniline)—poly(acrylate) [PANi—PAA]
and poly(aniline)—poly(vinylsulfonate) [PANi—PVS] cata-
lyse NADH oxidation at pH 7 at 0.05 and 0.1 V vs. SCE,
respectively [5,6]. A poly(histidine) tagged LDH (LDH-
Chis) was designed to immobilise this enzyme on the
poly(aniline)—poly(anion) composite films. Poly(histidine)
tagged alkaline phosphatase has been immobilised on
poly(pyrrole) films doped with Ni**, complexed by the
histidine tag [7]. In our experiments, Ni** was found to be
unnecessary for the immobilisation of the enzyme on
PANi—PAA or PANi—PVS. Thus, all experiments were
performed without added nickel ions.

Fig. 2 shows the catalytic current observed for NADH
oxidation against the concentration of lactate in the electro-
chemical cell. The currents increase with the concentration
of lactate. The same experiment was performed for PANi—
PAA and PANi—PVS composite films (Fig. 2a). Higher
catalytic currents are obtained with PANi—PVS. It has
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Fig. 2. Current recorded at +0.05 and +0.1 V vs. SCE for PANI-PAA and
PANI-PVS, respectively, coated glassy carbon electrodes (deposition
charge=~200 mC, 4=0.38 cm?, thickness=~ 10 pm) at 9 Hz in 1 M
Tris—HCI buffer solution, pH 7.1 at 35 °C. (a) LDH-Chis immobilised on
A: PANI-PVS, e: PANI-PAA; PANI-PAA composite filmas and O:
wild-type LDH, e: LDH-Chis.

been shown that PANi—PVS gives higher amperometric
responses towards NADH oxidation at concentrations
above 0.2 mM [5,6]. Therefore, the difference observed for
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Fig. 1. Proposed scheme of the enzymatically produced NADH at poly(aniline)—poly(anions)-coated electrodes.
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the two films could be due either to the difference in the
electrocatalytic response of PANi—PVS and PANi—PAA
towards NADH oxidation, or due to more enzyme being
immobilised on PANi—PVS.

The same experiments were performed with wild-type
LDH (Bacillius stearothermophilus) (on PANi—PAA films,
Fig. 2b). Although the LDH-Chis mutant is less active than
the LDH-WT [4], it gave a higher amperometric response,
probably due to a better immobilisation of LDH-Chis on the
composite film. The LDH-Chis may attach to the PANi
composite films via a strong electrostatic or covalent bond-
ing. The histidine groups may attack the poly(aniline)
backbone, as it is known that PANi can undergo nucleo-
philic attack [8]. New mutants have been prepared and
QCM experiments are being carried out to better understand
the immobilisation of the mutant LDH-Chis onto poly(ani-
line)—poly(anion) composite films.

4. Conclusion

A poly(histidine) mutant lactate dehydrogenase had been
successfully immobilised on poly(aniline)—poly(anion)
composite films. The immobilised enzyme produces NADH
in the presence of lactate and NAD *. The enzymatically
produced NADH is oxidised at the poly(aniline) composite
films which act as a catalyst. The mutant enzyme gives
better results than the wild-type. The catalytic currents also
depend on the type of poly(anion) used in the composite
film. These results provide the basis for the development of
a novel bioanode for use in a biofuel cell.
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Abstract

Large unilamellar magnetoliposomes (MLs) with encapsulated doxorubicin (DOX) (anticancer drug) were prepared by reverse-phase
evaporation. They were exposed to an alternating magnetic field with a frequency of 3.5 MHz and an induction of 1.5 mT produced in three-
turn pancake coil. The results showed that magnetoliposomes could be specifically heated to 42 °C (phase transition temperature of a used
lipid) in a few minutes and during this, the encapsulated doxorubicin is massively released. © 2002 Elsevier Science B.V. All rights

reserved.
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1. Introduction

It is now well recognized that when systemic chemo-
therapy is used in the treatment of solid tumors, it is almost
impossible to achieve therapeutic levels of drug at the tumor
site without damaging healthy tissues [1]. One solution is to
encapsulate anticancer drug into liposomes, which after
injection into the blood stream preferentially accumulate
in the tumor. Drug is slowly released from accumulated
liposomes providing therapeutic benefit. However, the abil-
ity to control and produce efficient release would be ex-
tremely advantageous.

Yatvin et al. [2] used heat to induce rapid release of
pharmaceuticals from thermosensitive liposomes composed
of phospholipids having transition temperatures slightly
above normal physiological temperature. Local hyperther-
mia, heating of the target area to a temperature of 42—44 °C,
would cause the liposome lipids to “melt”, and the lip-
osomes flowing through the vascular bed of a hyperther-
mized area would rapidly release the entrapped drug into the

* Corresponding author. Tel.: +421-2-60295685; fax: +421-2-
65412305.
E-mail address: babincova@fmph.uniba.sk (M. Babincova).

surrounding medium. This approach substantially depends
on the ability to apply hyperthermia to the tumor area in a
targeted manner; unfortunately, none of the existing techni-
ques of hyperthermia offers a general and satisfactory way
to do so [3].

In Ref. [4], we have proposed a method for microwave-
mediated drug release from liposomes with enwrapped
ferromagnetic microparticles. Although microwave radia-
tion is preferentially absorbed by these particles and pro-
duced heat release-encapsulated drug, the surrounding tissue
is also substantially heated and particles with pm range are
only partially biocompatible. To overcome these shortcom-
ings, we have developed a new method using magnetoli-
posomes (MLs) with encapsulated stabilized superpara-
magnetic fluid with average particle diameter of 8 nm and
saturation magnetization of 400 G, and instead of micro-
waves (2.45 GHz), we have used AC-magnetic field with a
frequency of ~1 MHz. We have achieved almost three-order
higher specific absorption power compared to using large
ferromagnetic particles [5]. Moreover, the surrounding tis-
sue is not heated because at these frequencies, the heat
is produced almost exclusively due to the Néel relaxation
[6].

Our aim in this study is to show that the produced heat
may be used for extremely efficient doxorubicin (DOX)-
release from MLs.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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2. Material and methods

Large unilamellar MLs with encapsulated DOX were
prepared by reverse-phase evaporation.

First, colloidal gamma-ferric oxide was synthesized by
alkaline coprecipitation from the solution of ferric and ferrous
salts as described in Ref. [6]. The ferrocolloid precipitate was
extensively washed with distilled water, methanol, and stored
in 100% methanol. Necessary amount of ferrocolloid precip-
itate was washed several times with 100% chloroform; the
lipid (dipalmitoyl-phosphatidylcholine) was dissolved in
chloroform and added to the chloroform-washed ferrocolloid
precipitate. Phospholipids have strong affinity to the surface
of iron oxide particles and transfer them into colloidal state
again, now in chloroform. Finally, the chloroform ferrocol-
loid—lipid solution was evaporated under the stream of nitro-
gen and held under vacuum for 2 h to remove the traces of
solvent to obtain iron oxide colloidally dispersed in the lipid
film. This film was dissolved in isopropyl ether/chloroform,
mixed with 300 mM citric acid (pH 4.0), and extensively
sonicated. Organic solvent was evaporated in a rotary evap-
orator to obtain large unilamellar MLs. The encapsulation of
DOX was made using pH gradient method [7]. Briefly, pH of
the MLs suspension, initially at 4.0, was raised to 7.8 with 1 M
NaOH and heated to 60 °C. MLs were then mixed with
preheated DOX at a drug/lipid ratio of 0.2. Free and encapsu-
lated DOX were determined spectrophotometrically employ-
ing Specol 210 (Carl Zeiss Jena, Germany). This procedure
utilizes pronounced changes in absorbance (absorbance max-
ima 480 nm, pH 7.8; 550 and 592 nm, pH 10.5) observed on
increasing the pH of DOX solution from 7.8 to 10.5. One
hundred percent release was achieved upon the addition of
Triton X-100.

Iron concentration is determined by o-phenantroline
method after digestion of an aliquot with concentrated
H,S0, and reduction with ascorbate [8]. All used chemicals
were obtained from Sigma (USA).
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Fig. 1. Experimental setup for the generation of an alternating magnetic
field with frequency of 3.5 MHz and induction of 1.5 mT produced in three-
turn pancake coil cooled with water and isolated from magnetoliposome
suspension by styrofoam-covered tube. Temperature inside suspension was
measured using nonabsorbing thermistor.
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Fig. 2. Dependence of doxorubicin release from magnetoliposomes with
various concentrations of ferrocolloid. The results are mean values from
four independent measurements.

Alternating magnetic field with a frequency of 3.5 MHz
and an induction of 1.5 mT was generated using exper-
imental setup shown in Fig. 1, as described in details in
Ref. [6].

3. Results and discussion

Fig. 2 shows extent of DOX release from MLs containing
varying amounts of ferrocolloid (quantified according to iron
content) under the influence of AC-magnetic field. As can be
seen, the release is very fast due to the fact that super-
paramagnetic particles are embedded within the lipid bilayer.
Therefore, the heat produced via Néel relaxation is directly
used for the heating of lipid to its phase transition temper-
ature (42 °C) which leads to massive release of encapsulated
DOX.

It should be stressed that we have not observed substan-
tial macroscopic heating of the MLs suspension. The
increase of temperature using the highest ferrocolloid con-
centration (1.2 mg Fe/ml) was only 2 °C after 6 min (the
initial temperature in all experiments was 25 °C, we have
also performed experiments with 37 °C as an initial temper-
ature, and the release was about two times faster). Substan-
tial heating is measurable using iron concentrations > 10 mg
Fe/ml, which may be useful for combined hyperthemia and
drug release [6].

We have already developed a portable coil system through
which the AC-field may be focused to the desired site (tumor)
at suitable time intervals to release the drug from circulating
MLs. Besides the heating and drug-release properties, MLs
have another important feature—the possibility of drug
targeting using a static magnetic field. This would be helpful
in treating a diseased organ by first targeting MLs and
subsequently exposing to the field. The possibility of target-
ing MLs to the kidney was already provided [9]. Moreover in
1996, Lubbe et al. [10] already achieved complete tumor
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remission in animals using a new kind of ferrofluid associated
with epirubicin and external magnetic field at 0.5-0.8 T. In a
second step [11] conducted by the same authors, the first
Phase I clinical trial using this approach was performed on
patients with advanced, unsuccessfully treated cancers or
sarcomas with very promising results. Magnetic targeting
may have wide applications because it is not organ-specific.
MLs, therefore, represents a novel versatile tool for cancer
treatment.
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Abstract

The immobilization of the mutants of L-lactate dehydrogenase (LDH) on poly(aniline) (PANi) composite films has been investigated.
Mutants possessing peptide tags of varying charge and nucleophilicity were created to probe the nature of the interaction between the protein
and PANi. These results are significant for the development of a ‘generic’ approach to the immobilization of enzymes and other proteins.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

We have investigated a number of mutants of L-lactate
dehydrogenase (LDH) for their suitability as potential ano-
dic biocatalysts in a biofuel cell [1,2]. LDH from Bacillus
stearothermophilus is an NAD(H)-dependent oxidoreduc-
tase that catalyses the conversion of L-lactate to pyruvate
with concommitant reduction of the cofactor NAD " to
NADH [3,4]. The enzymes were genetically modified such
that a number of different immobilization strategies com-
patible with a poly(aniline)—poly(vinyl sulfonate) (PANi—
PVS) film could be investigated [5,6]. In particular, the
nature of the attachment of the enzyme to the PANi-
modified electrode was investigated through the introduc-
tion of peptide tags on LDH. The activities of the tagged
LDH enzymes, once immobilised, were investigated using
chronoamperometry.

The mutants that were constructed possessed either an N-
or C-terminal (poly)histidine tag (LDH—NHis or LDH-
CHis) to aid purification and immobilization [7]. Previously,

* Corresponding author. Tel.: +44-20-7594-5195; fax: +44-20-7594-
5196.
E-mail address: t.cass@ic.ac.uk (A.E.G. Cass).

it has been reported that PANi films can be readily modified
covalently by thiol groups at the ortho-position with con-
commitant reduction to the leucoemeraldine state [8]. There-
fore, a mutant possessing an exposed C-terminal cysteine
(LDH-CCys) was created in order to facilitate the covalent
attachment of LDH to PANi. The wild type and the N-
terminal histidine-tagged LDH lack any solvent accessible
cysteine residues [4]. These enzymes were then immobilised
on PANi—PVS and their substrate-dependent currents were
recorded. A clearer understanding of this interaction may
lead to the development of more stable enzyme films on
electrodes through the engineering of the protein to comple-
ment the film chemistry and to be particularly useful in the
development of biosensors or other bioelectrodes.

2. Experimental

Sodium lactate, NAD * (98%) and poly(vinyl sulfonic
acid sodium salt) were purchased from Aldrich. Mutagen-
esis, protein expression and purification were performed as
described previously [9]. PANi—PVS composite films were
deposited and conditioned on a glassy carbon electrode with
an area of 0.38 cm? as described previously [5]. The PANi—
PVS electrode was incubated in an enzyme solution (0.5

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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mg/ml in Tris/HCI, 100 mM, pH 7.1) for 2 h at 4 °C. It was
rinsed extensively before placing in the electrochemical cell.
Chronoamperometric experiments were recorded using an
EG&G 263A. The electrochemical cell was thermostatted at
35 °C and contained 10 ml Tris/HCI, 1.0 M, pH 7.1 and 30
mM NAD *. A platinum gauze counter-electrode was used
and all potentials are vs. a saturated calomel electrode.

3. Results and discussion

The three mutants, LDH—-NHis, LDH—CHis and LDH—
CCys, as well as the wild-type LDH were immobilised on
poly(aniline)—poly(vinyl sulfonate) films and placed in a
solution of the cofactor NAD . Aliquots of lactate were
then added and the resulting currents were measured. These
currents were approximately proportional to the lactate
concentration of up to 0.4 M, which is consistent with
those arising from enzymatically generated NADH. The
catalytic current densities for each LDH variant are shown
in Fig. 1. The current obtained for LDH-CCys was the
highest and that of the wild type was the lowest, which is
opposite to the trend observed for the solution kinetics.
Previously, we have shown that the k., values for LDH—
NHis and wild-type LDH are similar (140 and 135 s ',
respectively), while the introduction of a C-terminal hex-
ahistidine tag significantly reduced the specific activity to
90 s~ ' [9]. The specific activity of LDH—CCys was lower
still at 50 s~ .

These amperometric results indicate that the peptide tags
play a role in the enzyme immobilization on PANi—PVS
composite films. The NADH-dependent current was much
higher for LDH—CHis than for the wild-type LDH despite
the latter’s (~33%) higher specific activity. This is consis-
tent with more LDH—-CHis than wild-type LDH being
immobilised. It would be reasonable to assume that the

70

same immobilization chemistry would occur for both LDH -
NHis and LDH-CHis, and therefore, equal quantities of
these two would be immobilised on PANi—PVS. However,
the current for LDH—NHis was not as high as that predicted
from the differences in the activity between LDH—NHis and
LDH-CHis, assuming equal masses of the two were loaded.
The currents might indicate that relatively more LDH—CHis
than LDH—NHis was immobilised. Despite the considerable
lowering of the specific activity of the LDH—CClys, this
variant produced the highest catalytic current on immobili-
zation. This is consistent with the greatest mass load of LDH
onto the PANi—PVS being achieved with this mutant.

The greater mass loading of all three mutants compared
to the wild-type LDH may be due to the increased inter-
actions between the mutant LDH and the PANi—PVS
composite film. These interactions could be electrostatic
or covalent in nature. Scanning electron microscopy of
PANi—PVS reveals that the film is dense and fibrous [10].
The PANi polymers are extensively protonated when the
film is in the conducting emeraldine state, and the long PVS
counter-anions associated with PANi maintain the overall
electroneutrality across the film. However, regions of local-
ised charges exist throughout the film. Therefore, it is
reasonable to assume that the electrostatic interactions
between the LDH and the film play an important role in
immobilization. At pH 7.1, approximately 25% of the
histidine residues are protonated [11], corresponding to a
charge difference of +1.5 between each hexahistidine-
tagged LDH monomer and the wild-type monomer. The
active form of LDH is a tetramer [4], so this charge differ-
ence is significant (+6) and consistent with more of the
histidine-tagged mutant than the wild-type LDH being
immobilised due to the increased charge on the protein.

The LDH-CCys also possesses an N-terminal hexahis-
tidine tag (to aid purification), and some of its increased
loading on the PANi—PVS film may be derived from this.
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Fig. 1. Current recorded at +0.1 V vs. SCE for PANi—PVS-coated glassy carbon electrodes (deposition charge ~200 mC in all cases, area=0.38 cm?) at
9 Hz in 1 M Tris/HCl buffer, pH 7.1, 35 °C. The enzymes immobilised on the electrodes are LDH-CCys A, LDH-NHis m, LDH—CHis 4 and wild—type

LDH x.
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However, the cysteine tag may also provide a means of
covalently attaching LDH-CCys to PANi via its nucleo-
philic thiol group. The wild-type LDH and the histidine-
tagged variants lack any highly nucleophilic surface resi-
dues. This introduced thiol group is readily oxidised
(causing the protein to form oligomers that readily precip-
itate) in the absence of high salt concentrations. Indeed, if
LDH-CCys is oxidised prior to immobilization on the
electrode, the resulting current is low (data not shown). In
addition, PANi composite films have been shown to be
modified at the ortho-position of the diiminoquinoid ring
[8] by organic thiol groups such as mercaptoproprionic
acid. Therefore, an additional covalent interaction between
the LDH—-CCys and PANi—PVS may account for the
increased current (through increased protein loading) for
this mutant.

4. Conclusions

We have demonstrated that mutants of LDH can be
readily immobilised on PANi—PVS and retain their spe-
cific activities towards the substrate and NAD *. Further-
more, enzymatic loading can be dramatically improved by
the addition of either a polyhistidine or cysteine residue
despite the changes in the specific activity these mutations
cause. These PANi—enzyme electrodes are potentially of
great use in biosensor and biofuel cell applications, in
particular, where the efficient coupling of cofactor oxida-
tion and recycling are required at the electrode, for exam-
ple, to achieve high current densities and transport-limited
currents.
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Abstract

Supercoiled (sc) DNA immobilized at the surface of a hanging mercury drop electrode was cleaved by reactive oxygen species generated
by an electrochemically modulated reaction of copper ions, hydrogen peroxide and/or oxygen. The cleavage was observed in a certain
potential region where redox cycling of DNA-bound Cu(II)/Cu(I) took place. In the presence of 1,10-phenanthroline the maximum efficiency
of DNA cleavage was shifted to more negative potentials and the effect was enhanced. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: DNA damage; Mercury electrode; Copper ions; Phenanthroline

1. Introduction

Ions of transition metals are involved in the processes
resulting in damage to DNA, which may be followed by
the mutations and/or malignant transformation of the cells
[1]. Metal ions that can undergo one-electron redox reac-
tions (such as iron, copper or manganese) react with
oxygen producing reactive oxygen species (ROS); the latter
then damage DNA, frequently yielding strand breaks [2].
By measuring changes in DNA electrochemical behavior at
mercury [3—7] or carbon [8,9] electrodes, DNA damage
can be detected. A mercury electrode modified with super-
coiled (sc) DNA can serve as a highly sensitive tool for
detecting DNA cleaving species, including chemical [3,5,7]
or enzymatic [5] nucleases. Recently, we have shown that
supercoiled DNA immobilized at the surface of the HMDE
was cleaved in the presence of iron/EDTA and hydrogen
peroxide if electrode potential was sufficiently negative to
reduce Fe(Ill) to Fe(Il) [6]. Under these conditions,
hydroxyl radicals (cleaving the surface-attached DNA)
were produced through a Fenton reaction mediated by
electrochemically regenerated iron(I1))EDTA complex.
Electrode potential-dependent DNA cleavage was observed
also in the absence of transition metals if oxygen was

* Corresponding author. Tel.: +42-5-41517197; fax: +42-5-41211293.
E-mail address: fojta@ibp.cz (M. Fojta).

present in the solution, suggesting a role of radical inter-
mediates of oxygen electroreduction at mercury [6] or
platinum [10] electrodes. In this report, we show distinct
potential-dependent effects of copper ions and of copper—
1,10-phenanthroline complex on DNA damage at the
HMDE surface.

2. Experimental
2.1. Preparation of scDNA-modified HUDE

Supercoiled (sc) pPBSK_) DNA (prepared as described
previously [3]) was adsorbed at the electrode surface from a
3—5 pl drop of solution containing 50 pg/ml scDNA in 0.2
M NaCl for 60 s. The electrode was thereafter washed by
distilled water and transferred into the solution of the DNA
damaging reagent. Details about the cleavage reaction are
given in Results and discussion.

2.2. Apparatus and measurements

AC voltammetric measurements were performed with
an Autolab analyzer (Eco Chemie, The Netherlands) in
connection with VA-Stand 663 (Metrohm, Switzerland) in
HMDE mode. The three-electrode system (with Ag/AgCl/
3 M KCl electrode as a reference and platinum wire as an
auxiliary electrode) was used. 0.3 M NaCl and 0.05 M

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Na,HPO, were used as a background electrolyte. The
following parameters for measurement were chosen: initial
potential, — 0.6 V; frequency, 230 Hz; amplitude, 10 mV;
scan rate, 20 mV s~ '. In phase component was meas-
ured.

3. Results and discussion

The scDNA-modified HMDE was incubated in 0.2 M
sodium perchlorate, 10 mM Tris—HCI (pH 7.5) containing
10 pM cupric sulfate. Potentials E (potential facilitating the
cleavage reaction) (Fig. 1) were then adjusted and the
cleavage reaction was started by an addition of hydrogen
peroxide. After 60 s, the circuit was opened and the
electrode was transferred into a background electrolyte,
followed by the measurement of DNA AC voltammetric
peak 3, which is sensitive to DNA strand breaks [3]. In the
presence of 1 mM H,O,, the heights of peak 3 displayed a
potential dependence with a sharp maximum at Ec=— 0.1
V. At more negative potentials, heights of peak 3 declined,
reaching a plateau at — 0.3 V corresponding to about 20%
of the maximum peak 3 height obtained at — 0.1 V. In the
absence of hydrogen peroxide or in the presence of 10-fold
excess of EDTA, no DNA damage was observed around
Ec=—0.1 V. These observations suggest that (i) DNA
damage in this system requires the presence of hydrogen

Ee(V)

Fig. 1. The dependencies of copper-mediated DNA cleavage (height of
DNA peak 3) on the potential Ec. (O), 10 pM Cu® ", deaerated solution;
(8), 1 mM H,0,, 10 pM Cu®>*; (A), 1 mM H,0,, 10 pM Cu?> ", 100 pM
EDTA. DNA-modified electrodes were prepared by incubation of HMDE
in a 4-pl drop of 50 pg ml ~ ' scDNA in 0.2 M NaCl, 10 mM Tris—HCI (pH
7.4) for 60 s. After washing (at the open current circuit), the electrode was
immersed into the solution of the reactants (except H,O,) which was
always deaerated. Then, potential Ec was adjusted and the reaction was
started by the addition of H,O, into the stirred solution. After 60 s, the
reaction was stopped (by opening the current circuit) and the electrode was
washed and transferred into blank background electrolyte to record the
voltammogram.
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Fig. 2. Dependence of scDNA cleavage at the HMDE surface on the
electrode potential in the presence of (0), 1 pM Cu?”, air-saturated
solution; (e), 1 pM [Cu(phen),]* ", air-saturated solution. For other details,
see Fig. 1.

peroxide and EDTA-unchelated copper ions and (ii) a pro-
duction of ROS takes place around a potential of — 0.1 V,
corresponding to the reduction peak of Cu®>" in the same
medium (not shown). Such a behavior markedly differs
from the previously observed [6] potential dependence of
DNA damage yielded by iron/EDTA-mediated Fenton reac-
tion, displaying an inflection point at a potential correspond-
ing to the iron(II)/EDTA reduction peak and continuously
increasing towards negative potentials. The limitation of the
DNA damage to this potential region can be explained by
the requirement for Cu " in the processes leading to DNA
damage. At bare HMDE, copper yields one reversible pair
of peaks related to a two-electron reaction (Cu*/Cu).
Nonetheless, some ligands (including cytosine or purines)
stabilize Cu ™. This phenomenon results in the splitting of
the reduction/oxidation of coordinated copper at HMDE in
two one-electron steps [11]. We propose that under our
conditions, certain fraction of copper ions may be “trapped”
as DNA-bound Cu . These Cu” ions may then undergo
redox cycling in the presence of hydrogen peroxide, thus
producing ROS [12]. This stabilization of Cu* in the DNA
layer was impossible at too negative potentials and copper
was rapidly reduced to Cu’. On the contrary, iron in the
EDTA complex is further reduced to Fe° only at highly
negative potentials (outside the range examined in Ref. [6]),
and thus, no decline of the DNA cleavage at potentials more
negative than the reduction peak of iron/EDTA was
observed.

In our previous work [6], we showed that hydrogen
peroxide which is converted into hydroxyl radicals in the
Fenton type reactions can be generated electrochemically at
the HMDE by dioxygen reduction. In the following experi-
ment, we incubated scDNA-modified HMDE in air-satu-
rated solution containing 1 pM Cu® " at different potentials
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(Fig. 2). A dependence of DNA damage on the potential £
similar to Fig. 1 was obtained. The maximum /5 value at
— 0.1 V reached about 30% of the value measured under the
conditions shown in Fig. 1.

Copper complex with 1,10-phenanthroline (phen) has
been applied as a chemical nuclease in DNA footprinting
[13]. We tested the behavior of the [Cu(phen),]* " complex
in potential-modulated DNA damage at the HMDE. Upon
addition of 2 pM phen into air-saturated solution of 1 pM
Cu’?", the DNA cleavage at the electrode was three- to four-
fold enhanced and the potential region where DNA damage
occurred was shifted in the negative direction and was wider
(Fig. 2). These observations can be explained by a stabili-
zation of the Cu " in the phen complex where it can undergo
one-electron redox cycling, yielding ROS in the presence of
dioxygen. Moreover, the [Cu(phen),]*" complex is accu-
mulated in DNA (immobilized at the electrode surface) by
the intercalation of the phen moieties into the DNA double
helix, facilitating formation of ROS in the close vicinity of
the DNA molecules.

In conclusion, our results demonstrate that scDNA-
modified mercury electrodes can be used not only as
sensitive biosensors for the detection of DNA damaging
species, but also in basic studies of redox processes resulting
in DNA damage, including reactions of transition metal ions
and their complexes. More details will be published else-
where.
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Abstract

This paper focuses on the use of PQQ-dependent enzymes (PQQ enzymes) in amperometrical biosensors and gives emphasis on their
innovative designs and applications. The study covers some aspects in the evolution of biosensors based on PQQ enzymes. Main attention is
focused on the electrochemical properties of PQQ enzymes as very promising materials for the formation of electrochemical biosensors.
Immobilization approaches and redox mediators recently used in PQQ enzymes based biosensors are reviewed. The acceptance of
polypyrrole as a very promising immobilization matrix for some PQQ enzymes is discussed. © 2002 Elsevier Science B.V. All rights

reserved.

Keywords: Glucose dehydrogenase; Glycerol dehydrogenase; Alcohol dehydrogenase; Polypyrrole

1. Introduction

The effective combination of biochemistry and electro-
chemistry in analytical devices could provide the basis for
the direct electrical detection of a wide range of analytes
with great sensitivity and specificity.

In the development of enzyme-based amperometric bio-
sensors, oxidases have been mostly used as a biological
recognition element. The main drawback of the oxidase-
based biosensor is its response dependence on oxygen
concentration in the sample. This drawback causes trouble
in designing biosensors for undiluted blood, microbiological
media, and other biological samples with unstable oxygen
concentration. A number of attempts have been made to
replace oxygen by artificial electron acceptor but the prob-
lem remains since an artificial acceptor exhibiting a high
enough chemical affinity and capability to compete with
oxygen has not been found yet. To overcome this problem
NAD-dependent dehydrogenases have been applied [1].
Although these sensors are not dependent on oxygen, the
necessary addition of the free-diffusing coenzyme NAD * or
the use of free-diffusing redox mediator caused severe
restrictions for the application of these sensors.

The development of enzyme biosensors also gained from
novel enzymes and bioengineered proteins. Significant

* Corresponding author. Tel.: +370-272-9068; fax: +370-272-9196.
E-mail address: arman@bchi.lt (A. Ramanavicius).

improvement was achieved when oxidases and NAD-
dependent dehydrogenases were replaced by PQQ enzymes,
which catalyzes the transfer of electrons from substrate to an
electron acceptor other than oxygen [2,3]. Moreover, some
of PQQ-dependent enzymes are able to transfer electrons
directly to solid surfaces [4] or to conducting polymers [5].
PQQ-dependent dehydrogenases were first reported as
potential objects for new biosensors about 15 years ago.
Later a gene-engineered apo-PQQ-dependent glucose dehy-
drogenase (PQQ-GDH) was successfully used for commer-
cial electrochemical glucose test strips. PQQ, as cofactor
and redox shuttle, was additionally added in the test strips.
However, this apo-PQQ-GDH bonds PQQ cofactor very
weakly and test strips in biosensing device can be used only
as single-use analytical tools [2].

We have purified some new PQQ-dependent dehydro-
genases with more tightly bonded cofactors from new
sources [6—8] and designed a number of glucose [9—-15],
glycerol [16] and ethanol [17,18] biosensors.

2. Materials and methods

PQQ-GDH was purified from Erwinia sp. 34-1 [6].
PQQ-dependent glycerol dehydrogenase (GlycDH) was
purified from the membrane fraction of Gluconobacter sp.
33 [7]. Alcohol dehydrogenase (QH-ADH) was purified
from Gluconobacter sp. 33 [8].

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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The sensors were prepared following previously opti-
mized protocols according to Refs. [4,5,9—18]. Three
enzyme immobilization methods were used: cross-linking
by glutaraldehyde [4,9-11,13,16,17], entrapment into con-
ducting polymer polypyrrole (Ppy) [5,14,15] and covalent
binding using functionalized polymeric matrix [12,18]. The
responses of biosensors to addition of analytes were inves-
tigated in stirred 0.1 M acetate buffer containing 0.1 M KCl
under potentiostatic conditions at +300 mV according
protocols described in Refs. [4,5,9-13,16—18], and at
+500 mV vs. Ag/AgCl if [osmium-bis-N,N’ -(2,2’ -bipyr-
idyl)-N-(pyridine-4-yl-methyl-(6-pyrrole-lyl-hexyl)-ami-
ne)chlorode]chloride (Os-complex) copolymerized with
pyrrole was used as redox mediator and immobilization
matrix [14,15].

3. Results and discussion

3.1. Principle designs of bioelectrochemical sensors based
on POQ-dependent enzymes

The principal schemes of action of PQQ enzymes are
presented in Fig. 1. PQQ enzymes have two major possi-
bilities to transfer electrons to conducting solid or polymeric
surfaces: (i) via redox mediators (Fig. 1A); (ii) via intrinsic
redox chains (Fig. 1B). Intrinsic electron transfer is a
characteristic feature of some of PQQ enzymes containing
number of hemes-c. QH-ADH, via intrinsic electron transfer
chain, can directly transfer electrons to some conducting
surfaces [4,5].

3.2. Application of POQ-dependent glucose dehydrogenases
in glucose biosensors

PMS [9], as water-soluble redox mediator, was applied in
some biosensors based on PQQ-GDH. Soluble mediators
are useful for the construction of single-use test strips. More

.
()
°
k=
5]
)
(]

M is a redox mediator.

promising for design of biosensors devoted for continuous
measurements are insoluble mediators like polyquinonic
polymers. Reagentless glucose biosensors can be created
during immobilization of PQQ-GDH on the carbon elec-
trode modified with: (i) redox polymer obtained by electro-
polymerization of p-ferrocenylphenol [13]; (ii) electrochem-
ically deposited number of heterocyclic compounds [10];
(ii1) by irreversibly adsorbed and electropolymerised naph-
thoquinone or benzodiazepine derivatives [11]; or (iv) PQQ-
GDH modified with an enzymatically synthesized polyar-
butin, or included into such polymer [12]. The surface of
carbon electrode in these cases is covered either with a
multi-layer of heterocyclic molecules or by oligomers and
polymers. This leads to formation of infrastructure contain-
ing semi-oxidized heterocyclic compounds. This network of
electrochemically reversible groups facilitates charge trans-
fer from the active center of enzyme to the electrode surface.
Reduced PQQ-GDH cannot directly transfer electrons to the
surface of metals, carbon or to conducting polymer-poly-
pyrrole. But if polypyrrole matrix is modified with osmium
complexes [14,15], such redox polymer excellently accepts
electrons from the reduced form of the PQQ-GDH.

The linear parts of calibration curves of biosensors based
on PQQ-GDH are in the range of 1-20 mM. This interval is
determined by K, of the native enzyme and immobilisation
technique, because, if immobilisation by glutaraldehyde is
applied, biosensors acts in semi-diffusion mode. The linear
part of the calibration curve can be extended either by
application of the additional diffusion layer of PVA [10]
or if PQQ-GDH is included into hydrophobic polypyrrole
layer [15]. Thermostability of PQQ-GDH was about twice
lower in comparison with glucose oxidase. In addition to the
thermal inactivation, the process of PQQ elimination can be
observed under certain conditions. For example, the fast in-
activation of the biosensor was observed in phosphate buff-
er. When phosphate buffer was replaced with acetate buffer,
the activity of the biosensor was restored. This process was
faster and more efficient in the presence of 1 mM Ca®" or

Substrate

o
©
o
=1
(5]
]
w

Product

Fig. 1. Principal action schemes of the PQQ enzymes based biosensors. A—single redox center based quinoproteins; B—multi redox center-based

quinohemoproteins.
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Fig. 2. Storage stability of glucose (1), glycerol (2) and ethanol (3)
biosensors at +4 °C. Inset: Operational stability of ethanol biosensor at
+25 °C in 0.05 M Na-acetate buffer, pH 6.0, at +300 mV vs. Ag/AgCl.
Relative responses were calculated from relation of actual response with
biosensor response immediately after preparation (100%).

Mg>" ions. Immobilization of PQQ-GDH into carbon paste
increased the stability of the enzyme more than three times
[11]. The operational stability of PQQ-GDH immobilized by
glutaraldehyde is presented in Fig. 2, curve 1.

These glucose biosensors were used for the determina-
tion of glucose in wines and soft drinks. The data were
compared with standard refractometric method. Good cor-
relation (»=0.9778) was obtained [11]. It was also shown
that response of the biosensor does not depend on oxygen
concentration in the samples.

3.3. Glycerol dehydrogenase (GlycDH) in glycerol bio-
Sensors

Graphite electrode was selected as the most suitable
surface for GlycDH immobilization. The reduced form of
PQQ in this enzyme does not transfer electrons to modified
carbon electrode and a soluble mediator like PMS should be
used. The calibration graph of biosensor was linear to 8 mM
of glycerol [16]. Approximation of experimental data by
hyperbola model leads to parameters K,"**=10.4 mM and
Inax=5.6 pA. These data, together with the extended linear
region of the steady-state currents vs. concentration of
glycerol (about 12 times longer than can be expected from
the K, value for glycerol (the calculated K, value of
GlycDH for glycerol was 0.83 mM) reported for the purified
glycerol dehydrogenase, indicated that the biosensor acts in
a diffusion-limited mode.

Comparison of biosensor signals to 1-10 mM glycerol
was obtained in oxygen-free and oxygen-containing solu-

tions. It was shown that signals of biosensor in oxygen-free
sample were higher only on about 4%. This side-reaction
has negligible impact because electrochemical oxidation of
reduced PMS on the electrode surface is much faster. The
selectivity of the obtained biosensor to various mono- and
polyhydroxylic compounds was also investigated [16]. At
pH 6.0, significant interference of glucose, sorbitol and
mannitol was observed but at pH 8.0, responses to glycerol
were significantly higher compared to aforementioned sub-
stances. No biosensor responses to ethanol and methanol
were observed at all. Interfering response generated by
fructose, methanol and dulcitol can be neglected because
the concentrations of those compounds normally are lower
than that of glycerol in tested beverages.

Storage stability was examined by keeping the biosensor
in the dry state at 4 °C. Periodic measurements of the
response to glycerol at room temperature were carried out.
The slope of biosensor during the first 2 days after prepa-
ration decreased considerably, probably due to leakage of
weakly immobilized enzyme from surface (half-life period
(t1,2) was 2 days). After this storage period, the remaining
sensitivity was about 50% and later decreased very slowly
(Fig. 2, curve 2).

3.4. Quinohemoprotein alcohol dehydrogenase—a perspec-
tive tool for ethanol biosensors

QH-ADH consists of three subunits, having molecular
masses of 83, 52.1 and 16.6 kDa [8]. QH-ADH contains
PQQ moiety and at least four heme-c moieties. This enzyme
can transfer electrons to acceptors in two ways: (i) directly
from PQQ, like PQQ-GDH; (ii) via hemes chain. The

h QH-ADH entrapped within PPy
<~y Free enzyme (detected spectrophotometrically)

1 QH-ADH covalently bound to the PPy

© © © © ©
c c [ c c
© © © ] ]
£ S 8 35 5
-— - Ie)
(] L fued [a2] Q
= o - o
100 -

— N N

[0

2

8_60—

N

o

2 407

®

©

o 20 I

0

Fig. 3. Comparison of selectivity of ethanol biosensor and native QH-ADH
in 0.05 M Na acetate buffer, pH 6.0, at +300 mV vs. Ag/AgCl. Biosensor
contained enzyme immobilized: A—into polypyrrole matrix, B—on the
surface of electrode coated by electrochemically synthesized polypyrrole.
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principal schemes of such systems are shown in Fig. 1. This
presumption was confirmed experimentally. QH-ADH
transferred electrons not only to the standard mediators
[18] or carbon surface modified with ferrocene derivatives
[13] but also to the non-modified polypyrrole matrix [S] or
even to the carbon surface [4].

The linear part of the calibration curve of the ethanol
biosensor depends on the method of QH-ADH immobilisa-
tion.

The specificity of QH-ADH- and QH-ADH-based bio-
sensors was investigated using various alcohols (Fig. 3). The
selectivity of QH-ADH depends on the immobilization
method and differs from native enzyme. This phenomenon
can be explained by the diffusion restrictions of higher
alcohols in semi-permeable matrix of polypyrrole coating.
The results show that the native enzyme prefers three or four
carbon atoms containing linear primary alcohols. Methanol
is a very bad substrate and it is the advantage of QH-ADH
based biosensors. This phenomenon opens good possibilities
in the application of such biosensors in food industry,
particularly in wine industry. QH-ADH can also oxidize
longer alcohols, such as n-octanol or n-decanol [8], but these
substrates are not soluble in water and kinetic characteristics
cannot be obtained directly. Secondary and branched alco-
hols are unfavorable substrates for this enzyme.

The stability behaviour of ethanol biosensors was similar
to glucose and glycerol biosensors (Fig. 2). Operational
stability during the 2 h period at room temperature was good
enough and is shown in Fig. 2 (inset).

4. Conclusions

In this work, the presented and discussed data show that
PQQ enzymes are very promising tools when applied to the
various designs of amperometrical biosensors. However,
problems relating to the instability of biosensors need to
be solved.
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Abstract

Polyamidoamine (PAMAM) dendrimers (generation 3.5 and 4) interaction with bovine serum albumin (BSA) was studied. The intensity
of intrinsic fluorescence of two tryptophan residues and a shift in wavelength of their emission maxima were chosen as indicators of protein
conformational changes. It is shown that the generation 4 has a greater impact on spectral properties of serum albumin than generation 3.5.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Dendrimers are a relatively new class of polymers with a
well-defined, three-dimensional structure. They are synthes-
ised from a polyfunctional core by adding branched mono-
mers that react with the functional groups of the core, in turn
leaving end groups that can react again. The number of
terminal groups increases after each cycle or “generation”
of the synthesis. The first synthesised polyamidoamine
(PAMAM) dendrimers are based on an ethylenediamine
core, possessing amino groups on the surface. The half-
generations PAMAM dendrimers have carboxylate groups
on the surface.

The structure of dendrimers has a great impact on their
utilisation. Dendrimers have found a number of biomedical
applications. They have been applied in in vitro diagnostics,
as carrier molecules for magnetic resonance imaging (MRI)
contrast agents, in the targeted delivery of drugs, and as
transfection vectors in gene therapy [1]. Recently, it has
been shown that they can also have their own biological
activity against viruses. For example, PAMAM dendrimers
block herpes simplex virus attachment to cells [2]. However,
still little is known about biological properties of den-
drimers. More information about dendrimers influence on
cells and biomolecules is crucial for further investigations of

* Corresponding author. Tel.: +48-42-635-44-78; fax: +48-42-635-44-
74.
E-mail address: aklajn@biol.uni.lodz.pl (B. Klajnert).

therapeutic applications of dendrimers. In the present work,
we investigated whether PAMAM dendrimers might alter
the conformation of bovine serum albumin (BSA).

Serum albumins are the most abundant proteins in
plasma. As the major soluble protein constituents of the
circulatory system, they have many physiological functions.
They contribute to colloid osmotic blood pressure and are
chiefly responsible for the maintenance of blood pH [3].
There are evidences of a significant antioxidant activity of
serum albumins. These molecules may represent the major
plasma components that protect against oxidative stress [4].
The most outstanding property of albumins is their ability to
reversibly bind a large variety of endogenous and exoge-
nous ligands. Serum albumins are the principal carriers of
fatty acids, which are otherwise insoluble in blood, and have
high affinity for hematin, bilirubin, and small, negatively
charged, hydrophobic molecules.

2. Experimental

Essentially-fatty-acid-free (fraction V) bovine serum
albumin was purchased from Sigma (USA). PAMAM den-
drimers (generation 3.5 and 4) were obtained from Aldrich
(UK). All other chemicals were of analytical grade.

BSA was dissolved in phosphate-buffered saline (PBS:
150 mmol/l NaCl, 1.9 mmol/l NaH,PO,4, 8.1 mmol/l
Na,HPO,, pH 7.4) at a concentration of 5 pmol/l. Den-
drimer concentrations ranged from 2.5 to 85 umol/l. Increas-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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ing concentrations of dendrimers were added from a stock
solution in PBS (0.9 mmol/l). Fluorescence spectra were
taken with a Perkin-Elmer LS-50B spectrofluorometer using
excitation wavelength of 280 nm and the emission range set
between 290 and 440 nm. Fluorescence quenching was
carried out by measuring the fluorescence intensities at
355 nm as a function of dendrimer concentration. Fluores-
cence intensities were corrected for dilution. The absorbance
of the solutions used was not higher than 0.015.

3. Results and discussion

The present work was aimed to investigate whether
PAMAM dendrimers interact with bovine serum albumin
and change its conformation. The conformational changes
of BSA were evaluated by the measurement of intrinsic
fluorescence intensity of protein tryptophan residues before
and after addition of dendrimers. BSA, a protein of molec-
ular weight 65 kDa, contains two tryptophan residues (Trp-
213 and Trp-134) [4]. Fluorescence measurements give
information about the molecular environment in a vicinity
of the chromophore molecules. The effect of dendrimers on
BSA fluorescence intensity is shown in Fig. 1. Increasing
dendrimer concentrations caused a reduction in the fluores-
cence of the tryptophan residues for both generations. It is
also apparent from Fig. 1 that the effect was less pronounced
for PAMAM dendrimers generation 3.5.

The fluorescence quenching data are usually analysed by
the Stern—Volmer equation [5]:

Fy

F—IZKSV[Q} (1)

where F and F are, respectively, the fluorescence intensity
in the absence of a quencher and in its presence at [Q]
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Fig. 1. Stern—Volmer plots of the quenching of BSA tryptophan residues
fluorescence by PAMAM dendrimers: generation 4 (0) A =0.015 and
3.5 (0) Amax=0.013.
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Fig. 2. A shift in the position of the emission maximum after the addition
PAMAM dendrimers: generation 4 (O) and 3.5 (O). The significance of the
results expressed as mean + standard deviation was determined by
comparison with control values using one-way analysis of variance
ANOVA; *P<0.01, **P<0.001.

concentration, Kgy is the Stern—Volmer dynamic quenching
constant.

The Stern—Volmer constants express tryptophan acces-
sibility to the quencher. In case of generation 4 PAMAM
dendrimers, Kgy was (7.6 £ 1.7) mM ~ !, whereas for
generation 3.5, Kgv was (3.5 + 1.4) mM ~ '. These results
indicate that the changes of the environment of tryptophan
residues depend on the applied dendrimer. Both types of
dendrimers possess the same core molecule and are built
from the same monomers. Generation 3.5 and generation 4
PAMAM dendrimers have similar molecular mass of
12419 and 14215 Da, respectively. The only difference
between them is their functional end groups. Fluorescence
quenching proceeds mainly via physical contact of the
quencher with chromophores, and hence, is dependent on
the extent of the approach to the chromophores in the
protein. This in turn makes the process extremely depend-
ent on the nature of quenchers themselves. Due to the
comparable dimensions of dendrimer and BSA molecules,
it is not expected that the dendrimers can penetrate into
the protein matrix. The probable reason for the decrease
in the fluorescence intensity is the electrostatic dendrimer—
protein interactions. Thus, generation 4 PAMAM dendri-
mers, terminated with —NH, groups stronger interact with
BSA than PAMAM dendrimers of generation 3.5 ended with
—COOH groups.

Another useful method to study the environment of
tryptophans is by measuring the possible shift in wavelength
emission maximum. The shift in the position of emission
maximum corresponds to the changes of the polarity around
the chromophore molecule. The position of emission max-
imum was registered as a ratio of fluorescence intensities at
two wavelengths: on the left (F1) and on the right (FR)
slopes of the spectrum [6]. Fig. 2 shows the effect of
generation 4 and generation 3.5 dendrimers on the position
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of emission maximum. A slight blue-shift of tryptophan
fluorescence upon addition of these dendrimers was
observed. Dendrimers of generation 4 alter the position of
emission maximum a little stronger than dendrimers of
generation 3.5 over the same concentration range. This shift
indicates that tryptophan residues were placed in a more
hydrophobic environment and less exposed to the solvent
[7]. This may be due to the aggregation of protein molecules
caused by the presence of dendrimers. It is also possible that
dendrimers stick to BSA molecules and consequently rear-
range the tryptophan microenvironment.

4. Conclusions

The main purpose of this work was to check the effect of
dendrimers possessing amino or carboxylate groups on BSA
conformational changes. The results support the concept
that full-generation dendrimers have stronger effect on
biomolecules than the half-generation ones. There is a
relationship between the structure and the effects of den-
drimers on biological molecules, as exemplified by the
study of the PAMAM dendrimers on BSA. The biological
behaviour of dendrimers depends to a large extent on their
surface groups.

These conclusions are consistent with the previous stud-
ies of Malik et al. [8] who showed that dendrimers bearing

carboxylate groups are less cytotoxic and haemolytic than
dendrimers possessing amino surface.
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Abstract

We investigated the electron transfer (ET) rates between a well-defined gold electrode and cytochrome ¢ immobilized at the carboxylic
acid terminus of alkanethiol self-assembled monolayers (SAMs) by using the potential modulated electroreflectance technique. A logarithmic
plot of ET rates against the chain length of the alkanethiol is linear with long chain alkanethiols. The ET rates become independent of the
chain length with short alkanethiols. It is proposed that the rate-limiting ET step through short alkyl chains results from a configurational
rearrangement process preceding the ET event. This “gating” process arises from a rearrangement of the cytochrome ¢ from a
thermodynamically stable binding form on the carboxylic acid terminus to a configuration, which facilitates the most efficient ET pathways
(surface diffusion process). We propose that the lysine-13 of mammalian cytochrome c facilitates the most efficient ET pathway to the
carboxylate terminus and this proposal is supported by the ET reaction rate of a rat cytochrome ¢ mutant (RC9—-K13A) [Elektrokhimiya
(2001) in press], in which lysine-13 is replaced by alanine. The ET rate of K13A is more than six orders of magnitude smaller than that of the
native protein. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Self-assembled monolayer; Alkanethiolate; Carboxylic acid-terminated; Electroreflectance; Electron transfer kinetics; Cytochrome ¢; Cytochrome ¢

mutant

1. Introduction

It is well known that redox active sites attached to w-
derivatized alkanethiol SAMs on a gold electrode undergo a
redox reaction through the alkanethiol SAMs. Electrostatic
interactions between the positively charged lysine amino
groups immediately surrounding the heme crevice of cyto-
chrome ¢ and the negatively charged carboxylate termini of
the SAMs stabilize the binding of cytochrome ¢, analogous
to its complex with negatively charged physiological redox
partners such as the cyt. c/cyt. bs complex (see Ref. [1] and
references therein). Electrochemical approaches that utilize
such SAMs for investigating biological ET mechanisms are
advantageous in that the driving force of the ET reaction can
be regulated through control of the electrode potential, and

* Corresponding author. Beckman Institute, California Institute of
Technology, MC 139-74, Pasadena, CA 91125, USA. Tel.: +1-626-395-
2808, +1-323-259-2765; fax: +1-625-449-4156, +1-323-341-4912.

E-mail addresses: kniki@bilrc.caltech.edu, nikik@oxy.edu (K. Niki).

the ET path length can be varied by using alkanethiols of
varying chain lengths. In this regard, the electrode reaction
of cyt. ¢ through carboxylic acid-terminated alkanethiol
SAMs is considered to be a simplified model system for
biological ET processes.

It has been shown that the long-range ET rate between
metal electrodes and electroactive species through alkane-
thiol SAMs decreases with the chain length of the SAMs.
For these systems, the ET reaction rate constants of the
electrochemical active sites depends on the number of
methylene groups # in the alkyl chain:

ks = k(n:O)eXp(_ﬁn) (1)

where k(, - o) is the apparent ET rate constant extrapolated to
chain length of zero methylene group (n=0). The exponen-
tial decay factor f§ has been found to be 1.09 + 0.02 per
methylene group (0.71 £ 0.01 A~ ") regardless of the type
of redox species at the terminus of the alkanethiol SAMs
(see Refs. [2,3] and references therein). In the tunneling-
pathway mode, the total coupling (the matrix element) of a
single ET pathway, which consists of different intervening

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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bridges, is given as a product of the couplings for the
individual bridges.

H?, o [Tk (covalent) [T (hydrogen) x(SAM) (2)

where H,p is the electronic matrix element describing the
electronic coupling of the reactants A and B, and «x is the
transmission coefficient (averaged transition probability for
electron transfer per passage of the system through the
intersection region of the potential energy surface). In the
case of cyt. ¢ immobilized on the carboxylic acid-terminated
alkanethiol SAMs, IT r(covalent) and IT x(hydrogen) (see
Ref. [4] and references therein), and k(SAM) (see Refs. [2,3]
and references therein) have been extensively investigated.

Intermolecular ET processes between the positively
charged and negatively charged sites of electron transfer
protein molecules such as cyt. c/cyt. by, cyt. c/eyt. ¢
peroxidase, cyt. c¢/plastocyanine, and cyt. c¢/cyt. b5 couples
have been investigated in solutions having different ionic
strength, pH, and viscosity (see Ref. [1] and references
therein). Effects of solution viscosity on the configurational
rearrangement reaction rate between ET protein complexes
have been studied theoretically and experimentally (see
Refs. [5—7]). The non-uniform charge distributions on the
surface of protein molecules often lead to multiple config-
urational states in the protein coupling. The initial step in the
formation of the protein complex is a non-specific electro-
static association between the two proteins, followed by
rotational diffusion on the molecular surface to reach the
proper configuration for the ET event. When the protein
couple forms multiple configurations, the intermolecular ET
rate is limited by the rotational diffusion of the molecules.
This process can be viewed as directional ET regulated by a
“gating mechanism” [8]. Intermolecular ET rates depend
strongly on the ionic strength, pH, and temperature of the
solution and are reported to be in the range of 10°~10° s ~ .

2. Experimental

Non-N-terminally acetylated cytochrome ¢ (fraction II)
was prepared by expression in yeast, as described by Koshy
et al. [10]. The mutant cytochrome ¢, RC9—K13A, in which
lysine-13 is replaced by alanine, was prepared by expression
in the corresponding recombinant yeast by the procedure of
Wang and Margoliash [11]. Electroreflectance set-up and
experimental procedures were reported elsewhere [12,13].

3. Results and discussion

In electrochemical studies of the ET mechanism of cyt. ¢
immobilized on the carboxylic acid-terminated alkanethiol
SAMs, one can deconvolute the intermolecular ET event at
the interface from the intramolecular ET event, provided that
one can measure ET rate constants up to 10> s™'. The

charging current of the electrical double layer at the elec-
trode interface limits the measurable ET rate when tradi-
tional electrochemical techniques (cyclic voltammetry and
ac impedance) are used. At well-defined surfaces having
geometrical areas of approximately 1 cm?, the fastest
reliable ET rates that have been reported are around 100
s~ which are much slower than intermolecular ET rates of
protein complexes. That is, it would be difficult to measure
the intermolecular ET event by traditional electrochemical
techniques. With the UV—VIS potential-modulated reflec-
tance spectroscopic technique, on the other hand, the effect
of double-layer charging on the optical response can be
minimized and enables one to measure ET rates up to
approximately 10* s~! [14].

The logarithmic plot of the ET rate constant with respect
to the chain length of carboxylic acid-terminated alkane-
thiols is shown in Fig. 1. The ET reaction rate constant
decreases exponentially with the chain length when n>6
and, thus, the ET rates through the long-chain alkanethiol
SAMs are controlled by the electron transfer through the
alkanethiol bonds. The ET reaction rates through the short-
chain alkanethiol monolayers, on the other hand, are nearly
independent of the chain length. It is assumed that there is a
configurational rearrangement of cytochrome ¢ on the SAM
prior to the ET reaction given by reaction (3): the thermo-
dynamically stable adsorbed structure of cyt. ¢ (ox)(I),
which is formed upon the adsorption of oxidized cyto-
chrome ¢ from the solution to the carboxylate termini,
undergoes a configurational rearrangement to cyt. ¢ (ox)(I),
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Fig. 1. Logarithmic plot of the ET rate constant k5 of cytochrome ¢
immobilized on HOOC(CH,),S-/Au electrodes vs. the number of
methylene groups n in the alkyl chain. The filled circles are our results
obtained by the electroreflectance technique [3a, 3b] and the open circles
are obtained by the ac impedance technique [9].
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from which the most efficient ET reaction takes place as
given by reaction (4). The ET reaction is followed by a
second configurational rearrangement given by reaction (5)
to form a thermodynamically stable binding state, cyt. ¢
(red)(I). The rate-controlling step of the ET reaction through
a short alkanethiol chain is very likely to be the conforma-
tional rearrangement of cytochrome ¢ on the SAM surface
given by reaction (3) and the transformation rate constant k;
of the forward reaction is estimated to be 2.6 x 10* s™' [3].

cyt. ¢ (ox)(I)% Cyt. ¢ (ox)(II) (3)
cyt. ¢ (ox)(I) + e _% Cyt. ¢ (red)(I) 4)
eyt (red)(II)% Cyt. ¢ (red)(D) (5)

It is possible to elucidate the binding site of cyt. ¢
(ox)(II), which facilitates the most efficient ET pathway,
from the extrapolated value of &y to n=0 at low ionic
strength, the value of which is about 5 x 10° s™'. The ET
rates from the heme edge to various lysine residues on the
surface of cytochrome ¢ can be estimated from the results of
Gray and Winkler (see Ref. [4] and references therein) and
the intramolecular ET rate from the heme edge to lysine-13
is estimated to be 2 x 10° s™'. The intramolecular ET rates
from the heme center to other lysine residues are much
smaller than 2 x 10° s™'. It is very probable that Lys-13
forms the hydrogen bonding to the carboxylate terminus of
the alkanethiol SAMs and is very unlikely that the lysine
residues other that Lys-13 could be the binding site to form
an efficient ET pathway to the carboxylic acid terminus.

We then studied the ET kinetics of a cytochrome c¢
mutant (RC9-K13A) immobilized on the carboxylic acid-
terminated alkanethiol SAMs to confirm our proposal about
the binding site of cytochrome c to the carboxylate terminus.
The ET rate constant of RC9-KI13A immobilized on 3-
mercaptopropionic acid SAM on gold electrode was meas-
ured to be 0.2+ 0.05 s~'. The logarithmic plot of the
apparent ET rate constant vs. the number of methylene
groups n in the carboxylic acid terminated alkanethiol
SAM is given by Eq. (6) (see Ref. [3] and references
therein).

ket(app) = 7.6 x 10%exp(—1.1 n) (6)

The ET rate constant of the native cytochrome ¢ through 3-
mercaptopropionate SAM (n=2) is estimated to be
8.4x10° s~'. One can calculate the difference in the
effective number of covalent bonds in the ET path Angg
between the native cytochrome ¢ and RC9-KI3A cyto-
chrome ¢ by using the value of k. (app)=0.2 for RC9—
K13A cytochrome c.

0.2 = 8.4 x 10°exp(—0.99 Ans)

A}’leff =154 C (7)

where C represents a covalent bonding defined by Gray and
Winkler (see Ref. [4] and references therein).

A potential candidate of the binding site of RC9-K13A
could be the Lys-8 because the difference in the effective
number of covalent bonds from the heme edge to Lys-13
and that Lys-8 is estimated to be 15 (see [4,15,16] and
references therein). Other lysine residues such as Lys-25
(Aneg=13C), Lys-72 (Aneg=13.6C), Lys-86 (Aneg=16C),
which are highly conserved lysine residues surrounding the
heme crevice, could form multiple ET pathways in RC9—
K13A.

It is also interesting to analyze the data for the ET rate
constants of yeast iso-1 cytochrome ¢ through carboxylic
acid-terminated alkanethiol SAM reported by Kasmi et al.
[17] by using our prediction. For the ET rate constants of
cytochrome ¢ through -S-(CH,);COOH and -S-(CH,);q
COOH are calculated to be 2430 and 92 s™'. In the present
calculation, we prefer to use our data measured by a po-
tential modulated electroreflectance technique [2,3,14]
because the measurements of rapid ET rate constants by
an ac impedance are erroneous. Indeed, a measurable upper
limit of the ET rate by a traditional electrochemical techni-
que is around 100 s~'. The ratios of the ET rate constants
for horse cytochrome ¢ [2,3] and yeast iso-1 cytochrome ¢
are given by 18/2430=7.4 x 107> and 0.21/92=2 x 10°.
If we assume that the ET reaction from electrode to yeast
iso-1 cyt. ¢ takes place through the SAM in the same
manner as that of horse heart cyt. ¢, the ET reaction site
of iso-1 cytochrome ¢ could be calculated by using Eq. (7).
The differences in the effective number of covalent bonds in
the ET path An g between the horse heat cytochrome ¢ and
yeast iso-1 cytochrome ¢ are 5.0C (for n="7 alkanethiol) and
6.3C (for n=10 alkanethiol), respectively. That is, the ET
pathway from the carboxylate terminus to the heme edge of
yeast iso-1 cytochrome ¢ comprises five to six more ef-
fective covalent bonds than that of horse heart cytochrome
c. In the case of yeast iso-1 cytochrome c, it is very likely
that Lys-11 could be the binding site to facilitate the ET
reaction. The Arg-13 in yeast iso-1 cyt. ¢ is very unlikely to
form a strong hydrogen bonding to the carboxylate terminus
of the SAM because the arginine structure is stabilized by
the resonance structure [18].
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Abstract

Photosystem I reduction by the soluble metalloproteins cytochrome ¢4 and plastocyanin, which are alternatively synthesized by some
photosynthetic organisms depending on the relative availability of copper and iron, has been investigated in cyanobacteria, green algae and
plants. The reaction mechanism is classified in three different types on the basis of the affinity of the membrane complex towards its electron
donor protein. The role of electrostatic interactions in forming an intermediate transient complex, as well as the structural and functional
similarities of cytochrome ¢4 and plastocyanin are analysed from an evolutionary point of view. The proposal made is that the heme protein
was first “discovered” by nature, when iron was much more abundant on the Earth’s surface, and replaced by plastocyanin when copper
became available because of the oxidizing conditions of the new atmosphere. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Cytochrome cg; Plastocyanin; Photosystem; Electron transfer

1. Introduction

Photosystem I (PSI) is a membrane-embedded protein
complex that carries out the light energy-driven transfer of
electrons from a soluble metalloprotein, located inside the
thylakoid lumen, to another soluble protein in the outer side
of the vesicle (that is, the chloroplast stroma in eukaryotic
organisms) [1]. The donor molecule inside the thylakoids
can be either the copper protein plastocyanin (Pc) or the
heme protein cytochrome cg (Cyt), whereas the acceptor
molecule on the other side of the membrane can be either
the iron—sulfur protein ferredoxin (Fd) or the flavin-con-
taining protein flavodoxin (F1d) [2].

Some organisms contain the genetic information to make
only one of the two alternative proteins (Pc or Cyt, Fd or
Fld), but some others are able to produce both of them. In

Abbreviations: Cyt, cytochrome c4; Fd, ferredoxin; Fld, flavodoxin; K4,
equilibrium constant for complex association; ke, electron transfer rate cons-
tant; Kg, equilibrium constant for complex rearrangement; Pc, plastocyanin;
PSI, photosystem I; PSII, photosystem II.

* Corresponding author. Tel.: +34-95-4489506; fax: +34-95-4460065.

E-mail address: marosa@us.es (M.A. De la Rosa).

the latter organisms, whichever is the protein synthesized
depends on the bioavailability of the constituent metal e-
lements. In the particular case of Pc and Cyt, there are some
cyanobacteria (probably, the oldest ones) that only contain
Cyt, some others are able to make Pc and Cyt, as do green
algae as well, and plants just produce Pc [3,4].

Highly interesting are the evolutionary aspects of the
alternative role played by Pc and Cyt. A few years ago, we
proposed that Cyt was used by the first oxygen-evolving
photosynthetic organisms, when iron was much more avail-
able than copper because of the reducing character of the
Earth’s atmosphere [5]. In fact, the solubility of iron com-
pounds is lower when the metal is in its oxidized state,
whereas the solubility of copper substances is higher when
the metal is in its oxidized form. As the atmospheric mol-
ecular oxygen concentration was rising because of the pho-
tosynthetic activity, the relative bioavailabilities of copper
and iron were going up and down, respectively, and Cyt
was being replaced with Pc. The reason why some cyano-
bacteria and green algae still keep their capacity to synthe-
size both Pc and Cyt could be related to their metabolic
adaptability to changing environments in seas, lakes and
rivers.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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If we take into account that PSI evolved from the only
photosystem present in anoxygenic green sulfur bacteria,
whose electron donor is a c-type cytochrome [6,7], it makes
sense that such a heme protein adapted itself as to be
recognized by the emerging PSI. The other photosystem of
oxygenic organisms (PSII)—which possesses a heme pro-
tein called cytochrome csq49, associated to its internal
membrane side only in cyanobacteria but not in plants
[8,9]—should have followed a similar evolutionary process
from non-oxygenic purple bacteria, whose electron donor is
a mono- or tetra-heme c-type cytochrome [6,7]. It thus
seems that the chlorophyll-containing membrane com-
plex—along with its electron-donating cytochrome—was
first evolving from photosynthetic bacteria to cyanobacte-
ria following a divergent pathway up to yield the two pho-
tosystems, PSI and PSII. In the course of the further transi-
tion from cyanobacteria to green algae and plants, Cyt
would be replaced by Pc as electron donor to PSI and cy-
tochrome cs49 would lose its primitive role up to be totally
lacking in eukaryotic PSII, in which it is replaced by a 23-
kDa protein.

2. Structural similarities between cytochrome c¢ and
plastocyanin

Cyt is a c-type cytochrome, with a heme group as redox
center and a tertiary structure made by three to four alpha-
helices [10], whereas Pc is a type [ blue copper protein, which
consists of several beta-strands and a small alpha-helix (see
Ref. [11], for a review). The geometry of the metal coordi-
nation sphere is octaedric for the iron and tetraedric for the
copper, and the amino acids acting as metal ligands are
histidine and methionine in Cyt [10], and two histidines,
one cysteine and one methionine in Pc [11]. An obvious
question arises: how can two proteins so much different play
the same physiological role?

When comparing the physicochemical features of these
two proteins, one realizes that they do share a number of
crucial parameters: the redox potential value is almost
identical (ca. 350 mV, at pH 7), the molecular mass is quite
similar (8—10 kDa), and the isoelectric point (pI) may vary
among the different organisms, but it is practically the same
within each organism (Table 1).

Even more interesting is the comparative analysis of the
functional areas of the two proteins. Cyt contains a series of
hydrophobic residues surrounding the solvent accessible part
of the heme group, and Pc exhibits a similar hydrophobic
patch close to the surface histidine coordinating the copper
atom. In addition, Pc and Cyt possess an electrostatically
charged area—similarly placed at the surface with respect to
their respective hydrophobic region—formed by acid or basic
residues according to their isoelectric point (Fig. 1). It has
been proposed that the electrostatic patch (or site 2) is
responsible for complex formation with PSI, and the hydro-
phobic area is making the close contact with PSI to establish

Table 1

Variations in the isoelectric point (pI) and in the nature of the interactions
with photosystem I of cytochrome ¢ (left) and plastocyanin (right) isolated
from differently evolved organisms

Organism Isoelectric Interaction®
point (pl) with PSI

Cyanobacteria

Prochlorothrix hollandica ~8/8.4 +/0

Synechocystis sp. PCC 6803 5.6/5.5 —/—

Phormidium laminosum 5.1/5.0 —/=

Anabaena sp. PCC 7119 9.0/8.8 +/+

Pseudanabaena sp. PCC 6903 8.0/8.3 ++

Green alga

Monoraphidium braunii 3.6/3.7 ++

Plant

Spinacea oleracea 4.2 +/+

Original data in Refs. [13—18].
? The symbols denote the nature of the main interactions between PSI
and its electron donor proteins: attractive (+), repulsive (— ) or neutral (0).

the electron transfer pathway to the oxidized chlorophyll
molecule P700 * (see Ref. [12], for a recent review).

A highly interesting finding showing the close similarity
between Pc and Cyt has recently been achieved with the
Anabaena proteins [13]. It has been observed that the only
arginyl residue in Pc and Cyt, which is similarly located at
the molecular surface between sites 1 and 2 (Fig. 2), makes
the two proteins unable to reduce PSI when it is substituted
by glutamate. Furthermore, the replacement of just one as-
partate residue—which is similarly located at the edge of
site 2 in Pc and Cyt—with a positively charged amino acid
enhances the PSI reduction rate with the two proteins [13].

3. Mechanisms of photosystem I reduction

The structural similarities between Pc and Cyt can thus
explain their ability to interact with PSI, but the differences
in their electrostatic area can make them exhibit different
affinity towards PSI. This is a key point to interpret the
reaction mechanism followed by the two proteins to transfer
electrons to the oxidized photosystem, according to a
process that should involve formation of a transient complex
between the two redox partners, rearrangement of the redox
centers inside the complex to accommodate themselves in
the right position, and electron transfer itself [14]. Assuming
that the reaction is triggered by light, the state of PSI when it
is excited by the photon will determine the further course of
the reaction. Obviously, the different affinity between the
donor protein and PSI in the dark will determine that the
photosystem is either alone or forming a transient com-
plex—which can be or cannot be properly oriented—when
the photoreaction starts.

Fig. 3 displays the three possible routes that would thus
lead from the separate reactants to the final products. Which
one is the route followed will depend on the relative values
of the equilibrium constants for complex formation (K4 ) and
complex rearrangement (Kg) before light excitation, that is,
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Fig. 1. Surface electrostatic potential distribution of cytochrome ¢¢ and
plastocyanin from different organisms. The two molecules are oriented with
their sites 1 and 2 at the top and in front, respectively. Positively and
negatively charged areas are in blue and red, respectively. Calculations were
made at 40 mM ionic strength and pH 7.

on the predominant state of PSI in the dark. According to
this scheme, we have classified the reaction mechanism of
PSI reduction by Pc and Cyt in three types, as follows: type
I, when K, is relatively low; type II, when K, is high but Ky

is low; and type III, when both K and Ky are high. The rate
constant for the overall reaction will thus be determined not
only by the relative values of these two equilibrium con-
stants in the dark (K, and K) and in the light (K" and KR)
but also by the rate of electron transfer (k) after PSI
photooxidation. Even though such a theoretical model com-
prises all possible equilibria, the kinetic analyses of exper-
imental data can easily be performed according to a much
simpler model, as described by Hervas et al. [14].

4. Electrostatic and hydrophobic interactions

The affinity of Pc and Cyt towards PSI is a key parameter
in the description of the whole process, as likewise is the
flexibility of the two partners inside the transient complex.
In this context, it is easy to understand that the surface e-
lectrostatic potential distribution and the hydrophobic areas
are as important as the steric factors to allow for the right
accommodation of the reactants like two pieces of a puzzle.
In fact, the nature and intensity of long-range interactions
between PSI and its donor protein will govern the formation
of the transient complex, whereas the short-range forces
along with the steric adjustments will mainly control the
complex rearrangement and electron transfer.

In the last years, we have investigated the reaction
mechanism of PSI photoreduction in a number of evolu-
tionarily distant organisms, namely cyanobacteria, green
algae and plants [13—18]. Table 1 summarizes the isoe-
lectric point of Pc and Cyt in every organism. The electro-
static charge of these two proteins—and that of PSI as
well—actually makes the reactants interactions repulsive

Fig. 2. The only arginyl residue in cytochrome ¢, (left) and plastocyanin (right) from Anabaena is similarly located between their respective sites 1 and 2. The
orientation of the two molecules is the same as in Fig. 1. The arginyl residue is in green.
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Fig. 3. Reaction mechanisms of photosystem I (PSI) reduction by its electron donor protein (Prot), namely cytochrome ¢ or plastocyanin. The reaction
mechanism is classified in three types depending on the route followed by the reactants. See the text for explanation.

(Synechocystis and Phormidium) [16,17], neutral (Prochlor-
othrix Pc) [18] or attractive (others) [13—15]. In the partic-
ular case of Synechocystis and Phormidium, the repulsive
nature of the interactions between PSI and its donor protein
explains why PSI reduction follows a type I mechanism.
The Prochlorothrix Pc, in its turn, reacts according to a type
IT mechanism, with formation of an intermediate complex
that is stabilized by hydrophobic forces. In other organisms,
it is possible to observe the existence of an electrostatic
intermediate complex, independently of the fact that the
further rearrangement could be (type III) or not be (type II)
kinetically detected.

The long evolution of oxygenic photosynthetic organ-
isms—the first cyanobacteria appeared on the Earth’s surface
more than three billion years ago—would thus lead the
reaction mechanism from the type I to type III, through type
11, in order to reach the maximum efficiency of PSI reduction.
However, such a unidirectional process should have followed
some discontinuous ways because of the transition from Cyt
to Pc. It is indeed possible that the mechanism of PSI re-

duction was first being adapted so as to evolve from type I
to type III with Cyt, but the further appearance of Pc re-
quired a second adaptation of PSI to its new electron donor
protein. This is thus an excellent case study of an evolution-
ary process that is both convergent (two different proteins
adapting each other to play the same physiological role with-
in each organism) and parallel (two different proteins evolv-
ing similarly from one to another organism) [2].

5. Breaking-off of the intermediate complex

The redox reaction should not be considered to be com-
plete after electron transfer but after dissociation of the
oxidized donor protein from its binding site in PSI, thereby
leaving it free for another reduced molecule to bind. In the
case of type I mechanism, the repulsive interactions between
PSI and its donor protein impede the formation of any stable
transient complex—the reaction rather proceeds according to
an oriented collision between the soluble donor protein and

Fig. 4. Stereoview showing the main conformational changes between the oxidized (red) and reduced (blue) forms of Monoraphidium cytochrome cg.
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the membrane embedded PSI; it is not so difficult to envisage
that a new reaction could easily start when a second mol-
ecule approximates to PSI. Even in the case of the type II
mechanism involving hydrophobic recognition between
the partners, the rather low intensity of such interactions
could readily destabilize the complex.

In the case of type II and III mechanisms with electro-
statically stabilized transient complexes, the dissociation of
partners can be favoured by the shift of a negative charge
from the metal atom to the chlorophyll molecule and the
subsequent electron density displacement in the interac-
tion area, thereby inducing small but crucial conformat-
ional changes that could trigger complex breaking-off. In
this context, it is worth noting that the solution structure
of Monoraphidium Cyt reveals interesting differences
between its oxidized and reduced states (Fig. 4). In fact,
one of the two propionates of the heme group, as well as
the side chains of some amino acids—in particular, histi-
dine at position 30—are significantly displaced depending
on the redox state of the heme iron [19]. Similar structur-
al changes between the reduced and oxidized states of Pc
have been likewise observed [20,21].

6. Concluding remarks

In summary, we can say that PSI reduction by Pc and Cyt
has experienced a long evolutionary process in order to not
only optimise the kinetic efficiency of the overall reaction,
but also to promote the transition from Cyt to Pc. At the
beginning, the molecular recognition and complex forma-
tion were not well established, but the subsequent evolution
made the attractive electrostatic interactions the factors
governing the redox reaction up to optimise the electron
transfer within a rather stable transient complex. Finally,
local structural changes in the interaction area between the
two partners were designed to reach the last stage—that is,
the complex dissociation after electron transfer—and start a
new redox cycle.
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Abstract

The depth of location of electrochrome dyes RH-type in a bilayer is evaluated using the magnitudes of intramembrane field A¢ measured
by two methods: from relative change of the rate of transmembrane transport of hydrophobic ions and by means of electrostriction method
based on the compensation of the 2nd harmonic of capacitive current, which is generated due to electrostriction phenomenon if sine voltage is
applied to the bilayer. The experiments and theoretical analysis are conducted. Comparing the theoretical curves for A¢ measured by the both
methods and the experimental data, the depth of location was estimated as follows: 0.7—1 nm for the dyes RH-421 and RH-160, and 0.9—
1.15 nm for the dye RH-237. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Bilayer lipid membranes; Intramembrane field; Harmonics of capacitive current; Dyes’ position

1. Introduction

Electrochrome dyes are widely used for investigation of
the mechanism of work of many membrane ATPases
realising transmembrane ion transport. They allow measur-
ing modifications of local electrical fields accompanying
conformation transitions of proteins, binding of ions in
active sites and their transportation through a membrane
[1-12]. A position of a chromofore in a membrane has the
important significance for the interpretation of outcomes
obtained with these dyes. An evaluation of the position is
carried out with the help of various test experiments. For
example, the influence is studied on fluorescence of mole-
cules of other substances which position inside a membrane
is supposed to be known [4,13,14].

For solving the problem of intramembrane dye location,
the electrochemical methods can be applied as well. Their
application is based on the fact that the molecules of many
dyes, for example, styryl dyes of RH-type, have a signifi-
cant on magnitude dipole moment, which introduces per-
turbation to distribution of an electrical field in a membrane
[13,15]. In these dyes, the dipole moment is formed by a

* Corresponding author. Tel.: +7-95-241-2757; fax: +7-95-924-5285.
E-mail address: passech@orc.ru (V.I. Passechnik).

negatively charged sulphogroup located near membrane—
water interface and a positive charge, which is distributed in
a chromophore. Therefore, the information about a dye
chromophore position in a membrane can be received by
studying the distribution of an electrical field inside a
membrane generated by the adsorbed dye molecules.

The local electrical fields originating from the adsorption
of charged and dipole molecules influence the profile of the
potential energy of other ions located in a membrane; there-
fore, an information about field distribution in the membrane
can be obtained by means of measurements of kinetic
parameters of the ion passive transport through a membrane.
For this purpose, hydrophobic ions are frequently used. Their
transposition through the membrane is obeyed by a simple
mechanism [16—21]. However, the positively charged
groups of styryl dyes of RH-421-type are immersed in a
membrane deeper than the position of the adsorption plane of
hydrophobic ions [15], and the evaluation of depth of their
immersion only by the said method is impossible.

There is another method of estimation of electrical field
distribution in a membrane. It is based on the phenomenon of
an electrostriction, i.e. the compression of a membrane
moiety by an electric field, which outcome is the diminution
of its thickness and magnification of the capacitance. This
phenomenon is used in a method of compensation of the
intramembrane field (CIF), which is successfully applied to

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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the measurement of boundary potentials of bilayer lipid
membranes over twenty years [22—25]. Its technical realisa-
tion can be varied, but the main principle is the same: in
short-circuit condition, an asymmetric charge distribution at
the membrane interfaces generates an electric field inside a
membrane that contracts a membrane moiety and increases
its capacitance. In turn, applying a direct potential difference
that compensates the generated intramembrane field can
reduce this capacitance. The applied potential difference
inducing the minimum membrane capacitance corresponds
to the complete compensation of the membrane field. Its
magnitude is equal to the difference of boundary potentials
from the both sides of the membrane that thus can be
measured as a direct component of the voltage corresponding
to the minimum capacitance. Obviously, this principle is
based on the supposition that intramembrane field contract-
ing a membrane is formed by simple summation of the
potential differences between the solutions and the potential
jumps at the boundaries of a membrane. This, in turn,
assumes that the separation of charges causing the formation
of the potential jumps happens outside that area of a
membrane that is contracted in the electric field. It is
considered usually that the compression in an electric field
(electrostriction) happens mainly inside a membrane, in the
area of hydrocarbonate residuals of the phospholipid [26].
Therefore, CIF method, obviously, should be valid if the
charge separation takes place in a diffuse electrical stratum of
an electrolyte near the membrane, as it is confirmed by
experiment [27]. However, if the separation of charges
affects the hydrophobic area of the membrane, in which
the electrostriction happens, the method should give the
systematic error in the measurement of the difference of
boundary potentials. The most obvious example of such
separation of the charges is their location in the plane
equidistant from both sides of the membrane. In this case,
the residual of potentials between the plane of the charge
disposition and a water solution is present. However, its
measurement by CIF method is impossible because the
charge distribution is symmetric, and residual of boundary
potentials from two sides of the membrane is equal to zero.

Such situations, when the plane of the ion adsorption is
immersed into the membrane, were marked in the literature;
for example, it was proposed in the model describing the
distribution of the potential generated by the hydrophobic
ions [18]. The similar model of immersing of the charge into
the nonpolar area of the membrane was used as well for
investigation of adsorption of the hydrophobic ions, which
thanking to a hydrophobic tail, are capable to be built in a
membrane, but can not freely penetrate through it [28]. CIF
method gave correct outcomes from the investigation of the
amphiphilic ion adsorption that was shown by a comparison
of these results with the outcomes obtained from other
methods [21,29]. However, for want of study of an adsorp-
tion of dipole molecules of styryl dyes which molecules have
length compared to the length of phospholipid molecules,
CIF method gave the underestimated values of the boundary

potential as compared with the other method based on the
measurement of kinetic parameters of the transport of hydro-
phobic ions [30]. Such distinction was marked earlier for
want of study of an adsorption of other chemicals and was
usually explained by the penetration of these molecules
through the membrane affecting the potential jump on the
opposite membrane interface. This process results in a
diminution of magnitude of a difference of boundary poten-
tials [31]. However, in the case of styryl dyes, this explan-
ation is unlikely, as it was shown that these dyes do not
practically penetrate through the membrane [32]. Therefore,
the other explanation of a divergence of outcomes obtained
by CIF method and conductivity measurements should be
proposed. It should take into consideration that dipole dye
molecules penetrate into the membrane area where an
electrostriction takes place.

In the present work, the method is proposed to determine
the chromophore position in a membrane. It is based on the
comparison of the electric field measured by two methods:
(1) from the dependence of penetration of the charged
hydrophobic ions through the membrane modified by a
dye; (2) from the method of compensation of the intramem-
brane field [25].

2. Experimental

The dependencies of Ag on dye concentration were
investigated. For details, see Ref. [15]. The intramembrane
field Agq was calculated from relative change of the rate of
transmembrane transport of tetraphenilborate (TFB ™) ions.
The RH-dyes were added to both sides of the bilayer. The
values of A¢c estimated by the method of compensation of
intramembrane field were measured in a standard way [25].
RH-dyes were added from one side of the membrane.

3. Results and discussion

An intramembrane field measured by means of second
harmonic compensation method (solid circles) and by TPB
transport (triangles) depends linearly on concentrations of
three RH-dyes (Fig. 1). For all the dyes, the ratio of the
slopes K of these lines is less than unity, K<1. To compute
the depth of the chromophore location, the model is pro-
posed. It is based on the properties of electrostriction in an
inhomogeneous membrane [33,34]. The latter is a three-
layer solid, its dielectric properties and compliance varying
across its thickness (x-coordinate). Its outer layers with
thickness 4 are hydrophilic with dielectric permittivity
&(x) changing from the value &, ~2 typical for water to
&m ~ 2 typical for a membrane hydrophobic region [35] as a
linear function. Bilayer compliance M(x) is zero in two outer
layers. In the inner one, it changes from a low value M, at its
borders to a maximum value ~ M, in the centre. Using the
method [33,34], the intramembrane field A measured by
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Fig. 1. Intramembrane field estimated for three RH-dyes by means of
second harmonic compensation method (solid circles) and TPB transport
(triangles) for various dye concentration. The values of K are the ratio of the
slopes of the corresponding lines for the each dye.

the method of minimisation of specific membrane capaci-
tance C (and proportional to the amplitude of the 2nd
harmonic) is as follows:

ChgAp—a — C44q
Ap-(d) =0 , 1
¢cld) CaChaq(Ap—a + Aa) ()

where ¢ stands for a surface density disposed at a depth
A<d<h-—A4, g is the permittivity of free space; D=
emAln(ey/en)/ (6w — &m) = 0.0954 stands for the contribu-
tion of the layer with varying dielectric permittivity into
C; 1/C=(1/e) | 3 (1/6x))dx + (1/am) [ dx| = (1/20
em)[d — A+ D), 1/Ch—q = f:(l/eos(x))dx = (1/eotm)[h —
d—A+D], dg= (1/22) [1ME)dx, Ay q=(1/e3)
f:_A M (x)dx. The intramembrane field A¢, estimated
from the ion transport [15] is:

Ago(d) = a/Cy, (2)

where d < h/2. From Eqgs. (1) and (2), the ratio K= A/
Ag@g of the intramembrane field estimated by two meth-
ods is as follows:
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Fig. 2. Estimation of depth of chromophore immersion for various RH-dyes
(upper inset) in a bilayer. (a) Curves 1 and 2 show the theoretical
dependence of the ratio K(d)=A@c/Agpy of the intramembrane field
estimated by two methods on relative depth d/A of charge location in the
membrane (d is the depth, % is the membrane thickness) for (b): a parabolic
(curve 1) and a Gaussian (curve 2) dependencies of the compliance on the
normalised coordinate x/A (see (b)). Horizontal lines in (a) represent the
values of K measured for the dyes. The abscissas of their cross-point with
curves 1 and 2 determine the values of depth of immersing of the positively
charged moieties of the dyes molecules. (b) The dependence of membrane
compliance M on the normalised coordinate x/4. 1—minimum compliance
M(x)=M, of the bilayer. 2,3—M(x) for parabolic and Gaussian depend-
encies, correspondingly, described by Eq. (4).
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The computing was fulfilled for two dependencies of bilayer compliance on x-coordinate (Fig. 2b):

Mp(x) = M() —|—4(M] —M())(x — A)(l’l —A4 —)C)/h2

Mg (x) = My + 1.2732(M; — Mo) lexp(—(x — h/2)%/252h?) — exp(—1 /SSZ)} / [1 — exp(—1 /SSZ)}

where Mp(x) is a parabolic curve (2) and Mg(x) is a Gaus-
sian curve (3); they differ substantially near the bilayer
interfaces. The coefficient 1.2732 equalises the mean values
of bilayer compliance given by both equations for the
parameter s=0.25. The corresponding dependencies K(d)
are presented in Fig. 2a for the both distributions (1 and 2,
respectively) for M1/My>>>1. The horizontal lines in Fig. 2a
represent the values of K determined experimentally (Fig.
1). The points of their interception with curves 1 and 2
determine the depths of immersion of the chromophores
into the bilayer. They increase in a row: RH-160, RH-421,
RH-237 correlating with their molecular structure. The first
two dyes have the same distance / from SO; ~ group to the
second nitrogen atom, but the second one has a longer hy-
drophobic tail, which anchors the molecule deeper into
bilayer. The value of / is higher for RH-237, so it is buried
deeper into the bilayer. The absolute depth of location of
dye positive moiety in the membrane depends on real
membrane thickness. For the values of #=3 nm (or 2=4
nm), the depth of immersion of the dye moiety can be
estimated as follows: 0.7—1 (0.93—1.14) nm for the dyes
RH-421 and RH-160, and 0.9-1.15 (1.24—1.52) nm for
the dye RH-237.

4. Conclusion

In the row of dyes, the relative intramembrane position
of their charged moieties can be estimated by means of
conjoint usage of two bioelectrochemical methods, the
results being in good agreement with the structures of
the dyes. The exact quantitative determination of the
position of the charged group in the bilayer needs precise
data about membrane thickness as well as the dependence
of the bilayer compliance on coordinate. The detailed
comparison with literature data needs special study and
is out of the scope of this paper. The main difficulty of
such investigation is the fact that all electrochemical and
optic methods measure some effective relative parameters.
Perhaps NMR studies of the dyes are capable of getting
the corresponding information. However, such data are not
yet present.
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Abstract

We estimated in vitro membrane fluidity gradient in erythrocytes (RBC) from diabetic patients, using a fluorescent dye 1,6-diphenyl-
1,3,5-hexatriene (DPH). The rate constant of DPH incorporation (k) into the membranes was determined by fitting experimental data to an
exponential equation. Four important findings were made. First, membrane fluidity in the hydrocarbon region of RBC from diabetic patients
is decreased compared with control cells (P<0.01). Second, the rate constant & of DPH incorporation into the membranes of RBC from
diabetic patients was lower (P <0.01), which indicates an altered fluidity gradient in the membranes. Third, resorcylidene aminoguanidine
(RAG) decreased significantly (P <0.001) the anisotropy values in RBC membranes from diabetic patients, which means that it apparently
acted as a fluidizing agent. Lastly, no significant differences in the rate constants & were found between the control membranes (from RAG
untreated RBC) and the membranes isolated from RAG pretreated blood from diabetic patients, as well as between the control membranes
and those from RAG pretreated control blood. In conclusion, RAG affects lipid—protein interactions in RBC membranes, which results in
membrane lipid bilayer fluidization and leads to the restoration of natural physiological membrane dynamic parameters in RBC from diabetic

patients. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Diabetes mellitus; Membrane fluidity; Diphenylhexatriene; Resorcylidene aminoguanidine

1. Introduction

Diabetes is characterized by numerous alterations in cell
membrane properties, such as enhanced rigidity, permeabil-
ity for cations, and transmembrane potential in its absolute
magnitude [1—4]. It has been occasionally pointed out in
some studies concerning RBC and platelet membranes from
diabetic patients that the alterations in membrane fluidity
depended upon the depth of membrane lipid bilayer [5], and
that such a peculiar gradient in membrane lipid fluidity
might underlie some phenomena crucial for cell membrane
functioning, like transmembrane transport or triggering of
signal transduction [6]. Such reasoning was challenging, not
only because it has been briefly evidenced by the use of
some modulators of membrane fluidity [6], and more even
so, because it prompted the search for new potential
therapeutic agents [2,7,8].

* Corresponding author. Tel.: +421-2-6029-5624; fax: +421-2-6542-
5882.
E-mail address: waczulikova@fmph.uniba.sk (I. Waczulikova).

In the present study, we focused on the use of one
selected aromatic aminoguanidine derivative: RAG. This
compound has been shown to reduce membrane rigidity
[2,9,10], hyperpolarization [4], and lipoperoxidation [7].
Moreover, RAG has been claimed to also have anti-glyca-
tion activity, which justifies the interest in RAG in preven-
tion of late diabetic sequelae [2,8,9]. In the present study, we
further explored the idea of the pharmacological modulation
of the dynamic properties of RBC membranes in diabetes
mellitus. Our particular aim was to characterize the observed
rigidity of these membranes in more detail, i.e. in terms of
the fluorescence anisotropy decay of DPH.

2. Experimental

Aliquots of whole blood from diabetic patients (n=28,
type 1 and type 2 diabetes mellitus) and healthy donors
(n=10) were incubated with resorcylidene aminoguanidine
(2,4-dihydroxybenzaldehyde aminoguanidine, RAG-HCI) at
the concentration of 0.25 mmol/l for 30 min at 37 °C. The

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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samples were then extensively washed with cold phosphate-
buffered saline (0.15 mol/l NaCl, 1.9 mmol/l NaH,PO,, 8.1
mol/l Na,HPO,; pH 7.4) and subjected to a moderate
haemolysis in cold hypotonic buffer (10 mmol/l Tris-HCI;
pH 7.4) in order to prepare RBC membrane ghosts.

The degree of DPH fluorescence anisotropy, which is in
reciprocal proportion to membrane lipid fluidity, was meas-
ured in isolated erythrocyte membranes at room temperature
with the Specord M-40 spectrophotometer. DPH was added
to membrane suspension to the final concentration of 10~ °
mol/l [9,10].

The incorporation of DPH into the membranes was
characterized by fluorescence anisotropy decay in the 1-—
60 min range. The experimental data were fitted to an
exponential curve using the least square method [11]. The
rate constant of DPH incorporation (k) was calculated
according to the equation:

r(t) = r+ (Ro — Rs)exp(—kt)

where ¢ is the time measured from the DPH addition, R, and
Rg are respectively the minimized values of the fit at the
beginning and at the completion of DPH passage through
the membrane into the hydrophobic core.

3. Results and discussion

The following observations deserve particular attention
as the outcome of the present study. First, we observed
significantly increased steady-state anisotropy values in the
cells from diabetic patients (0.293 &+ 0.012 in the group of
diabetic patients vs. 0.259 + 0.012 in the control group,
P<0.01; Fig. 1), which indicates decreased erythrocyte
membrane fluidity.

Second, the rate constant £ of DPH incorporation into
the membranes was significantly lower (0.066 £0.017

0.33
mC
OC+RAG
0.31 + AD
AD+RAG

Fluorescence anisotropy

0 10 20 30 40 50 60 70
Time/min

Fig. 1. Effect of resorcylidene aminoguanidine (RAG) on the time courses
of the incorporation of 1,6-diphenylhexatriene-1,3,5 (DPH) into the
membranes of red blood cells from control subjects (C) and diabetic
patients (D).

0.14

0.12 4

k / min™

0.1 1 P<0.01 I

0.08 4

0.06 4

0.04 4

0.02 4

D D+RAG C C+RAG

Fig. 2. Effect of resorcylidene aminoguanidine (RAG) on the rate con-
stant £ of 1,6-diphenylhexatriene-1,3,5 (DPH) incorporation into the mem-
branes of red blood cells from control subjects (C) and diabetic patients (D).

min~") in RBC from diabetic patients compared to that
in the control group (0.098 +0.014 min~ "), which indi-
cates an altered fluidity gradient in the membranes from
diabetic patients (P <0.01, Fig. 2). Third, RAG decreased
the steady-state anisotropy values in RBC membranes (by
8.9+ 1.6% in the diabetic patients and by 4.6 £ 1.7% in
the control group; Fig. 1), which means that it apparently
acted as a fluidizing agent (P<0.001). The reduction of
the values was more pronounced in the group of diabetic
patients (P<0.01). Upon the action of RAG, the degree of
steady-state anisotropy in the membranes from diabetic
patients returned to the level relevant to that observed in
the control group (0.259 in control gag—) vs. 0.267 in
diabetic grag+), NS). Lastly, RAG was not the only
efficient membrane fluidizer in RBC membranes from
diabetic patients; it also restored the rate constant £ of
DPH incorporation into these membranes to the natural
physiological values observed in control RBC from healthy
donors (Fig. 2). We revealed that no significant differences
in the rate constant £ were found between the membranes
of untreated RBC (control membranes), and the membranes
isolated from RAG pretreated blood from diabetic patients
(0.096 + 0.025 min~ "), as well as between control mem-
branes and those from RAG pretreated control blood
(0.103 £ 0.012 min~") (Fig. 1).

Overall, diabetes was associated not only with the
reduced RBC membrane fluidity, but also with significantly
lower rate constants of the incorporation of the rod-like
fluorescent label into the membrane lipid bilayer. The latter
observation might be interpreted in terms of the altered
fluidity gradient in the RBC membranes from diabetic
patients. We feel it is necessary to particularly emphasize
that the different time courses of DPH incorporation in RBC
membranes from healthy control subjects and diabetic
patients bear some important methodological consequences.
It seems reasonably certain to conclude that any extrapola-
tion(s) of steady-state DPH anisotropy values, often
reported in literature, on the overall RBC membrane dy-





1. Waczulikova et al. / Bioelectrochemistry 55 (2002) 53—55 55

namic parameters have to be evaluated with caution. We
further revealed that anti-glycation agent RAG is likely to
affect lipid—protein interactions in RBC membranes. This
results in membrane lipid bilayer fluidization and possibly
also lowering of structural order in the hydrophobic interior
of the less fluid membranes in diabetes. Interestingly, when
pretreated with RAG, the membranes from diabetic patients
showed characteristics close to that found in the control
RBC.

4. Conclusion

We confirmed that membrane fluidity in the hydrocarbon
region of erythrocytes in diabetic patients is significantly
decreased. The differences in the DPH rate constants
between the diabetic and control groups could be attributed
to the alterations in the membrane fluidity gradient. The
aromatic aminoguanidine derivative RAG is able to restore
the natural physiological membrane dynamic parameters in
RBC from diabetic patients approximating to those revealed
for control RBC. The ameliorating effect of RAG on the
structural order in the hydrophobic interior of RBC mem-
brane lipid bilayer and on the diabetes-associated attenuated
fluidity gradient might be beneficial in diabetes due to the
improvement of impaired membrane functions controlled by
membrane fluidity.
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Abstract

In this work, we performed targeted immobilization of immunoglobulins by means of bacterial S-layer proteins from Bacillus coagulans
E38-66/V1 recrystallized on liposomes, which were exploited as immobilization matrix for antibody (Ab)-human IgG. The study of
interaction of rabbit or swine anti-human IgG as antigens (Ag) was performed by means of measuring changes of ultrasound velocity. We
showed that at a temperature of 25 °C, the increment of ultrasound velocity [u] linearly decreased following an increase of concentration of
Ag. The decrease of [u] was presumably due to changes of hydration of the membrane due to the binding process. Approximately 10 times
lower changes of [u] were observed at 45 °C for Ag—Ab interaction as well as for nonspecific interaction of Ag with liposomes covered by S-
layer without Ab. No substantial differences in the behaviour of [#] were observed for interactions of human IgG with rabbit or swine anti-

human IgG. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: 1gG; S-layer; Liposomes; Hydration; Ultrasound velocimetry; Densitometry

1. Introduction

Among a variety of immunoassays, the methods based
on liposomes are of special interest. Liposomes are spherical
particles that are spontaneously formed in water, containing
one or more lipid bilayers and having size distributions that
depend on the method of preparation. During preparation,
the proteins that are dissolved in water can be encapsulated
into the aqueous interior of the liposomes or may adsorb to
the surface (interior or exterior) of lipid membranes. Their
surface can be modified by antibodies (Ab), so that the
antigen (Ag) can interact with the liposome surface. The
Ag—Ab reaction can alter, for example, the permeability of
the liposomes and, therefore, can be detected by measuring
the amount of encapsulated compound that is released from
the liposomes [1]. The disadvantage of this method is the
necessity to use fluorescent probes.

Recently, we demonstrated that Ag—Ab interaction on
liposome surfaces can be detected by means of ultrasound
velocity measurement [2]. For immunochemical reactions

* Corresponding author. Tel.: +42-1-2-6029-5683; fax: +42-1-2-6542-
6774.
E-mail address: hianik@fmph.uniba.sk (T. Hianik).

on the surfaces, the location and accessibility of immobi-
lized antibodies is of major importance. Recently, a novel
strategy for immobilization of functional molecules on
closed monolayers was developed by using crystalline
bacterial cell surface layers (S-layers) as a matrix. It was
shown that S-layers can be recrystallized on lipid film and
liposome surfaces leading to much more stable structures
than unsupported lipid films [3].

In the present work, we applied the method of ultrasound
velocimetry and densitometry to study the properties of
Ag—Ab interaction on a liposome surface covered with S-
layers from Bacillus coagulans E38-66/V1. The immuno-
globulin human IgG was immobilized to S-layer proteins.
We showed a high sensitivity of ultrasound velocimetry to
detect Ag—Ab reactions with a detection limit of around 0.1
nM. Furthermore, this approach does not require any
chemical modification of Ag.

2. Experimental

2.1. Sample preparation

Liposomes (diameter ~ 200 nm) composed of dipalmi-
toylphosphatidylcholin (DPPC), cholesterol (Sigma, St.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Louis, MO) and hexadecylamine (Fluka, Buchs, Switzer-
land) (molar ratio 10:1:1) were prepared by the “thin-film”
method (see Ref. [4] for more details). The final con-
centration was adjusted to 13 mM of total lipid, which
corresponds to 9.5 mg/ml. B. coagulans E38-66/V1, a ther-
mophilic organism, was grown aerobically in continuous
culture. S-layer proteins were recrystallized on liposomes
according to Ref. [4]. Free carboxyl groups from recrystal-
lized S-layers were activated as described in Ref. [2].

2.2. Ultrasound velocimetry and densitometry

The measurement of ultrasound velocity, u, allows to
evaluate elastic properties of aqueous media, e.g. liposome
suspensions. This evaluation is based on a simple relation-
ship: w>=1/(Bp), where B is the coefficient of adiabatic
compressibility and p is the density. In the study of
mechanical properties of solutions, measuring a relative
change in a physical parameter per unit of solute concen-
tration rather than its absolute value is often more important,
precise and easier to interpret [5]. In the analysis of
mechanical properties of solution, the specific apparent
compressibility ¢k/f is useful:

ox/Bo = —2[u] — 1/py + 20y (1)

where ¢y is the specific molar compressibility, fy is the
adiabatic compressibility of the solvent, [u]=(u — ug)/cuq is
the concentration increment of sound velocity (u and u, are
the sound velocity of solution and solvent, respectively,
while ¢ is the variable concentration of a solute), pg is the
density of the solvent, pv=[1 — (p — po)/c]/po is the specific
partial volume of the solution, and p is the density of the
solution. The values of [u] and ¢y can be determined by
sound velocimetry and densitometry [6], respectively.

Ultrasound velocity was measured using a differential
fixed-path velocimeter consisting of two acoustic resona-
tors [2,5]. The determination of resonance parameters was
based on measuring the resonance frequency, f. This was
performed by means of a computer-controlled phase-fre-
quency feedback circuit. The relative changes of sound
velocity were determined using the relation Au/u = Aflf.
The sample volume was 0.7 ml. Both resonators were
equipped with magnetic stirrers for continuous stirring of
the solution during measurements. One resonator contained
the liposome suspension while the other was filled with the
solvent—10 mM phosphate buffer (pH 7.4)—as the
reference. The frequency f, of the measuring signal was
7.2 MHz.

For precise density measurements, the vibrating tube
principle was used to determine the specific partial volume,
v, of the solution [6], employing the densitometer system
DMAG60 with DMA 602 M (Anton Paar, Graz, Austria). In
order to obtain a higher resolution, the measurements were
performed with two sample cells DMA 602 M. One con-
tained the sample and the other one the solvent.

2.3. Experimental errors

The uncertainty in the concentration of the phospholipid
or protein suspensions was smaller than 0.25%. The temper-
ature of the cells was controlled to within 0.02 °C with
Lauda RK 8 CS ultra-thermostat (Lauda, Germany). The
accuracy of determination of the sound velocity increment,
[u], and the specific partial volume, ¢y, was better then
10 ~ 2 ml/g. The accuracy of the determination of the density
was better then 10 ~* g/ml. Each series of measurements
was performed at least three times.

3. Results and discussion

In experiments, we determined changes of the concen-
tration increment of sound velocity [u] of liposome sus-
pension as a function of concentration of rabbit or swine
anti-human IgG. Because our studies were focused on
estimating the changes of physical properties of liposomes
following interaction with immunoglobulins, the value [u]
was calculated with respect to the liposome concentration.
The addition of immunoglobulins into the measuring cell
resulted in a slight decrease of liposome concentration.
This “dilution” effect was taken into account in the deter-
mination of liposome concentration and, consequently, in
the determination of [u] values.

Fig. 1 shows the changes of the [u] value of liposome
suspension as a function of immunoglobulins. The non-
specific interaction of rabbit anti-human IgG with liposomes
covered by S-layers without human IgG resulted in a slight
increase of the [u] value (curve 1). The interaction of
immunoglobulins with liposomes modified by human IgG
(specific interaction) was performed at two temperatures. It

Alu]/ ml/g

[anti-human IgG] / nM

Fig. 1. The concentration increment of ultrasound velocity [u] of S-layer
coated liposome suspensions as a function of the concentration of added
anti-human IgG. Liposomes without immobilized human IgG, titrated with
rabbit anti-human IgG at 25 °C (curve 1). Liposomes with immobilized
human IgG, titrated with rabbit anti-human IgG at 25 °C (curve 2) and 45
°C (curve 3), and with swine anti-human IgG at 25 °C (curve 4).
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is seen from Fig. 1 (curve 2) that the addition of rabbit anti-
human IgG causes a linear decrease of [u] at 25 °C.
Considerably different results have been obtained at higher
temperature (45 °C). Specific interaction of rabbit anti-
human IgG with liposomes resulted in a slight increase of
[u] (Fig. 1, curve 3).

Similar results with that for rabbit anti-human IgG have
been obtained when swine anti-human IgG was added at 25
°C (curve 4). Slight differences in [u] values have been
observed only at concentrations of immunoglobulins higher
than 2 nM.

Thus, the results presented above show that specific in-
teraction of immunoglobulins with the liposome surface
modified by corresponding Ab depends on temperature and,
at 25 °C, resulted in a considerable decrease of [u] value.
Rewriting Eq. (1) in terms of the changes of [u], we obtain:

Al = Agy 3 (ox/Bo) @)
We can see that both changes of specific volume as well as
changes of specific apparent compressibility contribute to
the changes of [u] value. In addition, the compressibility
is composed of two terms—compressibility of particles
(px/Po)p and that of the hydration shell (¢x/fo)y sur-
rounding both liposomes and proteins:

ox/Bo = (ox/Bo)p + (@ /Bo)u 3)

According to Eq. (2), the decrease of [u] value at specific
interaction of immunoglobulins with a liposome surface
could be explained either by a decrease of specific volume
or by an increase of compressibility of liposomes or their
hydration shell. The specific volume of liposomes covered
by S-layers is approximately 0.924 ml/g (25 °C) and only
slightly increases with increasing temperature (v =0.934
ml/g at 45 °C). Hence, if the measured changes of [1] would
be caused by changes of the volume of the lipid bilayer
alone, we would expect a maximal change in volume of
54%, which is obviously not realistic. The specific volume
of immunoglobulins is of the order of 0.7 ml/g and does not
depend considerably on the kind of immunoglobulins [8].
By means of densitometry, we determined specific volume
for IgG: 0.70 £01 ml/g (25 °C) and 0.74 +£0.02 ml/g
(45 °C). Hence, if changes of [u] would be caused by
changes of specific volume of immunoglobulins alone, we
would expect a maximal change of this value of 70%, which
is also not realistic.

Considering our previous studies of protein—lipid inter-
actions by means of sound velocimetry (see e.g. Ref. [7]),
we cannot expect more than 10% contribution of intrinsic
compressibility of proteins and lipid bilayer to the measured
value of [u].

One of the possible explanation of the observed decrease
of [u] value would be a decrease of hydration of liposomes
and proteins following specific interaction. At lower temper-
atures, e.g. 25 °C, the hydration shell that covers lipid

bilayer and proteins is well ordered and its compressibility
is lower than that of the unbound water. We suspect that
specific interaction of Ag with Ab at the liposome surface is
accompanied by aggregation of liposomes. Aggregation of
liposomes caused partial loss of the hydration shell. There-
fore, due to the additivity of compressibilities, we would
expect a decrease of the contribution of the less compres-
sible hydration shell, so the overall compressibility should
increase and the [u] value should decrease (see Eq. (2)).

At higher temperature (e.g. 45 °C), the compressibility of
the hydration shell is comparable with that of surrounding
buffer (see Ref. [5] and references therein). Therefore,
despite the fact that affinity interactions take place also at
this temperature, we should not expect changes of the [u]
value if it is exclusively caused by changes of hydration of
liposomes or proteins.

4. Conclusion

Obtained results and their analysis indicate that the
observed changes of the value [¢] induced by Ag—Ab
interaction could be caused by changes of membrane
hydration. The sensitivity of [u] value for the detection of
the Ag—Ab interaction opens new perspectives for the
application of ultrasound velocimetry and S-layers technol-
ogy for liposome immunoassay.
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Abstract

The electrochemical oxidation mechanism of guanine and adenine was investigated using a glassy carbon microelectrode and cyclic and
differential pulse voltammetry. It is pH-dependent and the electron transfer process occurs in consecutive steps with the formation of strongly
adsorbed dimers on the electrode surface for both compounds. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Electrochemical oxidation; Guanine; Adenine; Voltammetry

1. Introduction

The electrochemical mechanisms of guanine and adenine
oxidation in solution have been thoroughly investigated,
however, there have been few mechanistic studies of their
oxidation at electrodes.

The purine bases, adenine and guanine, are involved in
cellular energy transduction and signalling mediated by
enzymatic oxidation reactions. Electrochemical processes
involved in purine DNA base oxidation are similar to those
involving enzymatic oxidation reactions and are of crucial
importance to improve the interpretation of DNA drug/metal
interactions that lead to oxidative damage of the heredity
biomolecule [1—-4]. The electrochemical oxidation mecha-
nism of guanine and adenine using a carbon fibre micro-
electrode was investigated. The reduced capacitive con-
tribution of microelectrodes makes it possible to study the
electron transfer (ET) reactions of these processes by means
of fast scan rate cyclic voltammetry and to detect more
sensitive electrode processes by differential pulse voltam-
metry, allowing a better understanding of the ET mecha-
nisms and adsorption phenomena.

2. Experimental

Adenine (6-aminopurine) and guanine (2-amino-6-hy-
droxypurine) were obtained from Sigma and used without

* Corresponding author. Tel./fax: +351-239-835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).

further purification. Solutions of different concentration of
purine bases were prepared in buffer electrolyte solutions of
ionic strength (0.1) using analytical grade reagents and
purified water from Millipore Milli-Q system (conductiv-
ity<0.1 pS cm ~'). All voltammetric experiments were
done using a pAutolab running with GPES version 4.8
software, Eco-Chemie, Utrecht, Netherlands. A one-com-
partment electrochemical cell with a volumetric capacity of
1 ml was used containing a 7-um diameter glassy carbon

A B
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Guanine

50 pA

Izo PA

Q
=
g

®

rrTrrTrTrT T T TrTTTT
0.4 05 06 0.7 08 09 1.0 1.1
E/V vs. Ag/AgCl

r~TrrrrrTTrTTTrTTT T
0.4 05 06 0.7 08 0.9 1.0 1.1
E/Vvs. Ag/AgCl

Fig. 1. Differential pulse voltammograms of guanine, 5th scan (—) (A) 0.5
mM and (B) 50 uM, in pH 4.5 0.2 M acetate buffer at a glassy carbon
microelectrode. After transferring the microelectrode to supporting electro-

lyte (#®®®) Ist scan and (- - -) 2nd scan. v=5mV s~ ",
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Fig. 2. Differential pulse voltammograms of adenine (—) (A) 1 mM 20th
scan and (B) 10 uM 1st scan, in pH 4.5 0.2 M acetate buffer at a glassy

carbon microelectrode. After transferring the microelectrode to supporting

electrolyte (#®®®) Ist scan. v=5mV s~ .

microelectrode, Cypress, USA, a Pt wire counter electrode,
and an Ag/AgCl reference electrode. The cell was placed
inside a Faraday cage at room temperature during all the
measurements. The experimental conditions were: cyclic
voltammetry, scan rate 3 V s~ '; differential pulse voltam-
metry, pulse amplitude 50 mV, pulse width 70 ms, scan rate
5mvVs L

3. Results and discussion

Guanine oxidation is irreversible and occurs in two
consecutive steps, Fig. 1. The first step is guanine oxidation
to 8-oxoguanine (8-0x0G) and, at pH 4.5, occurs at +0.8 V
vs. Ag/AgCl, and is a two-electron/two-proton irreversible
process [4] and the peak at +0.95 V corresponds to the one-
electron transfer reversible oxidation of the guanine dimers
(G-dimer) [2,3]. The peak at +0.55 V corresponding to the
reversible two-electron/two-proton oxidation of 8-0xo0G,
formed on the electrode surface, is clearly observed after
five scans. The microelectrode was transferred to supporting
electrolyte after these experiments and all three peaks
appeared in the first scan. The first two peaks disappeared
in subsequent scans because all the guanine and 8-0xoG
adsorbed on the electrode surface was oxidised, and oxi-
dised 8-0x0G undergoes rapid hydrolysis [4]. The third peak
remains because it corresponds to the reversible oxidation of
the strongly adsorbed G-dimers formed during the oxidation
of guanine.

Adenine oxidation is also irreversible, and occurs in three
steps [5,6]; and for millimolar concentrations, these peaks
could be identified by fast cyclic voltammetry, 3 Vs~ ' [6].
However, the sharper adenine oxidation peak found at 1-
mM concentrations splits into two peaks for 10 pM and
another electrode processes was identified by differential
pulse voltammetry, Fig. 2. The first peak, at +1.05 V, cor-
responds to adenine oxidation and the second, at +1.12 V,
to the oxidation of adenine dimers. The electroactive
adenine oxidation products 2,8-oxoadenine and 2-oxoade-
nine formed on the electrode surface are detected after
20 scans. Adenine adsorbs very strongly on the electrode
surface, compared to the oxidation products and the dimers,
and the oxidation peak is observed after transferring the
electrode to the supporting electrolyte.

4. Conclusion

The use of microelectrodes and of low concentrations of
guanine and adenine enabled a more detailed study of the
electrochemical oxidation for both purines. It occurs in
consecutive steps, with the formation of dimers.
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Abstract

Guanine adsorbed onto a highly oriented pyrolytic graphite electrode was studied by MAC-Mode Atomic Force Microscopy (AFM), and
the electrochemical behaviour of the guanine layer was investigated with Electrochemical AFM. Guanine adsorbs spontaneously, without
forming a well-packed structure, into nucleation spots, which are stable with time and cover the surface uniformly and almost completely.
The process of guanine adsorption and nucleation can be controlled and the effect of altering the exposure time and varying the potential was

investigated. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The imaging of guanine adsorbates onto solid surfaces at
the molecular level has been studied using AFM and STM,
but problems were encountered due to guanine’s weak
interaction with the substrate [1,2]. However, MAC Mode
AFM permits the visualisation of molecules that are weakly
attached to the surface. Electrochemical studies with gua-
nosine, the guanine nucleotide, at concentrations near satu-
ration led to the detection of dimers and trimers within the
oxidation products [3]. The oxidation pathways of guanine
and guanosine are very similar. Both oxidise at the Cg—H
position by a two-step mechanism involving the loss of
4H" and 4e ~ leading to, respectively, 8-oxyguanine and 8-
oxyguanosine, which are also electroactive [3,4]. The for-
mation of oligomeric products in the electrooxidation of
guanine was questioned due to its low solubility (20—25
times less than guanosine), and in the electrolysed guanine
solutions, it has not been possible until now to isolate and
identify oligomers as products of guanine oxidation.

This paper presents the results from in situ MAC Mode
AFM imaging in electrochemically controlled conditions of
adsorbed guanine at highly oriented pyrolytic graphite elec-
trode.

* Corresponding author. Tel./fax: +351-239-835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).

2. Experimental

Guanine was from Sigma, and saturated solutions,
~ 1073 M, in pH 4.5 0.2 M acetate buffer, were prepared
in high-purity water from a Millipore Milli-Q system (re-
sistivity, 18 M€} cm).

Atomic Force Microscopy (AFM) was performed with a
Pico SPM controlled by a MAC Mode module and inter-
faced with a PicoScan controller, all from Molecular Imag-
ing. Electrochemical control was done with a potentiostat/
galvanostat PicoStat®. Silicon type Il MAClevers of 225-
pm length, 2.8 N m ' spring constant, and 27-30 kHz
resonant frequencies in liquid (Molecular Imaging) were
used. Highly oriented pyrolytic graphite (HOPG), grade
ZYH, from Advanced Ceramics, as working electrode, a
Pt wire counter electrode, and a silver wire reference
electrode were used. Freshly cleaved HOPG substrate was
examined by cyclic voltammetry in acetate buffer and
imaged by AFM before experiments. All images were taken

at room temperature, at a scan rate of 1.95 lines s~ '.

3. Results and discussions

Free adsorption of guanine molecules with the electro-
chemical cell at open circuit was investigated. The adsorp-
tion occurred over a period of 5 min. In situ MAC Mode
AFM images were obtained, Fig. 1A, and confirmed the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. In situ MAC Mode AFM images in pH 4.50 0.2 M acetate buffer of guanine adsorbed onto HOPG from a saturated guanine solution: (A) after 5 min
free adsorption; (B) after 1 h free adsorption; (C) inside image (B). (D) Beginning of dissolution of the guanine layer after one cyclic voltammogram, from 0 to
+1.3 V vs. Ag wire, scan rate 0.05 V s~ '; (E) inside image (D); (F) complete dissolution of guanine film after performing cyclic voltammetry for 5 min.

capacity of guanine molecules to spontaneously adsorb at
the HOPG surface. The molecules condensed in small nuclei
of 20—40-nm diameter and 2—3-nm height, corresponding
to several hundred guanine molecules lying flat on the
surface, covering uniformly the HOPG, without forming a
well-packed structure. The effect of altering the time of
exposure was explored using periods from 5 min to 1 h and
the guanine layer appeared to reorganise over time. After an
exposure of 1 h, Fig. 1B, the surface was better covered with
guanine. The nuclei grew in islands of ~ 100-nm diameter
and 3—6-nm height with a non-compact structure—inside
the islands small nuclei of 20—40 nm were observed, Fig.
1C. Performing one cyclic voltammetric scan, the guanine
layer started to dissolve and small pits of ~ 30-nm diameter
and 2—3-nm depth appeared, Fig. 1D, and the guanine layer
completely dissolved after 5 min, Fig. 1F.

The influence of the HOPG potential in the process of
guanine adsorption was investigated. First, five successive
cyclic voltammograms, from 0 to + 1.3 V (vs. Ag wire) scan
rate 0.1 V s~ ', were recorded in a guanine solution. After
the HOPG was held for 5 min at +0.75 V, the oxidation
potential of guanine, condensation of guanine into larger
nuclei of 90—150-nm diameter and 10—30-nm height

occurred. The nuclei grouped in intercalated polymer-like
chains of different lengths, some longer than 1 pum, uni-
formly distributed on the HOPG surface, Fig. 2A—C.

The AFM images of adsorbed guanine molecules from a
saturated solution during controlled oxidation support the
conclusion that the guanine oxidation can induce the for-
mation of oligomers at the HOPG electrode.

The oligomers are stacked at the surface together with the
guanine molecules and other oxidation products forming the
polymer chain. All the components must interact between
themselves and with the HOPG surface by hydrogen bond-
ing, London dispersion forces, and hydrophobic interactions.
Due to these weak forces, when a cyclic voltammogram was
run in the guanine solution, it was observed that all polymer-
like chains dissolved at ~ 0.9 V, due to desorption of the
guanine oxidation products, Fig. 2D and E.

4. Conclusion
The process of guanine adsorption and nucleation at the

HOPG electrode is dependent on the potential of the
electrode. In situ images of guanine adsorbates demonstrate
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EIV (vs.Ag wire)

Fig. 2. In situ MAC Mode AFM images in pH 4.50 0.2 M acetate buffer of guanine adsorbed onto HOPG from a saturated guanine solution: (A) after five
cyclic voltammograms (CV), from 0 to +1.3 V, scan rate 100 mV s~ !. (B) after 5 min at +0.75 V; (C) inside image (B). (D) The applied potential +0.75 V
was changed during imaging while running a CV (E) and at ~ 0.9 V, all polymer-like chains were dissolved due to desorption of guanine oxidation products.

that MAC Mode AFM is a powerful tool to investigate the
molecules attached to the surface by soft forces such as
London dispersion forces and hydrophobic interactions.
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Abstract

A dynamic method of determining the membrane surface potential change due to a binding of a hydrophobic ion has been presented. The
surface potential was determined from the time course of membrane potential under zero electric current during a transition between two
steady states in a membrane filter impregnated with a phospholipid and 1-octanol. One of the alkaloids, quinine hydrochloride, was used as a
hydrophobic electrolyte. Surface charge density and equilibrium constant for binding of quinine ions with ionizable groups of the
phospholipids at the membrane surface were determined from the surface potential according to the Poisson—Boltzmann equation. © 2002

Elsevier Science B.V. All rights reserved.

Keywords: Surface potential; Transient membrane potential; Monolayer; Liquid membrane; Quinine; Hydrophobicity

1. Introduction

Surface of the supported liquid membrane having phos-
pholipids as ionic carrier species is covered with a charged
monolayer of the lipid molecules. At the membrane sur-
face, the electrostatic potential arises owing to the ioniz-
able groups of the lipids in an analogous manner as for the
surface of biological cell membrane [1], which plays an
important role in the solute binding at the cell surface,
interactions between cells, ion transport across the mem-
brane and dynamic properties of cell in the field. At the
interface between a solution and a charged membrane,
charge separation is generated originating in the surface
charges due to the ionized groups [2,3]. Potential distribu-
tion diffuses across the interface spreading toward the
interior of the surface charge layer of the membrane [4,5]
because the ionic species can diffuse across the surface
layer. This surface phenomenon is common origin of the
generation of the Donnan potential in a boundary region
and the surface potential at the membrane/solution inter-
face [6,7]. In the previous papers [8,9], the time course of
the membrane potential in response to a bitter substance or
a sour substance was resolved to obtain the Donnan poten-

* Corresponding author. Tel.: +81-92-726-4744; fax: +81-92-726-
4744.
E-mail address: k.nomrcc@mbox.nc.kyushu-u.ac.jp (K. Nomura).

tial difference and the intramembrane diffusion potential in
the liquid membrane systems. In this study, the surface
potential at the membrane surface has been determined
from the rising transient curve from the initial steady
potential to the peak potential. One of the bitter sub-
stances, quinine, has been used as a hydrophobic ion,
which is monoprotonated (QH ") in the aqueous electrolyte
solution in the pH region studied. It has been suggested
that especially in the case of the potential change due to
binding of hydrophobic ions, this dynamic method is ef-
ficient to the measurement for the surface potential of
charged membranes.

2. Experimental

Charged liquid membrane was prepared by soaking a
membrane filter in 1-octanol (Sigma) containing water of
3.0% by weight and 5x 10 ~* mol dm ~* dihexadecyl
hydrogen phosphate, DHP (Aldrich) under a reduced pres-
sure. A polytetrafluoroethylene membrane filter with an
average pore size of 1.0 pm and the thickness of 200 pm
(Fluoropore, FP-100, Sumitomo Electric, Osaka) was used.
The assembled measuring system is schematically illus-
trated in Fig. 1. Supported liquid membrane was horizon-
tally mounted in the cell for the measurements. Initially,
both external and internal solutions contained 1 x 10 '

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Schematic diagram of assembled system for measurement of
transient membrane potential in a model membrane system. M, supported
liquid membrane; E, Ag—AgCl reference electrode; S, magnetic spin bar;
W, thermostatted water.

mol dm ~* KCI. The area of the membrane surface adja-
cent to the electrolyte solution (diffusion area) was 0.20
cm?®. Immersing a pair of commercially available reference
electrodes of Ag—AgCl type with a porous liquid-junction
at the electrode tip (Model K-801, Radiometer, Copenha-
gen) in solutions, the membrane potential was measured by
an electrometer (Model 614, Keithley, OH) and recorded
on a digital oscilloscope (Model TDS430A, Tektronix,
OR). A small amount of aqueous quinine hydrochloride
(Fluka) was injected out of the nozzle of auto piston
burette into the external solution while stirring by a mag-
netic stirrer at a speed of 675—700 rpm. Injection speed
was controlled at 1 cm® s~ ' so that the membrane poten-
tial started to change after the injection was completed. A
trigger pulse of a level of voltage was produced from a
pulse generator (Model SEN 3201, Nihon Kohden, Tokyo)
to start to drive the auto piston burette. This pulse was also
applied to the oscilloscope as a trigger source of a scan of
time axis, linked with the injection of the solution. Re-
agents used in this study were the highest grade and were
used without further purification. Water was purified by
double distillation, of which once from an alkaline potas-
sium permanganate solution. All the measurements were
carried out at 25.0 °C.

3. Results and discussion

After the injection of quinine hydrochloride, the mem-
brane potential rapidly increased to reach a peak that
gradually relaxed to a level of the final steady potential
(Fig. 2a). Based on the assignment that the earlier fast step
and the subsequent slow step after the peak are respec-
tively the generation processes of the potential at the
interface (Donnan potential) and the intramembrane diffu-
sion potential, the membrane potential has been divided
into these constituents [8,9]. Moreover, the surface poten-
tial at the membrane surface, which is defined as the
potential difference outside the membrane, can be sepa-
rated from the Donnan potential, which includes the
potential difference inside the membrane, because the fast
process recorded on the oscilloscope was not monotonous
as shown in Fig. 2b. Concentration dependence of the
change in the surface potential, U, has been saturated at
high concentration, where the binding of QH " ion is
completed. This maximum change of U; can be regarded
as the surface potential at the state of complete dissociation
for ionizable groups at the membrane surface adjacent to
the aqueous electrolyte solution (¢ ), provided that the
change in the contribution of dipoles at the surface [1,10]
is negligibly small.

The potential difference across the interface between a
liquid membrane that contains lipid molecules and an
electrolyte solution is originated mainly from the electro-
static charges due to the monolayer adsorbed on the liquid
membrane surface, although the ionizable groups are dis-
tributed throughout inside the membrane [2]. At the surface
of the lipid monolayer spread at the air/water interface,
similar generation of the surface potential due to the
surface charges is observed. However, in the liquid mem-
brane system, the potential distribution diffuses toward
inside the membrane to generate the Donnan potential,
which is widely observed for the charged membrane sys-
tems including the cell membranes because ions permeate
across the membrane/solution interface. The surface charge
density of the membrane, ¢, was obtained from the surface
potential, ¢, according to the Poisson—Boltzmann equa-
tion [2,3]:

B 2e.80kkT . ey
o= (T) sin h(ﬁ) (1)

2e%(ng + nqu)
— S Y 2
* e60kT )

where ng, non and & denote the concentration of KCI in
the external aqueous phase, the concentration of quinine
hydrochloride in the external aqueous phase and relative
permittivity, respectively; &y, k, T and e are the permittivity
of vacuum, the Boltzmann constant, absolute temperature
and elementary charge, respectively. The charge density





K. Nomura, T. Yata / Bioelectrochemistry 55 (2002) 67—-70 69

b

a
80_lrllrlrﬂ‘rlnq||||||||l|||||
60 -

> B
g 4071
DE :
20
0_—7
[ injection
_20 [EENE RSN AEENENNENE ERERE NNRE!

80-|l|||ll|Illllllllllllll-
60-— f -]
[U— ]
B i
0 | 7
20F .
0kl {
[ A ]
L injection i
_20'llllll||||||||||||I|||

0 20 40
t/ min

2 0 2 4 6 8 10
t/s

Fig. 2. (a) A typical time dependence of the membrane potential in a transition between two stationary states in response to the injection of quinine
hydrochloride into the external solution. The concentration of potassium ions in the external solution was kept at 1 x 10 ~ ' mol dm ~ 3. The concentration of
quinine hydrochloride after the injection was 2 x 10 ~* mol dm ~ 3. (b) Fast process in the time course of the membrane potential shown in (a).

varies depending on the degree of the dissociation of the
ionizable groups at the surface. Accordingly, the dissoci-
ation constant for the reaction of quinine ion with ioniz-
able groups of the lipid monolayer at the membrane
surface, K,, can be expressed in terms of the surface
charge density as:

K,=2 5 (3)

where 0., denotes the surface charge density at complete
dissociation, which has been obtained from ¢ ., to be — 8.4
% 10 =2 C m ~ % From this value, occupied area of ionizable
group (—PO4~ group) per unit charge, S(=—e/o), at
complete dissociation was calculated to be 1.9 nm”. In
comparison with the cross-section area of an oriented mol-
ecule for the monolayer of phospholipids at air/water inter-
face (0.50 nm?) [11] and for the bilayer of phosphatidyl
choline (0.49 nm?) [12], the monolayer at the liquid mem-
brane surface is rather expanded because of the decrease in
intermolecular cohesive forces between the lipid molecules
as is to be expected from the values for lipid monolayers at
oil/water interfaces [11]. In Fig. 3, o and K, obtained from
the potential measurement in this work are plotted versus the
concentration of quinine in the external solution.
Measuring the surface potential change by the dynamic
method presented in this study is efficient especially for the
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Fig. 3. (a) Surface charge density as a function of concentration of quinine
hydrochloride in the external solution. (b) Surface pK, for the dissociation
reaction of ionizable group of DHP as a function of the concentration of
quinine hydrochloride in the external solution.
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hydrophobic electrolyte such as quinine because (1) the
surface potential change is large even at low concentration
of quinine hydrochloride (in the range of 10 ~>~10 ~ > mol
dm %) and (2) the potential jump due to the surface
potential change is canceled out to a great extent by the
change in the diffusion potential within the membrane in the
slow step after the peak.
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Abstract

Using the patch-clamp technique, two different ion channels have been characterized further in the human red blood cell (RBC)
membrane. We demonstrate that the non-selective cation channel (NSC) is permeable to Ca®* and can be activated by prostaglandin E,
(PGE,). Therefore, the physiological role of this channel could be, together with the Ca® * -activated K* channel, the participation in the
process of blood clot formation. We give also evidence that another channel in the RBC membrane, so far assumed to be a small conductance
anion channel, is more likely to be a proton or a hydroxyl ion channel. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: lon channel; Erythrocyte; Patch-clamp; Prostaglandin E,; Clot formation

1. Introduction

In the human red blood cell (RBC) membrane, three
different types of ion channels have been described so far.
Besides the well-known Ca® " -activated K channel (Gar-
dos channel) [1], conflicting reports [2,3] about a non-
selective cation channel (NSC) have been reconciled re-
cently [4]. In addition, there are two reports about a small
conductance anion channel in the RBC membrane [5,6]. The
classification of this channel as an anion channel was
however only based on different measured conductances in
chloride and nitrate media.

The aim of the present paper was therefore to further
characterize the NSC and the small conductance anion
channel. Using the patch-clamp technique, we demonstrate
that NSC is permeable to Ca®" and can be activated by
prostaglandin E, (PGE,). Based on these findings, we
present an idea on the possible physiological role of both
the NSC and the Gardos channel in the process of blood clot
formation. We take into account a report demonstrating in
flux experiments that the Gardos channel is activated by
PGE, [7]. However, no idea of the mechanism of activation
has been presented. In addition, we give evidence that the

* Corresponding author. Tel.: +49-681-302-6689; fax: +49-681-302-
6690.
E-mail address: i.bernhardt@mx.uni-saarland.de (I. Bernhardt).

putative anion channel is more likely to be a proton or a
hydroxyl ion channel.

2. Experimental

For experiments, freshly drawn blood from healthy
human donors was used. The RBCs were washed three times
by centrifugation (1500 x g, 8 min) in physiological NaCl
solution containing (in mM): 145 NaCl, 10 glucose, 10
morpholinoethane sulfonic acid/tris(hydroxymethyl)amino-
methane (MES/Tris), pH 7.4. Plasma and buffy coat were
removed by aspiration. The solutions used in the patch-
clamp experiments contained (in mM): 150 or 75 KCI (or 75
CaCl,), 10 MES/Tris, 2.5 BaCl, and 10 =7 or 10 ~* PGE,
(as indicated). The pH of all solutions was 7.4. Inorganic
salts were of analytical grade. EGTA and PGE, were
obtained from Sigma (St. Louis, USA). MES/Tris was
purchased from Fluka Chemie (Buchs, Switzerland). Pip-
ettes were pulled from borosilicate glass (GC150F-10, Har-
vard Apparatus, UK) and had a resistance of about 10 M().
The measurements were carried out at room temperature (23
°C). Inside—out patches were performed by the following
procedure. After a gigaseal (5-20 G()) was reached, the
inside—out configuration was formed spontaneously or by
moving the pipette tip through the air—water interface. The
measured currents were low-pass filtered at 1 kHz (Bessel
filter) and digitized at 3—5 kHz.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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3. Results and discussion

Patch-clamp experiments on human RBCs were per-
formed in the presence of PGE, in the extracellular solution
(pipette solution). First, experiments were done with a PGE,
concentration of 10~ '® M. The physiological PGE, con-
centration is about one order of magnitude lower, the con-
centration that occurs when the activated platelet release of
PGE; is about one order of magnitude higher [8]. Although
an effect on channel openings could be seen at a PGE,
concentration of 10 ~ ' M, we were not able to evaluate the
obtained current traces quantitatively. Therefore, the PGE,
concentration was increased to 10’ M. In contrast to
almost all other inside—out measurements of the NSC in
the human RBC membrane [2—4] in the presence of PGE,,
channel openings could also be detected at negative mem-
brane potentials (for current traces at different membrane
potentials, see insert of Fig. 1). The data were analysed using
all point amplitude histograms. The current—voltage (/—V)
diagram is shown in Fig. 1. The channel is slightly outward
rectifying, i.e. while at the positive membrane potentials, the
conductance is almost constant (35 pS), it is decreasing and
reaches a value of about 24 pS as the membrane potential
becomes more negative. Although channel openings are
detected at negative membrane potentials, it can be assumed
that the recorded channel is identical with the previously
described NSC in the human RBC membrane. This assump-
tion is based on a comparison of the conductances and
characteristics of current traces.

Besides NSC, a Ca® " -activated K * channel exists in the
human RBC membrane. Its conductance is in the same range

2.5

as that for NSC [1]. However, since 2.5 mM Ba” " is present
in the bath solution (Ba®" inhibits the Ca® " -activated K *
channel), an activation of the Ca® " -activated K" channel
can be excluded. An activation of the anion channel des-
cribed in the RBC membrane (see below) can be also ex-
cluded since its conductance in physiological chloride so-
lutions is less than 10 pS [5].

Interestingly, an activation of the Ca®" -activated K*
channel in the human RBC membrane by PGE, was dem-
onstrated in flux experiments [7]. However, this report is
lacking for an idea of the mechanism of activation. Further-
more, it has been shown that NSC is permeable for divalent
cations [4]. The /¥ diagram for Ca®* is shown in Fig. 1. In
symmetrical 75 mM CaCl, solutions, NSC shows a con-
ductance between 15 and 18 pS. The argument that the
conductance is indeed caused by NSC is similar as that for
the conductance in the presence of PGE, (see also Ref. [4]).
Based on the data shown above, it seems reasonable to
assume a possible mechanism of ion channel activation that
could be of importance in the process of blood clot for-
mation. PGE, activates the non-selective cation channel. The
reversal potential of NSC for intact RBCs in their own
plasma is approximately 0 mV. Since the resting potential
of human RBCs is about — 10 mV, an inward current is
expected and cations present in the blood plasma including
Ca®" can enter the cells. Although this report shows that the
open probability of NSC at a PGE, concentration of 10 ~ '°
M is very low, it was shown in Ref. [4] that even a small open
probability of NSC leads to remarkable Ca®" influxes, and
hence, to the increase of the intracellular Ca?™ concentration
resulting in the activation of the Ca® * -activated K™ channel.
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Fig. 1. Current—voltage diagrams of NSC channels from inside—out patches of red blood cells. B, Symmetrical solution containing (in mM): 150 KCI and
10 MES/Tris. In addition, the pipette and bath solution contained 10 ~ 7 M PGE, and 2.5 mM Ba® ", respectively. The data are mean + S.D. values from three
patches. O, Symmetrical solution containing (in mM): 75 CaCl, and 10 MES/Tris. In addition, the pipette solution contained 2 uM carbachol to stimulate the
channel openings (the channel is coupled to an acetylcholine receptor of nicotinic type [9]). The data are mean & S.D. values from six patches. The insert shows
representative examples of current traces of symmetrical KCl solutions in the presence of PGE; in the pipette at membrane potentials of +30 mV (upper trace)

and — 30 mV (lower trace).
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Since for the Ca® " -activated K channel, the transport ratio
of K compared to Na " is 16:1 [1], the reversal potential for
this channel under physiological conditions in the blood is
about +70 mV (calculated from the Nernst equation).
Therefore, at a resting potential of the human RBC of about
—10 mV, an outward current of K* is provoked. The
maximal resulting efflux can be calculated to be 270 mmol
(leens h) ~ ' Although this enormous value is an upper limit
of the possible K™ efflux, the K loss of the cells is so high
that it leads to significant shrinkage of the RBCs in a very
short time (minutes). This effect seems to play an important
role in the thrombus formation. Although it is believed that
RBCs themselves are primarily not involved in the clot
formation, it is evident that they make up an enormous part
of it. However, such proposed mechanism of interaction
could explain the physiological importance of both NSC as
well as the Ca® " -activated K * channel. Their physiological
functions were so far unknown.

Besides the two above-mentioned channels, a small
anion channel [5,6] was reported to be present in the RBC
membrane. This channel showed a conductance of 6 and 15
pS in chloride and nitrate media, respectively. The channel
could be inhibited by persantin [6], and the number of
channels per cell was estimated to be 100 [5]. Representa-
tive examples of current traces of the small conductance
channel at different membrane potentials in the chloride
media are shown in the insert of Fig. 2. This figure also
shows the /- V diagrams of the measurements of the channel
in symmetrical 150 mM KCI solutions and after the replace-
ment of the bath solution (same patches) by a 75 mM KCl
solution. These /—V curves allow the conclusion that the
channel cannot be either a conventional K™ (Na ") channel
or a chloride channel since a division of the KCl concen-
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+20 mV
-20 mV

-40 mV

0.5 1

73

tration in the bath solution by two does not lead to a
significant shift in the reversal potential. Based on the
Nernst equation, the reversal potential should change from
0 to approximately +17 and — 17 mV for a cation and
anion channel, respectively. Even more surprising, the
reduction of the KCI concentration in the bath leads to an
enhancement of the channel conductance from 8.4 to 17 pS.
Thus, the /-V curves can only be interpreted assuming that
a proton or a hydroxyl ion channel is involved. The clas-
sification of this channel as an anion channel [5,6] is only
based on the different above-mentioned conductances in
chloride and nitrate media. However, this finding already
excludes a conventional K (Na™) channel. This statement
is supported by the fact that under conditions where the
pipette and the bath solution contained 20 and 70 mM Na—
tartrate, respectively (in addition, both solutions contained
2.5 mM BaCl,, 10 mM MES/Tris (pH 7.4); sucrose was
added to adjust the osmolarity of the solutions to 300
mOsM), a linear /—V curve was obtained giving a reversal
potential close to 0 mV and a conductance of 9.7 pS (not
shown).

Summarising the results, it seems more likely that the
low conductance channel described in the present paper
represents a proton or a hydroxyl ion channel in the human
RBC membrane. In order to support this finding, it would be
helpful to measure the channel conductance at different pHs
in the bath and pipette solution. To have a pH gradient
present at least for several minutes, one has to inhibit the
anion exchanger (band 3) in the RBC membrane. In the first
approaches, we used DIDS or dipyridamol in the pipette
solution (for inside—out patches), but under these condi-
tions, we were not able reach a gigaseal (it seems likely that
these substances prevent a seal formation).

y =0.017x-0.018

y = 0.0084x + 0.005

current/ pA

14

40 80

membrane potential / mV

Fig. 2. Current—voltage diagrams of small conductance channels from inside—out patches of red blood cells. O, 150 mM KCIl bath and pipette solution. @,
75 mM KCl bath solution and 150 mM KCl pipette solution. In addition, all solutions in the figure contained (in mM): 10 MES/Tris and 2.5 Ba® * . The data are
mean + S.D. values from eight patches. The insert shows representative examples of current traces of the small conductance channel at the indicated membrane

potentials.
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A possible physiological relevance of the channel could
be its participation in the oxygen and carbon dioxide trans-
port. CO, produced in the tissue diffuses into the erythro-
cytes. Using the enzyme carbonic anhydrase, CO, will be
hydrated and H™ as well as HCO; ~ is produced. Normally,
the protons are buffered by hemoglobin [10] and HCO; ~
leaves the cells in exchange for Cl ~ via band 3. However,
since the process is connected with an acidification of the
red blood cells, a physiological relevance could be that
protons leave the cell via the proton channel.
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Abstract

Cholinesterase sensors based on glassy carbon and planar epoxy graphite electrodes modified with processed polyaniline have been
developed and examined for pesticide detection. The modification of electrode surface with polyaniline provides high operational stability
and sensitivity towards the pesticides investigated. The detection limits found (coumaphos, 0.002, trichlorfon, 0.04, aldicarb, 0.03,
methiocarb, 0.08 mg 1~ ') make it possible to detect the pollutants in the waters on the level of limited threshold levels without sample

preconcentration. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Cholinesterase biosensor; Polyaniline; Pesticide determination

1. Introduction

Organophosphorus and carbamic pesticides are widely
used in agriculture as insecticides. Certain amount of pesti-
cides, when transferred into the environment, can be danger-
ous for human health within several weeks [1,2]. Thus, there
is a need for fast and inexpensive testing devices for
pesticide detection. One of the approaches to their develop-
ments assumes the determination of pesticide inhibition on
cholinesterases [3—6] (see also review [7]). Previously, we
have shown that the use of processed polyaniline doped with
camphorsulfonic acid for the modification of carbon electro-
des provides reproducible super-Nernstian pH response of
about 87 mV per pH unit over the range of 3—9 pH [8]. In
this work, the use of polyaniline-modified electrodes in the
assembly of cholinesterase sensors has been explored for
the detection of enzyme inhibitors.

2. Experimental

Butyrylcholinesterase from horse serum purchased from
JSC Biomed (Perm, Russia), 4.2 U mg ~ ', and from Sigma
(St Louis, MO, USA), 500 U mg ~ ', as well as acetylcho-
linesterase from electric eel, 1000 U mg ~ ', from Sigma,

* Corresponding author. Tel.: +7-8432-387051; fax: +7-8432-380412.
E-mail address: Gennady.Evtugyn@ksu.ru (G.A. Evtugyn).

were immobilised by cross-linking with glutaraldehyde on
the surface of glassy carbon or planar epoxy graphite
electrode (IVA, Ekaterinburg, Russia). Prior to enzyme
immobilisation, electrodes were covered with 0.5% polyani-
line solution in chloroform containing camphorsulfonic acid
and phenol [8] and left to dry at room temperature. Ace-
tylcholine iodide was used as the substrate. Trichlorfon was
purchased from Sigma, coumaphos, methiocarb and aldi-
carb from Riedel-de-Haen (Seelze, Germany). All the meas-
urements were performed in 0.002 M Tris buffer solutions
containing 0.1 M NaCl.

The potential shift of polyaniline sensor caused by acid
release in enzymatic reaction (1),

(CH3)3N+CH20HZOC(O)CH3 + H,O
— (CH;);N*CH,CH,0H + CH;COOH, (1)

was measured vs. Ag/AgCl electrode by digital ionometer
Ecotest-001 (Econix, Russia) within 5 min after the sub-
strate injection. Before incubation, coumaphos was pre-
oxidized in a 10-min electrolysis to phosphoryl analog as
described in [9].

3. Results and discussion

The immobilisation of cholinesterase on polyaniline-
modified sensor does not alter the pH sensitivity of the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Acetylcholine calibration curve. Polyaniline-modified carbon glass
electrode covered with acetylcholinesterase (1), highly active (Sigma, 2)
and low active (Biomed, 3) butyrylcholinesterases. Tris buffer solution,
pH 7.5.

response. It was found to be equal to 87 and 84 mV/pH unit
before and after enzyme immobilisation, respectively. The
graduation curves of the substrate obtained for different
cholinesterase preparations are presented in Fig. 1. The
slope of a linear part of the curves is equal to 120+ 5
mV/decade for acetylcholinesterase sensor and 95 + 5 mV/
decade for butyrylcholinesterase sensors. A higher slope of
the curves in comparison with that of pH response is

probably due to the limitation of the acid escape from the
enzymatic layer. The enzyme immobilisation does not sig-
nificantly alter the pH maximum of enzyme activity as well
as their dependence on the buffer capacity of the working
solution.

All the pesticides tested showed a strongly irreversible
inhibitory effect on immobilised cholinesterases. The results
of pesticide determination are summarised in Table 1. The
polyaniline modification provides better characteristics of
pesticide determination in comparison with other detection
systems reported. The appropriate detection limits are much
lower and the slopes of calibration curves are higher by 20—
40% than those obtained earlier [7]. The higher the peptide
loading in the enzymatic layer, the greater the difference in
analytical characteristics. Inert peptides in the enzymatic
layer probably increase the sensitivity of an enzyme toward
hydrophilicity of the peptides determined. The use of planar
epoxy graphite electrodes results in the decrease of a
response reproducibility and hence in the increase of the
detection limits by 20—30%. Meanwhile, the response drift
and the changes in the sensitivity toward pesticides were
found to be lower for planar sensors than for the sensors
based on carbon glass electrodes.

4. Conclusion
The modification of carbon electrodes with polyaniline

improves both the analytical and operational characteristics
of cholinesterase sensors. This results in the decrease in the

Table 1
Analytical characteristics of pesticide determination with polyaniline-modified cholinesterase sensors, inhibition, percentage, vs. log(Cy, mg 1~ ), incubation
10 min
Enzyme immobilised on electrode surface
Acetylcholinesterase Butyrylcholinesterase, Butyrylcholinesterase,
(Sigma) highly active (Sigma) low active (Biomed)
Coumaphos
Sensitivity, inhibition 60+2 67+3 70£5
per decade (%)
Detection limit 0.030 0.015 0.002
Concentration range 0.10-0.90 0.050-0.75 0.015-0.20
Trichlorfon
Sensitivity, per decade (%) 50+3 700 £5 65+5
Detection limit 0.25 0.20 0.04
Concentration range 0.50-4.0 0.50-2.50 0.05-0.60
Aldicarb
Sensitivity, inhibition 44+ 4 35+4 65+ 10
per decade (%)
Detection limit 0.03 0.10 0.15
Concentration range 0.045-1.20 0.15-1.0 0.60-5.0
Methiocarb
Sensitivity, inhibition 40+2 30+3 33+2
per decade (%)
Detection limit 0.08 0.25 0.40
Concentration range 0.2-5.7 0.3-20 1.0-10.0
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detection limits and increases the sensitivity of pesticide
determination. This can be related to the higher pH response
of polyaniline films as well as to the limitations of the mass
transfer between the peptide layers and bulk solution.
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Abstract

This article describes a biosensor based on pH-sensitive field-effect transistors (pH-FETs) as transducer, and immobilised enzyme
tyrosinase as biorecognition element, which was used for the determination of phenolic compounds in water solutions. The biologically
active membrane was formed by cross-linking of tyrosinase with bovine serum albumin (BSA) in saturated glutaraldehyde (GA) vapours on
the sensitive transducer surface. The main analytical characteristics were studied under different conditions as well as the possibility to
optimise these working parameters. Different factors such as the pH of immobilisation, the enzyme loading, the time of exposition to
glutaraldehyde vapours were investigated in regards to the influence on sensitivity, limit of detection, dynamic range, and operational and

storage stability. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Biosensor; pH-FET; Tyrosinase; 4-Chlorophenol

1. Introduction

Chlorophenols are a major group of chemicals, which are
widely used in the manufacture of various industrial prod-
ucts such as pesticides, disinfectants, antioxidants, dyes, etc.
[1]. Organophosphorous and chlorinated phenoxyacids also
yield chloro and nitrophenols as major degradation products
[2].

The conventional methods for phenols determination are
chromatography and spectrometry [3]. However, these
techniques do not easily allow continuous on-site monitor-
ing, are expensive, time-consuming, need skilled operators,
and sometimes require preconcentration steps. The applica-
tion of biosensors is favourable due to some generally
claimed advantages such as the selectivity, the relatively
low cost of realisation, sometimes the good storage stability,
the potential for miniaturisation and the easy automation,
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and for the construction of simple portable device for fast
screening purposes and in-field/on-site monitoring. In par-
ticular, several biosensors based on tyrosinase were elabo-
rated for the determination of phenols. They include the
various kinds of electrochemical detection, such as the
amperometric of dioxygen consumption [4], the direct
reduction of generated o-quinone [5] and the mediated
reduction of o-quinone by hexacyanoferrate(Il) [6]. This
article describes the biosensor based on pH-sensitive field-
effect transistors (pH-FETs) as transducer, and immobilised
enzyme tyrosinase as biorecognition element, which was
used for the determination of phenolic compounds in water
solutions.

2. Experimental

Tyrosinase (EC 1.14.18.1, 6680 U/mg) from mushroom,
bovine serum albumin (BSA) and aqueous solutions (25%
w/v) of glutaraldehyde (GA) were purchased from Sigma.
All other chemicals were of analytical grade.

The biologically active membrane was formed by cross-
linking of tyrosinase with BSA in saturated GA vapour on

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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the sensitive transducer surface [7]. The 10% solutions of
tyrosinase and BSA were prepared in 20 mM phosphate
buffer. Prior to the deposition on a sensitive area of a
transducer, these solutions were mixed, and glycerol was
added to the final concentration of 10%. As a differential
experimental set-up was used, one drop of the enzyme-
containing mixture was deposited on the working ISFET,
while on the reference ISFET, only a mixture containing
10% BSA and 10% glycerol was deposited. Then the sensor
chip was placed in a saturated glutaraldehyde vapour for a
certain time called immobilisation time. After exposure in
GA, the membranes were dried at room temperature for 15
min.

The potentiometric sensor chip contains two identical
pH-FETs, the design and operation mode are given else-
where [8]. Measurements were conducted in daylight at
room temperature (25 °C) in a glass cell (5-ml volume)
filled with phosphate buffer. The biosensors were immersed
in a vigorously stirred sample solution. After the initial drift
of the output signal, 4-chlorophenol was added to the vessel.
The differential output signal between the measuring and
reference pH-FET was registered using laboratory ISFET-
meter from the Institute of Microtechnology (Neuchatel,
Switzerland) and the steady-state response of the biosensor
was plotted as a function of 4-chlorophenol concentration.

3. Results and discussion

Tyrosinase (phenol oxidase) contains copper, which
forms part of the prosthetic group in its active site, and acts
as a built-in carrier undergoing reversible oxidation and
reduction of the enzyme. The conversion of phenols by
tyrosinase proceeds in two consecutive steps involving
molecular oxygen. The first step is referred to as the
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Fig. 1. A typical response curve of tyrosinase biosensor for 4 mM
4-chlorophenol. Measurements were conducted in 5 mM phosphate buffer,
pH 6.0.
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Fig. 2. Calibration curves for 4-chlorophenol determination for pH of
membrane immobilisation mixture of 6.0 (1) and 7.4 (2). Measurements
were conducted in 5 mM phosphate buffer, pH 6.0. Time of exposition to
glutaraldehyde vapours—30 min.

enzyme’s hydroxylase activity (also cresolase activity)
where phenol is hydroxylated by the aid of molecular
oxygen to produce catechol (o-hydroquinone). In the second
step, known as enzyme’s catecholase activity, catechol is
oxidized to an o-quinone, and simultaneously, tyrosinase is
oxidized by oxygen to its original form with the production
of water. The potentiometric detection of phenols can be
used, since the subsequent local decreasing of concentration
of protons inside the membrane results in a change of the
measuring FET gate voltage.

A typical dependence of the potentiometric tyrosinase
biosensor response on the time after 4-chlorophenol addi-
tions to a vessel is shown in Fig. 1. After the biosensor
reached a stable baseline in blank phosphate buffer solution,
injection of 4-chlorophenol stock solutions into blank sol-
ution caused significant sensor response, which resulted
from subsequent local decreasing of concentration of pro-
tons inside the membrane from the enzymatic oxidation of
phenol. As it can be seen, the biosensor steady-state
response time, i.e. time necessary to reach 90% of the
steady-state amplitude was about 5 min.

The main analytical characteristics of tyrosinase biosen-
sor based on pH-sensitive field-effect transistors for the
detection of phenolic compounds were studied under differ-
ent conditions such as the pH of sample solution and
immobilisation mixture, the enzyme loading in immobilisa-
tion mixture, time of exposition to glutaraldehyde vapours.

An optimum for the sensor response was observed at
solution pH 6.0. This result is in good agreement with
results obtained for tyrosinase by other authors [9,10]. The
pH in the immobilisation mixture may also influence the
analytical characteristics of enzyme biosensors. Fig. 2
presents the calibration curves for 4-chlorophenol determi-
nations for different pH of membrane immobilisation mix-
ture. Here, it is clearly seen that the sensitivity of biosensor





S.V. Dzyadevych et al. / Bioelectrochemistry 55 (2002) 79-81 81

is higher in case of immobilisation at pH 6.0, i.e. the pH
range where the tyrosinase activity is optimal. This pH of
immobilisation mixture was selected for all further experi-
ments.

The effect of the enzyme loading in immobilisation
mixture on tyrosinase biosensor response to 4-chlorophenol
was investigated. Different ratios tyrosinase/(BSA + tyrosi-
nase) were tested to optimise the amount of loaded tyrosi-
nase with the sensor response. It was shown that the best
ratio for enzyme loading was about 0.4 with general
containing of protein 10%. For this ratio, the best combi-
nation of operational stability and response value was
obtained.

Concerning time of incubation in glutaraldehyde va-
pours, the best result was obtained for 30 min. For longer
incubation time, a dramatic decrease of response values was
occurred. This phenomenon can be connected with the
formation of a great number of covalent bonds between
the glutaraldehyde and the enzyme molecules, which block
enzyme active centres.

The response of the tyrosinase biosensor based on pH-
sensitive field-effect transistor is reproducible; the relative
standard deviation of intra-sensor responses was about 3%
for each concentration. The relative standard deviation of
inter-sensor responses was about 7%.

These biosensors could be used also for the detection of
diuron-type herbicides (atrazines, simazine, diuron, isopro-
turon, etc.), because these substances can inhibit the activity
of tyrosinase [11].
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Abstract

The effect of pH on the kinetics of the bioelectrocatalytic reduction of H,O, catalysed by horseradish peroxidase (HRP) has been studied
at —50 mV vs. Ag|AgCl on HRP-modified Au electrodes placed in a wall-jet flow-through electrochemical cell. Native HRP (nHRP) and a
nonglycosylated recombinant form containing a six-histidine tag at the C-terminus, Cy;tHRP, produced by genetic engineering of
nonglycosylated recombinant HRP using an E. coli expression system, have been used for adsorptive modification of Au electrodes. A
favourable adsorption of Cy;stHRP on preoxidised Au from a protein solution at pH 6.0 provided a high and stable current response to H>O,
due to its bioelectrocatalytic reduction based on direct (mediatorless) electron transfer (ET) between Au and the active site of HRP. The
heterogeneous ET rate constant, &g, calculated from experimental data on direct ET, on mediated ET in the presence of catechol as well as
from microbalance data, increased more than 30 times when changing from nHRP to Cy;rHRP. For both forms of HRP, the increasing
efficiency of bioelectrocatalysis with increasing [H;0 '] was observed. The values of the apparent k, between Cy;rHRP and Au changed
from a value of 12 + 25~ " in PBS at pH 8.0 to a value of 434 + 62 s ~ ' at pH 6.0; a similar k,—pH dependence was also observed for nHRP,
providing the possibility to consider the reaction mechanism involving the participation of a proton in the rate-determining step of the charge
transfer. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Bioelectrocatalysis; Recombinant horseradish peroxidase; Heterogeneous direct electron transfer; Proton transfer; Au electrode

1. Introduction

Reactions of coupled electron and proton transfer are of
a great interest for investigation of the fundamentals of
enzymatic redox catalysis and of the function of biological
ET/respiratory chains implying proton transfer (PT) as well
(Refs. [1,2] and references therein). Considering the kinetics
of these redox-coupled reactions, the preceding chemical
protonation, ET, PT itself, or coupled ET and PT, etc., may
represent the rate-determining step of the overall reaction.
Thus, the elucidation of a proper mechanism of the redox
process enables to control and direct its efficiency in the most
suitable manner.

Direct ET between the active site of horseradish perox-
idase (HRP), a heme-containing redox enzyme (hydrogen
peroxide oxidoreductase, EC 1.11.1.7), and the electrode
surface has been extensively studied on a variety of elec-
trode materials, e.g., carbon, Au, SnO,, etc., and was shown
to be kinetically slow (Refs. [3—6]. Kinetic models of the

* Corresponding author. Fax: +34-91-885-4666.
E-mail address: elena.ferapontova@uah.es (E. Ferapontova).

bioelectrocatalytical reduction of H,O, catalysed by perox-
idase, similar to the mechanism of enzymatic catalysis,
consider the oxidation of the initial HRP with H,O, to
El, representing oxidised HRP and consisting of oxyferryl
iron (Fe** =0) and a porphyrin « cation radical (P**) and
further direct electroreduction of E1 at the electrode surface
to the initial HRP state, ferriperoxidase, the electrode being
considered as an electron donor [3]:

E(Fe’™) + H,0, % E1(Fe** = 0, P™")H,0 (1)

El(Fe** = 0, P™) +2¢~ +2H" & E(Fe’™) + 1,0.
(2)

According to the peroxidase catalytic cycle in homoge-
neous phase, reduction of E1 to E(Fe* ") proceeds by two
one-electron/proton transfer steps [7]:

El(Fe*" =0, P™)
e (S)+H' & 4 E2(Fe*t = 0) + Se (3)
E2(Fe* = 0) + ¢ (S) + HY B E(Fe*") + S + H,0
(4)
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In the first step, the porphyrin T cation radical is reduced
giving an intermediate compound E2 (E2 has an additional
proton compared to E(Fe® ") and E1), the latter is reduced in
the step (4) to the initial peroxidase state, ferriperoxidase.
The electron donor S may be also a proton donor (PD), as in
the case of phenolics, or may display only electron donor
properties, as in the case of iodide. From a great number of
works on the kinetics of peroxidase oxidation of different
substrates it follows that reaction (4) of the oxidation of S by
E2 is the limiting step of the overall process (10ks3-k») [7].
As it is difficult currently to distinguish whether direct
electroreduction of El to E proceeds stepwise through E2,
the evaluation of the kinetics of E1—-E(Fe* ") reduction is
considered in the general form (2). However, direct electro-
reduction of E2 to HRP may be regarded as a limiting step
of reaction (2) similar to stage (4) of the enzymatic catalysis
[3]. Taking into account that the electrode can display only
electron donor properties, it could be supposed that the
reduction of El to E(Fe’ ) may also proceed in a single
two-electron transfer step, as in the case of iodide or
hydrosulphite acting as two-electron donors [7], though
data in Refs. [8,9] do not support the idea of a two-electron
cooperative process. More data are required to judge on the
kinetics of E1 electroreduction to the initial ferriperoxidase
state, the study of the role of protons being of a particular
interest.

As can be seen, the rate-determining direct electroreduc-
tion of El (direct ET) presented in general form (2) implies
the participation of protons in the reaction cycle and may be
referred to the type of ET reactions accompanied by PT. The
necessary protons needed to complete the reaction must
therefore be taken from the surrounding environment.
Depending on the experimental conditions (pH, potential,
solution composition, electrode material, etc.) this may
cause kinetic restrictions, as the electrode is not prone to
either accept or donate protons, and the rate-determining
step may include the participation of a proton. Since the
addition of protons in the reaction zone may provide a
favoured proton-coupled ET pathway, the effect of the pH
on the kinetic regularities of heterogeneous ET in the system
HRP—-Au electrode was studied.

2. Experimental
2.1. Instrumentation

Amperometric measurements with polycrystalline Au
disk electrodes (CH-Instruments, Austin, TX, USA, 0.031
cm?) were performed at room temperature (22 + 1 °C) in a
standard three-electrode wall-jet electrochemical flow
through cell [4] connected to a potentiostat AUTOLAB
(PGSTAT30, Eco Chemie, Netherlands) equipped with
GPES 4.8 software. An Ag|AgCl1|0.1 M KCl and a Pt wire
were used as the reference and auxiliary electrodes, respec-
tively. The distance between the nozzle and the working

electrode was about 0.8 mm. The flow of the solutions was
maintained by a peristaltic pump MINIPULS 2 (Gilson,
Villiers-le-Bel, France).

2.2. Materials

Native HRP [nHRP, isoenzyme C, 1500 U mg '
(ABTS)] was from Boehringer Mannheim (Mannheim,
Germany), other reagents of analytical grade were provided
by Sigma (St. Louis, USA). Recombinant wild type HRP
containing a six-histidine tag at the C-terminus [Cyy;;tHRP,
800 U mg ' (ABTS)] was produced in E. coli strain
BL21(DE3)pLysS transformed with the appropriate pET
based expression vectors (Ref. [5] and references therein)
and supplied by Professor Alexey Egorov of the M.V.
Lomonosov Moscow State University. Deionised Milli-Q
water (Millipore, Bedford, MA, USA) was used throughout
this work.

2.3. Electrode modification and measurements

The surface of the Au disk electrodes was polished on
fine emery paper (Tufbak Durite, P2000), then to a mirror
lustre on alumina slurry (0.1 pm, Stuers, Copenhagen,
Denmark), rinsed with water, preoxidised in a hot Piranha
solution for 2 min, quickly rinsed with water and immedi-
ately immersed in a 0.02-mg ml ~ ' HRP solution in 0.01 M
phosphate buffer containing 0.15 M NaCl (PBS), pH 6.0,
for 2 h. After thorough washing with PBS, the modified
electrodes were mounted in the wall-jet cell and steady state
currents were measured at an applied potential of — 50 mV
versus Ag|AgCl [3], PBS in the pH range from 6.0 to 8.0
being used as the electrolyte. The flow rates used were 1.1,
0.9, 0.7, 0.5 and 0.33 ml min ~ . The reproducibility of the
data was verified by measurements with at least three
equivalently prepared electrodes. An extensive 20 min
sonication of the electrodes prior to the preoxidation and
immobilisation procedure, performed to exclude the effect
of alumina left after polishing, was shown not to affect the
final results.

3. Results and discussion

The effect of pH on the kinetics of the bioelectrocatalytic
reduction of H,0, was studied with Cy;;rHRP and nHRP
directly adsorbed on the bare Au surface. The favourable
adsorption of HRPs on preoxidised Au from a protein
solution in PBS, pH 6.0, provided a substantial current
response to H,O, due to its bioelectrocatalytic reduction
based on direct ET between Au and the active site of HRP,
deglycosylation and the histidine tags additionally increased
the strength of binding of the enzyme with Au and therewith
the stability of the signal, as was shown previously [5],
making possible to perform kinetic studies at different pHs.
Data on amperometric detection of H,O, with HRP modi-
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fied electrodes at different pHs are shown in Fig. 1. From
these data, it is obvious that the efficiency of direct ET from
Au to both Cy;rHRP and nHRP increases essentially when
increasing the H;O " concentration. The enhancement of the
direct ET rate in the system Cy;stHRP—Au electrode in the
pH range between 7.0 and 6.0 is so high that the introduc-
tion in the system of a mediator (5 x 10 ~* M catechol) does
not increase the current response, which is determined at
this state solely by the diffusion of H,O, at concentrations
up to 40 uM (Fig. 2). To separate the kinetic and diffusion
parts of the measured current, amperometric measurements
were performed at different flow rates and data were plotted
in Koutecky—Levich (KL) coordinates adapted for the flow-
injection system according to Eq. (5) (the case of direct ET)
and Eq. (6) (the case of mediated ET) [4]:

1)1 =1/ +1/hy,
= l/nFEDET(l/(kICHZOZ) + l/kb)
+1/0.898nFcyy, 0, D343/ 831231447172 (5)

/I =1/ + 1/hin
= 1/2n1FEMET(1/kch202 + 1/k3[S])
+1/0.898nFcy, 0, D2 43/8y=3/12 3144712, (6)
Here, I is the measured current of bioelectrocatalytic
reduction of H,O, on HRP-modified electrodes, I is the
kinetically limited current of the enzymatic reaction and Zj;,,

is the diffusion current limited by the mass-transfer of H,O,
to the electrode; n is the number of electrons transferred in
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Fig. 1. Dependence of the steady-state current density on the H,O,
concentration determined with the gold disk electrodes modified with
CuistHRP at pH (1) 6.0, (2) 6.5, (3) 7.0, (4) 7.4, (5) 8.0. In the insert—data
for native HRP. The electrodes were placed into a wall-jet cell: flow rate of
the carrier (PBS containing 0.15 M NaCl) 0.9 ml min ~ ', Applied potential
was — 50 mV vs. Ag|AgCl in 0.1 M KCL.
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Fig. 2. Dependence of the steady-state currents on the H,O, concentration
determined with the gold disk electrodes modified with Cy;tHRP at pH (1,
1)6.0,(2,2')7.4, (3,3 )8.0. Curves (1', 2", 3" ) correspond to mediated
ET in the presence of 5 x 10 ~* M catechol. All the rest conditions as in
Fig. 1.

the reaction; n; is the number of electrons transferred per
mediator molecule and equals 0.5z for catechol; F is the
Faraday constant; ¢y o, is the bulk concentration of H,O,; D
is the H,0, diffusion coefficient (1.6 x 10 ~° em® s ~ ') [4];
A is the geometrical electrode area; v is the kinematic
viscosity of water (0.01 cm?s ~'); V is the volume flow
rate; a is the radius of the capillary nozzle (0.025 cm); Epgr
is the amount of the enzyme (in mol) participating in direct
ET; Eypgr is the total amount of active enzyme (in mol) on
the electrode surface involved in the electrode reaction; k; is
the heterogeneous ET rate constant for direct ET; & is the
rate constant for H,O, enzymatic reduction; [S] is the
mediator concentration; k3 is the rate constant of reaction
(7) (mediated ET):

E2(Fe** = 0) + S+ H & E(Fe*) + Se + H,0,  (7)

which represents the rate-determining step of E1 reduction
by some electron donor S (other than the electrode) to the
initial peroxidase state through the formation of E2, similar
to enzymatic catalysis (reaction (4)) [3,4]. The formed
oxidised donor Se is then electrochemically reduced by
the electrode. From the experiments on mediated ET the
part of the enzyme active in direct ET can be calculated as
it is assumed that in the presence of a saturating concen-
tration of a mediator (5x 10 ~* M catechol; [3,4,6]) all
HRP molecules adsorbed at the electrode participate in
mediated ET, whereas in the absence of the mediator—only
a fraction is available for direct ET [3,4]. The total amount
of HRP adsorbed at the Au electrode, Eypr, Was assumed
to be 20 pmol cm ~? in the case of nHRP and 30 pmol
cm ~ 2 in the case of Cyy;rHRP (quartz crystal microbalance
data) [5].
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From the intercepts of the KL plots (Egs. (5) and (6), Fig.
3) with the y-axis the 1/[; values at different pHs were
obtained and plotted versus the reciprocal H,O, concen-
trations (Fig. 3). The data obtained show a linear depend-
ence, from the slope of these plots k; can be determined;
from the intercepts with the y-axis the value of k; was
evaluated in the case of direct ET and k; in the case of
mediated ET (Eqgs. (5) and (6), Fig. 3). The ratio of the
slopes in the presence and in the absence of a mediator gave
the ratio between Epgt and Eyer (90 + 10% for Cy;rHRP
and 75 + 20% for nHRP, in good agreement with previous
findings [6]), making possible to calculate the values of
and giving evidence of a tight and intimate contact of the
HRP molecules with the preoxidised Au surface under the
conditions of immobilisation from solutions at pH 6.0 where
favoured electrostatic and hydrophobic interactions between
the enzyme molecule and the electrode surface are achieved.

Equal slopes (within experimental error) of curves 1-5
presented in Fig. 3 corresponds to the same value of
ki (0.534+0.02x10° M~ 's ™! for Cy;;tHRP and 0.13 +
0.02 x 10°M ~'s ! for nHRP, data not shown) at different
pHs and implies that H;0 * does not affect the rate of reaction
(1). In contrast, the apparent heterogeneous rate constant of
direct ET to Cy;rHRP increases more than 40 times when
changing the pH from 8.0 (12 + 25~ ')t0 6.0 (434 + 625~ 1)
and 10 times—in the case of nHRP (from 1.2 +£0.2 to
11.6 + 3.8 s~ 1) (Fig. 4). It can be followed from Fig. 4 that
k—[H30 "] dependence approaches a linear relationship at
pHs lower than 7.4, when H;0 © can be considered as a PD,
with slopes of 11.5+ 0.4 x 10° for nHRP and 396.7 +
13.9x 10° M~ ' s = '—for Cyy; tHRP and with the values
of ks extrapolated to [H30 "]=0 (when solvent (water)
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Fig. 3. Dependence of the kinetically limited currents on the H,O,
concentration in inverted coordinates for the gold disk electrodes modified
with Cy;tHRP at pH (1) 6.0; (2) 6.5; (3) 7.0; (4) 7.4; (5) 8.0, direct ET.
92 + 5% of HRP molecules active in direct ET; k; equals (0.53 + 0.03) 10°
M~ 's ™! In the insert—KL plots at pH 6.0, direct ET, for (1) 10; (2) 20;
(3) 40; (4) 100 pM H,0,.

16 3
500 1 ®
12 L]
_ 10
)
)
400 1 3o
4
2
301 °©

00 02 04 06 08 1.0
[H30%1/ uM

Is

200 +

100 -

0

00 01 02 03 04 05 06 07 08 09 1.0
[H30"]/ uM

Fig. 4. Dependence of the apparent heterogeneous rate constant of direct ET
between gold and Cy;stHRP on the concentration of hydroxonium ions. In
the insert—data for nHRP.

molecules should display PD properties) corresponding to
1.9 and 40.5 s !, respectively. The data obtained indicates
the following.

(1) Deglycosylation of HRP enhances the efficiency of
direct ET. This fact is likely to be connected with a
decreased ET distance between the electrode and the active
site of the enzyme (as the structure of the active site of
HRPs under study is virtually the same).

(2) [H30 "] strongly affects the rate of reaction (2), thus,
controlling I, the k,—[H30 "] dependence being close to
linear under the conditions when H;O * can be regarded as a
PD. Thus, it can be assumed that at a considered constant
potential the kinetic regularities of direct ET in the system
HRP-Au electrode can be presented in the following
general form (when H;O " is a PD):

I = nFk,[H;0"]Epgr, (8)

where kg corresponds to the slope of the k,—[H;0 "]
dependence, the obtained values approaching the values of
ks in the most efficient reactions of peroxidase oxidation
(reaction (4)) of p-cresol and o-phenylendiamine (5 x 10’
M ~'s ') obtained in stop-flow mode [7].

(3) The oligosaccharide overcoat present in nHRP not
only makes direct ET less efficient, but also hinders PT to
the active site of the enzyme (obvious when comparing the
slopes of k—[H30 "] dependencies).

Thus, it can be assumed that at a considered overvoltage
the rate of electroreduction of the oxidised form of HRP is
likely to be controlled by a coupled electron and proton
transfer from some PD (in the considered case—H;O0 ™)
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localised in the reaction zone. As a result, the increased
efficiency of direct ET with increasing [H30 " ] is achieved.

4. Conclusions

Studies of the effect of pH on the direct ET between Au
electrodes and adsorbed HRP demonstrated that changing
[H;0 "] from pH 8.0 to 6.0 does not affect the rate of the
bioelectrocatalytic reduction of H,O, (k;), but drastically
increases the rate of direct ET between the electrode and
HRP (k). The dependence of k, on [H30 "] gave evidence
that the rate-determining step of ET is likely to occur
through a coupled proton and ET. Deglycosylation of nHRP
enhances direct ET and, in parallel, facilitates PT to the
active site of the enzyme. Further studies of the effect of
PDs of different nature on the kinetics of the electroreduc-
tion of HRP at different overvoltages is necessary to reveal a
detailed mechanism of ET between the active site of HRP
and the electrode surface [10].
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Abstract

Both the bacterial flagellar motor and the H " /ATP synthase are membrane-bound macromolecular complexes in which the movement of
protons through channels across the membrane is coupled to the rotation of a part of the complex around an axis perpendicular to the
membrane. Despite this similarity, the two devices are designed for quite different functions. The flagellar motor is responsible for a
practically smooth rotation of the flagellar filament in order to propel the cell. Smooth rotation is not essential for the H " /ATP synthase,
which accumulates torque by twisting a rod-shaped structure. Possible mechanisms for generating torque in the two devices are presented,
based on the models which have been proposed. The performances of the various mechanisms are discussed. © 2002 Elsevier Science B.V.

All rights reserved.

Keywords: Torque generation; Proton turbine; Brownian ratchet

1. Introduction

The bacterial flagellar motor and the H " /ATP synthase
(also known as FoF; ATP synthase) are membrane-bound
macromolecular complexes with rotatory components. In
both cases, a transmembrane flow of protons driven by their
electrochemical potential difference, Afiy, gives rise to the
rotation. Despite this similarity, the two devices are
designed for quite different functions (see Table 1). The
flagellar motor is responsible for a practically smooth
rotation of the flagellar filament in order to propel the cell
(for a review, see, e.g. Ref. [1]). Smooth rotation is not
essential for the H'/ATP synthase, which accumulates
torque by twisting a rod-shaped structure. Discharging this
torque by rotation over an angle of 120° then provides the
energy for the synthesis of an ATP molecule (for recent
reviews see Refs. [2,3]).

Fig. 1 shows a schematic representation of the two
devices. The common feature of both complexes is a disk-
like structure (the so-called rotor) which is known to rotate
relative to an adjacent structure (the so-called stator). It is

* Corresponding author. Tel.: +41-61-2672224; fax: +41-61-2672208.
E-mail address: Dieter.Walz@unibas.ch (D. Walz).

seen that the dimensions of the flagellar motor are larger
than those of the H " /ATP synthase. Moreover, the flagellar
motor has an array of stator elements, while the H " /ATP
synthase has only one. In both cases, protons are assumed to
flow through channels in the stator elements. The coupling
of linear movement (proton flow) and rotational movement
in a perpendicular plane requires an anisotropic configura-
tion and an interaction between the coupled processes. The
configurational requirements can be fulfilled either by a
tilted arrangement of the interacting elements on the rotor,
or by two laterally displaced half-channels for protons in the
stator. The interaction could be either electrostatic (long-
range) or molecular (short-range).

2. Bacterial flagellar motor

The two earliest models treated quantitatively were based
on molecular interaction, i.e. binding of stator elements to
the rotor; however, one of these used laterally displaced
half-channels [4], while the other used a tilted arrangement
of binding sites [5]. Neither model has ever been shown to
be able to reproduce the wealth of diverse experimental data
available at present (see, e.g. Refs. [5,6]). Other models that
have been described have the same drawback (reviewed in

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Table 1

Comparison of proton driven rotary molecular devices; Afiy and Apos are the thermodynamic forces for proton flow and ATP synthesis, respectively

Bacterial flagellar motor

H " /ATP synthase

Function rotate flagellar filament
Maximal torque (nN nm/rad) 1.2

Typical frequencies (Hz) 0-300 [1000]

Sense of rotation

Most likely mechanism
Anisotropy

Interaction

proton turbine

in both directions with same polarity of Afiy (switching)

tilted rows of charges on rotor
electrostatic (generates torque)

generate torque for ATP synthesis
0.04

30-70

determined by Ajiy and Appos
Brownian ratchet

displaced half-channels in stator
electrostatic (barrier for ratchet)

Refs. [7,8]). The binding model has recently been revived
[9], but need not be considered here because it is purely
phenomenological and, thus, does not provide any mecha-
nistic insight.

The high density of positive and negative charges found
associated with one constituent of the rotor [10] suggests
that the interaction may be electrostatic in nature. This is the
basis of the two most recent attempts to model the flagellar
motor [11,12]. Both assume a helical array of fixed charges
on the rotor, thus fulfilling the configurational requirement
of a tilted arrangement of interacting elements. However, in
one case, the rotor carries alternating rows of positive and
negative charges, while the stator need not carry any charges
(Fig. 2A). Protons bound to any site in a channel interact
with the electric field generated by the rotor charges, thus
giving rise to a torque. This torque vanishes in certain
configurations of rotor and stator which, however, is over-
come by the continuous movement of the protons through
the channels driven by Ajiy [11]. In the other case, the rotor
and the stator carry positive and negative charges, respec-
tively, giving rise to a torque even in the absence of protons
in the channels (Fig. 2B). Again, torque vanishes in certain
configurations of rotor and stator. This is overcome by
proton binding next to a negative charge on the stator,
which is then neutralized and allows torque to be manifested
again [12].

The electrostatic energy arising from the interaction
between protons and fixed charges on the rotor and stator
governs the kinetics of the proton transitions within the
channels, and between bulk phases and channels. The
pertinent energy profiles show that, in the first case, the
proton has to cross only minimal barriers between binding
sites [11]. As a consequence, the movement of protons is
almost synchronous with the movement of the rotor. This is
reminiscent of a hydraulic reaction turbine; electrostatic
interaction performs the function of the blades of the
propeller, and proton flow is equivalent to the water flow.
Hence, we will refer to this model as a “proton turbine™. In
the second case, the proton has to cross a formidable barrier
between the two binding sites [12]. As a consequence,
proton and rotor movements are not necessarily synchro-
nous. The role of the protons is to control interactions
between the charges on the rotor and on the stator, thus
modulating a ratchet effect, which governs a directed

motion of the rotor. Hence, we may call this model an
“electrostatic ratchet™.

The performance of the two models is quite different.
The proton turbine model is almost completely coupled,
and yields the correct torque (about 0.3 and 1 nN nm/rad
for swimming and tethered cells, respectively) and proton
stoichiometry (1300 H " /rev for Streptococcus). The elec-
trostatic ratchet model is much less tightly coupled; it
yields a torque and a stoichiometry which are twofold to
fourfold too low and an order of magnitude too low,
respectively.

3. H'/ATP synthase

In the case of the H'/ATP synthase, the most detailed
model is based on a mechanism involving electrostatic
processes [13]. The rotor carries negatively charged binding
sites for protons, which are exposed to a region of low-
dielectric constant (membrane lipids) except when they are
juxtaposed against the single stator unit, which provides a
zone of higher dielectric constant. Hence, only protonated
binding sites can move into the low-dielectric region. The
stator accommodates two binding sites simultaneously.
Configurational anisotropy is introduced by offset half-
channels in the stator. Accordingly, the two sites can only
be deprotonated to (or protonated from) opposite sides of
the membrane (see Figs. 2C and D).

If either or both of the binding sites facing the stator
become deprotonated, movement of the rotor due to Brow-
nian motion is restricted since deprotonated binding sites
cannot leave the stator zone (Fig. 2C), a situation equivalent
to an engaged ratchet. Protonation of a binding site allows
the rotor to move that site out of the stator zone, thus
releasing the ratchet (Fig. 2D). Unequal probabilities of
protonation of the two sites due to Ajfiy introduces a bias in
the otherwise random fluctuation of the rotor, which tends to
wind up the rod attached to it (see Fig. 1B). The accumu-
lated torque in the rod introduces a bias in the opposite
direction. Since the proton-operated ratchet regulates Brow-
nian motion, we will refer to this model as a “Brownian
ratchet”.

A detailed quantitative analysis [14] shows that this
mechanism is feasible and able to accumulate the requisite
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torque. This can be estimated by taking into account that the
discharge of this torque by rotation over an angle of 120°
must provide the energy for the synthesis of an ATP
molecule. This sets an upper limit for the accumulated
torque of about 0.04 nN nm/rad for an extreme value of
the affinity of ATP synthesis 4phos=— 50 kJ/mol. It should

Fig. 1. Schematic representations of two rotary molecular devices. (A)
Bacterial flagellar motor. The two disk-like structures called the S and M
rings constitute the rotor. The rod attached to the S ring is the shaft of the
motor. It passes through a structure consisting of the so-called P and L
rings, which is anchored to the cell wall (dotted line) and acts as a bearing.
Note that only part of the P ring and the peptidoglycan layer of the cell wall
are shown; hence, the filament, which protrudes out of the cell and is
connected to the shaft via a hook, cannot be seen. The M ring is adjacent to
the cell membrane (dotted line) and surrounded by a number of cylindrical
structures (11 in the case of Escherichia. coli shown). They are formed by
the protein called MotA and are connected to the peptidoglycan layer of the
cell wall by stalks consisting of the protein called MotB. Together, they
form the stator of the motor. A bell-shaped structure responsible for
switching, called the C ring, which is attached to the M ring and protrudes
into the cytoplasm, is omitted for clarity. (B) The H*/ATP synthase
consists of two subcomplexes known as Fy and F;. Fy is embedded in a
membrane (dotted line), which can be the cell membrane of a bacterium, the
inner membrane of a mitochondrion, or the thylakoid membrane of a
chloroplast. It comprises a disk-like structure which acts as rotor and is built
from several copies (usually 12) of the c-subunit. The stator is formed by
the a-subunit adjacent to the rotor. F; contains the catalytic site for ATP
synthesis and consists of three copies each of the a- and (3-subunit in an
alternating arrangement (symbolized by the ellipses). The rod attached to
the rotor consists of the ~- and e-subunit of F; and acts as the shaft of the
motor; its bearing is in the top of the «a,3-arrangement. Note that the a-
subunit is connected by a stalk (b-subunit of Fy and d-subunit of F) to Fy,
which is essential for its role as a stator. In (A) and (B), the bar represents
10 nm, and the arrow indicates the polarity of fiyy by pointing from the
higher to the lower value of fiy.

Fig. 2. Schemes illustrating molecular mechanisms. (A) Proton turbine
model for flagellar motor. The rotor carries tilted alternating rows of
positive and negative charges. Protons pass through channels (dotted line)
in the stator via five binding sites (circles). Their interaction with the
electric field generated by the rotor charges gives rise to torque. Note that,
for graphical reasons, only one of the two channels per stator element and
half of the tilted rows used in the model are shown. (B) Electrostatic ratchet
model for flagellar motor. The rotor carries tilted rows of positive charges,
while the stator contains two negative charges. Torque arises from
electrostatic interaction, which is modulated by protons passing through
channels with two binding sites close to the negative charges. (C, D)
Brownian ratchet model for H ™" /ATP synthase. (C) The rotor carries proton
binding sites (circles) whose deprotonated form is negatively charged and,
hence, cannot leave the interface between stator (shown in front) and rotor.
This region has a higher dielectric constant than the membrane adjacent to
the rest of the rotor surface. (D) Protonation and deprotonation occur
through displaced half-channels (dotted lines) which open to opposite sides
of the membrane.

be added that there are additional fixed charges on the rotor
and stator. These modulate proton binding (as in the case of
the evidently essential stator Arg 210) and give rise to
contributions to torque. Insufficient experimental data are
available to permit comparison with simulations of this
model. However, if a simplified version is combined with
a kinetic description of the catalytic activity of the H " /ATP
synthase, experimental data can be successfully simulated
[15,16].

4. Conclusions

The survey presented above leads us to conclude that the
proton turbine model most likely reflects the molecular
mechanism of the flagellar motor. So far as it has been
tested, it closely reproduces a variety of experimental
findings from different laboratories [11], and satisfies crit-
ical behavioral criteria set forth in Ref. [17]. On the basis of
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the indirect evidence mentioned above, it seems that the
mechanism of the Brownian ratchet model for the H " /ATP
synthase is probably correct.

One may ask why nature has developed two separate
mechanisms for rotary devices which seemingly perform the
same task. The answer may be found in the different
functions they are called upon to fulfil. The flagellar motor
is responsible for the rotation of the flagellar filament in
order to propel the cell. This necessitates a maximal torque
and frequencies which are considerably larger than those
required for ATP synthesis (see Table 1). While the Brow-
nian ratchet generates sufficient torque for ATP synthesis, it
is highly unlikely that a flagellar motor operating on a
Brownian ratchet principle could be developed. Thermody-
namic considerations show that:

T8¢, <Ajiy i=AorM, (1)

where 7; denotes the torque generated due to proton flow
driven by Afiy, and 0¢; is the angle between the radii
pointing to adjacent binding sites. The index, 7, indicates the
H "/ATP synthase (A) or a hypothetical Brownian ratchet
motor (M). The molecular structure carrying a binding site
extends over a length, /, on the circumference of the rotor
(radius, R;), which cannot be diminished and amounts to:

[ = RadP, = Ryddy (2)
Combining Egs. (1) and (2) yields:
Rui = Radpa T/ Afin. (3)

With the parameter values Ajiyy= 15 kJ/mol=0.025 nN nm/
proton, Ro=3.5 nm, and § ¢, =7/6 (30°, 12 binding sites),
we find T, <0.048 nN nm/rad (Eq. (1)), which indeed
exceeds the maximal torque necessary for ATP synthesis
(see Table 1). However, with Ty;=1.2 nN nm/rad, it follows
that a hypothetical Brownian ratchet motor should have a
radius Ry; > 88 nm (Eq. (3)), which is six times larger than
the radius of the largest motor known (Salmonella typhimu-
rium), or 25 X R,. Hence, Brownian motion would be about
600-fold reduced as compared to that of the rotor of the H "/
ATP synthase, and such a motor would be rather slow.
Adding more stator elements would decrease the radius, but
require that they act in synchrony. Such a motor would still
be slow since protonation of all pertinent binding sites at the

same time is not a frequent event. Moreover, the phenom-
enon of switching mentioned in Table 1, which is essential
for bacterial motion, would be difficult to realize with a
Brownian ratchet mechanism.
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Abstract

The purpose of this work was to design an electrochemical reactor to enhance the high selectivity of enzyme-catalysed processes. In order
to develop economically efficient syntheses, the enzymes must be confined in the strict vicinity of the electrode surface. Here the confinement
was achieved with a dialysis membrane in a so-called Dialysis-Membrane Electrochemical Reactor (D-MER). Oxidation of glucose into
gluconic acid catalysed by glucose oxidase was a first example. The ADH-catalysed reduction of cyclohexanone into cyclohexanol was also
tested in a new type of MER. NADH was electrochemically regenerated thanks to mediator (methyl viologen or thodium complex). The key
point in developing electro-enzymatic process is to ensure perfect suiting of the reactor design to the reactions that are to be processed.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Reactor; Electrochemical; Enzyme; Synthesis; Membrane

1. Introduction

The association of oxidoreductase-catalysed reactions
with the electrochemical regeneration of some intermediate
species should be a powerful basis for new highly selective
synthesis [1—4]. In order to develop economically efficient
synthesis, the enzymes must be confined in the strict vicinity
of the electrode surface. Here we chose to retain the
enzyme(s) near the electrode with a semipermeable mem-
brane. To our knowledge only one example of compact
reactor has been proposed until now [5]. This reactor was
only a first attempt, the working electrode is simply inserted
in a dialysis tubing. This process should surely take great
benefit of a better design.

2. Experimental

The MER shown in Fig. 1 was a filter-press reactor
which contained a platinum or carbon felt working elec-
trode, a platinum auxiliary electrode and a saturated calomel
electrode. The working electrode was covered by a dialysis

* Corresponding author. Tel.: +33-561-55-67-99; fax: +33-561-55-61-
39.
E-mail address: bergel@lgc.ups-tlse.fr (A. Bergel).

membrane which confines the enzyme for the GOD-cata-
lysed synthesis. The inner design of the reactor was modi-
fied to improve its performance. This new MER (N-MER)
was used for cyclohexanol production. The solution circu-
lated tangentially with respect to the dialysis membrane.
When necessary, Nafion® membrane was inserted to sepa-
rate the working and auxiliary compartments. When anae-
robic conditions were required, a flux of inert gas such as
helium or nitrogen was set through the storage tank.

The chemicals were purchased from Sigma, Boehringer-
Mannheim and Fluka. The rhodium complex, pentamethyl-
cyclopentadienyl-2,2" -bipyridinechloro-rhodium(III), was
synthesised by the group of Pr. Steckhan (University of
Bonn, Germany). The regenerated cellulose dialysis mem-
branes were supplied by Bioblock. Electrolysis at constant
potential was performed with a 1286 Solartron Schlum-
berger interface. The transformation of glucose into glu-
conic acid and of cyclohexanone into cyclohexanol was
followed by enzymatic test and gas chromatography, respec-
tively.

3. Results and discussion

The transformation of glucose into gluconic acid cata-
lysed by a glucose oxidase (GOD) also produces hydrogen

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Schematic representation of the Dialysis-Membrane Electrochemical
Reactor (D-MER).

peroxide, which strongly inhibits glucose oxidase. An ac-
tivity loss of 80% was observed in the presence of 50 mM
hydrogen peroxide [6]. Experiments were first carried out
in a beaker containing 250 mM glucose and 100 U GOD
to quantify the transformation ratio obtained without elim-
ination of the hydrogen peroxide. For all the tests carried
out in these conditions, the transformation rate stayed
below 4% as reported in Fig. 2. The addition of 4900 U
catalase, which catalyses the dismutation of hydrogen per-
oxide into water and oxygen, increased slightly the trans-
formation ratios, which remained lower than 10% (Fig. 2).
The same reaction was finally conducted in the D-MER
where hydrogen peroxide is oxidized into oxygen, 30%
transformation was obtained in 3 h. The electrochemical
step revealed to be very efficient. However, the transfor-
mation of high concentration of glucose is limited by the

1
* a -
]
- .
*
. * * * *
0.9 i
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Fig. 2. Dimensionless evolution of glucose concentration as a function of
time in a beaker without B and with ¢ catalase and in the MER A for a
membrane of 12— 14 kDa cut-off. Phosphate buffer 0.1 M pH 7.0, 250 mM
glucose, 100 U GOD, volume without catalase 43 ml, with 4900 U catalase
10 ml, in the D-MER 44 ml.
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Fig. 3. Influence of LipDH on the transformation of cyclohexanone into
cyclohexanol in the N-MER in continuous mode. Regeneration of NADH
with methyl viologen as mediator. Phosphate buffer 0.1 M pH 8.0,
Cyclohexanone 100 mM, MV?" 5 mM, NAD" 1 mM, HLADH 60 U,
LipDH 500 U, Flow 0.13 pl/s.

autoinactivation of enzyme which was proved to be clearly
distinct from inhibition by hydrogen peroxide [7].

The synthesis of cyclohexanol from cyclohexanone cata-
lysed by an alcohol dehydrogenase requires the cofactor
NADH. Methyl viologen and a rhodium complex were
successively used to electrochemically regenerate NADH.
In the first case, lipoamide dehydrogenase is required to
catalyse the reaction between MV° " and NAD . On the
contrary, regeneration with the rhodium complex does not
require any enzyme. With methyl viologen as mediator, the
results obtained with the N-MER in continuous mode (only
one passage through the reactor) are given in Fig. 3. The
potential was imposed after 19 h to check that there was no
transformation without electrochemical assistance. After a
few hours of electrolysis at —0.70 V/SCE, 26% transfor-
mation was obtained with 500 U lipoamide dehydrogenase.
Adding of 250 U and then 350 U lipoamide dehydrogenase
yielded 45% and 65% transformation, respectively. This
demonstrates that the enzymatic reaction between NAD "

.
//
L/

0 20 40 60 80 100

Transformation / %
8

Time / hours

Fig. 4. Transformation of cyclohexanone into cyclohexanol in the N-MER
in recycling mode. Regeneration of NADH with rhodium complex as
mediator. Tris—HCI buffer 0.1 M pH 7.5; Cyclohexanone 100 mM; Rh
complex 1 mM; NAD " 1 mM; HLADH 73 U.
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and viologen methyl is the limiting step. Moreover, it was
important to work without oxygen because oxygen reacts
very quickly with MV°" [8] and oxygen reacts also with
NADH in the presence of LipDH. The regeneration of
NADH with the rhodium complex as mediator was also
carried out in the N-MER in continuous mode with a flow
rate of 0.075 pl/s. The transformation ratio increased up to
55%. The flow rate was then increased, and the trans-
formation ratio decreased and reached 45% for 0.3 pl/s
and 33% for 0.45 pl/s. The transformation ratio was directly
controlled by the residence time in the reactor. For a
constant flow of 0.075 pl/s, the transformation ratio kept a
constant value of 75% over 36 h. When the N-MER was
used in recycling mode, the transformation of cyclohexa-
none into cyclohexanol was complete after 70 h of elec-
trolysis (Fig. 4).

4. Conclusion

The two examples chosen allowed to show the potential-
ities of the MER. For the glucose transformation, the
electrochemical step really increased the conversion ratio
for high concentration. For the cyclohexanol production, the
N-MER allowed to reach a complete transformation of
cyclohexanone. The results demonstrated that it is important
to choose well the reactor adapted to the reaction synthesis.
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Abstract

The possibility is shown to monitor the transient ionic state and volume of erythrocyte suspended in low ionic strength solution (LISS) by
registration of the dielectro-deformation (DD) of a cell. The adequate theoretical basis is developed. Possible registration modes are
considered analytically and numerically using the theory of dielectro-deformation of erythrocytes developed previously. © 2002 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Erythrocytes suspended in a low-conductivity isotonic
solution can be deformed by high frequency (HF) electric
field [1-4]. This phenomenon is termed the dielectro-
deformation (DD) of erythrocytes. Depending on the basic
field frequency and conductivity of external medium, both
the elongation and shortening of cells in the field direction
can be obtained [4]. In particular, the frequency range of
~ 1+5 MHz and very small values of external conductivity
are optimal for the observation of erythrocytes elongation
[1—4]. The deformation is stationary if the field amplitude is
kept constant [1,3,4], and varies in time if the amplitude is
time-modulated [1,2]. The deformation value depends on
mechanical, electrical, and geometrical parameters of eryth-
rocyte [1—-6]. Hence, DD phenomenon can be used in two
ways: either to monitor erythrocyte mechanical properties
[1], or to measure the value and frequency dependence of
erythrocyte internal conductivity [6,8]. However, to obtain
large deformation values and to avoid the preparation
heating, the cells should be placed into a low ionic strength
solution (LISS) [1,3]. Such environment leads to a transient
ionic state of erythrocyte due to the efflux of cytoplasmic
ions. As a consequence, cell volume and internal conduc-
tivity become time dependent [9]. This, in turn, should
result in a time variation of the cell deformation even under

* Corresponding author. Tel.: +7-095-137-8347; fax: +7-95-137-4101.
E-mail address: konon@online.ru (V.L. Kononenko).

constant HF amplitude, due to the strong dependence [6,8]
of DD both on cell volume and on internal conductivity. The
present work considers quantitatively the time evolution of
the stationary DD and the effective relaxation time of
dynamic DD governed by the transient ionic state of
erythrocyte. The analysis and numerical results are referred
to the frequency range of ~1+5 MHz optimal for obser-
vation of these effects.

2. Results and discussion

Consider an erythrocyte placed in a spatially homoge-
neous HF electric field with the basic frequency o and field
amplitude E. According to the general DD theory [6,8], the
shape of erythrocyte in HF electric field is approximated by
a three-axis ellipsoid with the field-dependent semi-axes a,
b, > c and invariable volume V and surface area S. The a-
axis is parallel to the field direction. In such approximation
the field-dependent shape of erythrocyte is defined uniquely
the cell shape parameter = a/b. The stationary deformation
curve Ko(E) of erythrocyte is described by an implicit
algebraic equation [6,8].

ks(ko) = |1 +z%fb<xo>

ON,
ok (10)

VEZ —1/2
2P (@) | 7w, ko) |2 }

us

(1)
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Here, N,(k) is the depolarization factor of the ellipsoid
associated with its g-axis [6], K. is bending elasticity
modulus and p is the shear elasticity modulus of erythrocyte
membrane. The function f,(k), defined as the minus «-
derivative from the known Helfrich’s expression for the
membrane bending energy, describes the shape dependence
of the membrane bending stiffness [8]. The general expres-
sions for F(w) and y(w, x) in the whole frequency range are
given in Refs. [2,6]. In particular range w=10°+10" rad
s~ !is considered in this paper, the product F(w) | x(w, k)| >
is practically independent of w and is described approx-
imately by the expression [2,6].

2 .
80&e (612 — 2i + 1)
o e
o 2
4[1 + (' — 1>Na(;c0)}
O

Here, ¢y is the dielectric permittivity of vacuum, ¢; is
the relative static dielectric constant and oy is the specific
direct current conductivity of cell cytoplasm (k=i) and
surrounding medium (k=e¢). Note, that for typical exper-
imental conditions ¢;,>>0, and ¢&; ~ &, hence, the product
(2) is essentially positive. This corresponds to the cell
elongation (x > 1). The function x,=#(x) in Eq. (1) re-
lates the variation of local shear strain parameter x; of a
small membrane element to the variation of the cell shape
parameter k. A particular form of xy (k) was suggested

[7].

F(o) | z(w,10) |* = (2)

(i — 1)

Ks(K) =1 +m

(3)

Here, w and n are adjustable parameters to be found from
the comparison with the measured data.

A remarkable feature of elongation curve xo(E) of
erythrocyte is its saturation behavior at high field strength
and the existence of the terminal point [6,3,8]. It is a
consequence of purely geometrical prohibition of infinite
elongation of a body under constant volume and surface
area. The following estimates for the geometrical limit of the
axes ratio K, or for the relative elongation (a/ag)e can be
obtained [6,8].

o S3 . i _ S3/2 (4)
E706nr27 \ao)y 4V

It is essential, that these limiting values are independent
of electrical properties of erythrocyte. On the other hand, the
elongation value in the pre-saturation region strongly
depends on the cytoplasm conductivity, namely, on the
(0//0,) ratio, as Eqs. (1) and (2) show. Thus, the saturation
part of the measured elongation curve xy(E) allows one to
evaluate erythrocyte volume, while the theoretical assess-

ment of the whole curve enables one to obtain the cell
conductivity value and w, n parameters of x(x). Such eva-
luation was demonstrated successfully [8] for the measure-
ments made in Ref. [3].

When normal erythrocytes are placed into LISS, the
efflux of cytoplasmic ions starts immediately. That leads
to a time-dependent decrease both of internal conductivity
and, through the osmotic mechanism, the cell volume.
Considering the osmotic equilibrium between the cytoplasm
and LISS, the following expression for the time dependence
of cell volume V() was obtained [9].

_ Vo — V(l) &
- PS PS

VO_VC

In—
Vo —v.

t

(5)

Here, P is the specific membrane permeability of ions
maintaining the osmotic equilibrium, Vo=V({t=0), V.=
V(t — oc0). The fit of measured data to Eq. (5) with S=133
pm? gave P=2.1 x 10 ~ ' m/s, ¥.=50 pm® and ¥, =88.3%
of physiologically normal volume of erythrocyte ¥'=98 um’
[9]. Using the standard approach of known Drude theory of
conductivity, time dependence of cytoplasm conductivity
oi(f) can be also estimated. Denote by Ny, (¢) the total
number of penetrable ions inside the cell, which are also
responsible for cytoplasm conductivity, by Ny, the total
number of large molecules such as hemoglobin, which do
not penetrate the cell membrane. According to the Drude
formula for conductivity, ;X njonTerr, Where njon = Nion/V
and 7. is an effective time between successive collisions
of a moving ion. Assuming the major part of ion’s collisions
to be with nonpenetrable molecules, we may consider
Tett L (Nmot/ V) ~ ! That gives:

A Nion (1) (6)

From the osmotic equilibrium condition it follows, that

Nin(t)  V(t) — Ve
Nion(o) B VO - Vc (7)

Combining Egs. (6) and (7), we finally get an estimate of
o) dependence.

a(t)y V(@) -"V.

a(0) ~ Vo— V. (®)

Egs. (5) and (8) describe time variation of cell volume
and internal conductivity due to the transient ionic state of
erythrocyte. Substitution of these equations into Eqgs. (2) and
(1) gives the corresponding transient DD elongation of
erythrocyte ko(E, £). It can be used to monitor the ionic
state of the cell. Two main registration modes are suggested
here. In the first mode, a series of “instant” whole range
elongation curves ko(E, t,) should be recorded by fast
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Fig. 1. Time evolution of stationary elongation curve resulted from transient
ionic state of erythrocyte. Curves 1—4 are calculated for “instants” 0, 10,
20, and 30 min after cells’ transfer into LISS.

sweeps of HF amplitude £ at consecutive moments £,
starting from the cells transfer into LISS. In the second
mode, the time dependence x(t, Ey) should be registered for
some pre-selected values of Ey. Fig. 1 shows a series of
“instant” elongation curves calculated using Egs. (1), (2),
(5), (8) and geometrical relation between ky(E, ¢,) and a(E,
t,)/a(0) for given S and V. The computation procedure was
described elsewhere [8]. The cell and medium parameters
were taken from Ref. [3] or estimated theoretically [8] for
the measurements of erythrocytes elongation at 25 °C in
Ref. [3]. The variation of w, n parameters of ky(x) depend-
ence with the cell volume [8] was taken into account. In the
saturation region, the calculated elongation (a/ag)g varies,

10 T T L B L L L | T T LI B B |

Ll
Ll

0,01

.

Lol 2y sl

1E'3 T T LI B | T T LI B N B B |
1 10
field strength E /kV cm”

o
—

Fig. 2. Field dependence of effective relaxation time of erythrocyte
dielectro-deformations, calculated for “instants” 0, 10, 20, and 30 min
(curves 1-4) after cells’ transfer into LISS.

N
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Fig. 3. Stationary elongation curves of erythrocyte calculated for slow linear
time increase of field amplitude from zero up to maximum value during
(bottom-up): 1, 10, 20, and 30 min counted from the instant of cells’
transfer into LISS.

practically, according to Eq. (4) with V(¢) taken from Eq. (5).
In the pre-saturation region, cell elongation depends both on
g; (increasingly) and V' (decreasingly) according to Egs. (1)
and (2). Here, the dependence of a(E)/a(0) curve on cell
ionic state (“‘registration instant™ ¢,) is more complex and
less pronounced. In particular, the counteractive influences
of 6; and ¥ become mutually compensated near £~ 1 kV
cm . Fig. 2 shows field dependence of effective relaxation
time 7. of transient DD [7] related to the intrinsic relaxa-
tion time of the membrane material [8] 19~ 0.1 s. These
data also give the lower bound for the sweep time of HF
amplitude in the first registration mode. Fig. 3 shows
elongation curves for a slow registration mode, when cell
ionic state changes appreciably in the course of a(E)
measurement. In this mode, the pre-saturation region of
a(E) dependence is even less sensitive to the time variation
of g; and V. On the contrary, in the saturation region a(FE)
increases quasi-linearly with E. According to Eq. (4), this
results from the quasi-linear decrease of V(f) observed in
Ref. [9]. A minor influence of ionic state on the shape of
a(E) in the range E<1.5 kV cm ' explains the results of
test measurements of elongation invariability with the time
made in Ref. [3].

3. Conclusion

The registration of time dependence of the saturation
value of stationary DD curve of erythrocyte, under constant
HF field amplitude, enables the direct measurement of time
variation of erythrocyte volume, resulted from the transient
ionic state of cell suspended in LISS. The registration of the
whole-range DD curve allows one to also evaluate the time
variation of cell internal conductivity.
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Abstract

Sarcoids are skin spontaneous tumours detected in horses. It can be cured by chemotherapy by using cisplatin. A multisequence treatment
must be performed. Problems are present due to the poor diffusion of the hydrophilic product in the tumours. Electropulsation is known to
drastically enhance the effect of antitumoral drugs in vivo. Taking into account the very successful results of the group in Ljubljana
(Slovenia), we started a research clinical program where electropulsation was applied after local cisplatin injection. The size of sarcoids is
large (several centimeters). A specially designed set of wire contact electrodes was built. The distance between the electrodes was 0.9 cm and
their length was 0.9 cm. The contact with the skin was obtained by a conductive paste. A PS15 Jouan Electropulsator was used to deliver
eight pulses of 0.1 ms at a 1-Hz frequency with a 1.3-kV voltage. The animal was anesthesized. Intratumoral cisplatin injections were
operated every 0.6 cm (0.2 ml at a 1-mg/ml concentration). Five minutes after the first drug injection, multiple electrotreatments were applied
by moving the electrodes between the pulse applications. This allows the treatment of all the tumour surface. Several successive treatments
were performed with a delay of 2 weeks between each. All lesions completely responded. The sarcoids disappear after only 2 or 3
electrochemotherapies. Objective responses were obtained in 100% of the treated lesions. All horses tolerated the treatment well. No adverse
effect from the electric pulses was observed even in the case of a high number of pulses, or when several consecutive treatments were applied.

No regrowth was observed in the 18 months follow-up period. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Horses; Sarcoids; Cisplatin; Electrochemotherapy

1. Introduction

Sarcoids are nonmetastatic skin tumors which constitute
one of the most frequent skin tumors in horses. These tumors
adversely affect the material value of horses and often
compromise the use of the animal because of their location.
They indeed occur on any part of the body either singly or in
clusters. The head, ventral abdomen and limbs are most
commonly affected. The gross appearance of sarcoids can
vary. They are classified in several groups: occult, verrucous,
nodular, fibroblastic and mixed (verrucous and fibroblastic)
[12]. Therapy using classical surgical excision or laser
photovaporization, as well as cryotherapy, are used to treat
them. However, such nonconservative methods do not lead
to a total cure of the disease and relapses are frequent.
Moreover, these methods usually require specific training or
special facilities and equipment, and their implementation in
routine is limited [13]. More conservative methods, such as
brachytherapy, while effective face the same shortcomings.

* Corresponding author. Tel.: +33-5-61-17-58-12; fax: +33-5-61-17-
59-94.
E-mail address: justin@ipbs.fr (J. Teissié).

Chemotherapy using cisplatin is the most widely used
method among the conservative treatments limited however
to small tumors (less than 5 cm in diameter). This is due to its
easy use, rather low cost and high efficiency (up to 90% for
sarcoids and up to 70—90 % for carcinomas). However, the
main disadvantage is the poor diffusion of the hydrophilic
drug into the tumors. This reflects the organization of the
tumorous tissue in the case of sarcoids. Cisplatin is, there-
fore, mixed with sesame oil in order to increase its rema-
nence at the injection point [13].

Electric field pulses can induce the transient permeabili-
zation of cell plasma membrane. This method is widely used
for introduction of molecules such as DNA, antibodies,
enzymes and drugs into cells [1]. For the last 10 years, it
has been developed to facilitate delivery of drugs into
cancer cells [2]. The critical intracellular target for cytotox-
icity of drugs such as cisplatin and bleomycin is DNA.
Bleomycin causes breaks in DNA, whereas cisplatin forms
DNA adducts. The cytotoxicity of drugs is dependent on
their intracellular concentration which is controlled by
membrane permeability. Permeabilization of cells by electric
pulses allows the hydrophilic drug to penetrate into the cells.
Antitumoral drugs have therefore a direct access to the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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cytosol where they can fully exert their cytotoxic potential
and can be used at lower doses than the ones required in
classical protocols of chemotherapy [3,4]. It has been shown
that in vitro electropermeabilization of cells potentiates
cytotoxicity of bleomycin by several hundred times and
cytotoxicity of cisplatin up to 70 times. In vivo, electro-
permeabilization of cells potentiates antitumor effectiveness
of cisplatin by a factor 20 [5]. This method, called electro-
chemotherapy (ECT), introduced in the 1990s [2,6], has
already been successfully applied to mice and rats for a large
variety of tumors [7]. Clinical trials have been performed in
humans including small nodes of head and neck squamous
cell carcinoma, melanoma, basal cell carcinoma and adeno-
carcinoma [8—10]. To date, very few data are available on
domestic animals [11,12].

Increasing cisplatin concentration in sarcoid by using
ECT would, therefore, enhance the cytotoxic effect thereby
increasing treatment effectiveness. That was the aim of the
study, horse sarcoids representing an interesting clinical
model due to its high occurrence and specific localization
to skin. The problems were how to treat a large tumour
volume where a good availability of cisplatin was present.

2. Experimental

2.1. Horse and tumor characteristics.

Three horses were treated from October 1999 to February
2000. They were of both sexes and were 5—8 years old. All
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Electrodes in gontact with the skin

Electrode holder

To the electropulsator

Fig. 1. Electrodes. (A) The contact wire electrodes had a fixed width given by the distance between the two stainless steel rods. Their length was fixed by an
elastomer coating (not shown). They were inserted at the end of an insulating holder which was held by the surgeon. A centimetric scale is shown at the bottom
of the picture. (B) The electrodes were brought into contact with the skin of the horse at the level of the sarcoid to be treated.
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of them were previously treated by surgery but had relapses.
Cutaneous tumors were confirmed as sarcoids by histology.
All horses are still under observation and the results pre-
sented below are those observed 1 year and a half (June
2001) after completion of the last ECT treatment.

2.2. Preparation of the patients

The animals are treated under general anaesthesia of
short duration. Depending on the number of tumors to be
treated, anaesthesia ranged from 15 min for one tumor to 40
min for several tumors.

2.3. Treatment

Firstly, the antimitotic drug was injected intratumorally
and secondly, 5 min after, the electrical treatment was
applied by bringing electrodes in contact with the skin.

2.3.1. Antimitotic drug injection

Cisplatin (P-4394, Sigma, St Louis) was prepared in
sterile 0.15 M NaCl at 1 mg/ml concentration. It was then
intratumorally injected in a standardized manner (0.2—0.3
ml every 0.6 cm) by using “luer-lock™ needles [13].

2.3.2. ECT treatment

A specially designed set of wire contact electrodes was
built (Fig. 1). The optimized set-up was when the distance
between the electrodes (1.2 mm diameter) was 0.9 cm
(distance between the center of the wires) and their length
was 0.9 cm (adjusted by a polymer coating). A PS15 Jouan
Electropulsator was used to deliver eight pulses of 0.1 ms at
a 1-Hz frequency with a 1.3-kV voltage. The pulse duration
and current intensity were selected to take into account the
recommendations of the Commission de 1’Electricité Indus-
trielle concerning the fibrillation risks (for a pulse duration
of 0.1 ms, the intensity must be less than 5 A).

The contact of the electrodes with the skin was obtained
by a conductive paste. Multiple electrotreatments were
applied by moving the electrodes on the tumor surface on
adjacent positions (Fig. 1). This allowed the treatment of all
the tumor surface.

Several successive treatments were performed with a 2-
week interval. The check list of the procedure is shown on
Fig. 2.

2.4. Treatment responses monitoring

During and immediately following the ECT treatment,
horses were carefully monitored to determine immediate
effects. They were examined 2 weeks after ECT to deter-
mine treatment responses. Pictures were taken prior to ECT
treatment and every 2 weeks at each ECT session. Lesions
were measured using a calliper. Responses were scored as
follows : no response (NR); partial response (PR: >50%
reduction in tumor volume); complete response (CR:

Experimental procedure

1- General anesthesia

2- IT Cisplatin injection

3- Electropulsation of the tumour through the
skin by means of the contact electrodes

4- On line control of pulse delivery ( muscle
reaction and trace on the scope)

5- Delivery of 8 successive pulses at one given
place

6- Pulse application at another site

7-When all the tumour surface has been
treated, pulses are applied again with the
electrodes in the perpendicular orientation

8- The treatment is applied during 3 successive
sessions each other week.

Fig. 2. Steps in ECT on horse sarcoids.

absence of any trace of tumor), and relapse [3]. A posttreat-
ment surveillance period of 2 years is required to close each
case.

3. Results
3.1. Injection procedures

Due to the tissue organization of sarcoids, the diffusion
of injected soluble compounds is rather poor. In routine
treatments, cisplatin is injected dissolved not in saline
solution but in sesame oil. In our experimental trials, a
NaCl solution was used. This brings us to select a multisite
intratumoral injection procedure to obtain a rather homoge-
neous tumour irrigation by the drug. The intravenous
procedure described in many other ECT procedure using
bleomycin was not suitable due to the sarcoid organization
and to the huge amount of drug which was needed due to
the weight of horses.

3.2. Electrode design

Up to now, two electrode designs have been described in
ECT procedures:

plate electrodes where the tumour is pinched in between
the two electrodes;
needle electrodes which are inserted in the tumour.

This second design allows a deep penetration of the field
of the tissue but with a very heterogeneous field distribution
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while the first model gives a superficial but homogeneous
field distribution.

In the present study, a new design was selected (Fig. 1):
the wire contact electrodes where the two rod electrodes
were in flat contact with the animal skin. This design
appears well suited to treat large tumours by simply moving
the electrodes between the successive pulses to cover the
tumour surface. The electrodes were held in firm contact
with the skin by the surgeon to correct from the muscular
reaction between the successive pulses. The electrode dis-
tance and length were adjusted to limit the current during
the pulse to less than 5 A.

Due to their geometry, as for plate electrodes, the field
distribution is homogeneous between the electrodes but
again intense field intensities are only present close to the
skin surface. As described in other works, the distribution of
the field is a key parameter to obtain an efficient eradication
of the treated tissue cells [14]. With this electrode geometry,
the field was very effective on the surface cell layer (data to
be published). Destruction of these cells was obtained after
only one treatment. To obtain the treatment of all the tumour
volume, repetitive treatments were operated with a 2-week
delay. This allows to affect cells which were initially in
deeper layers of the tissue.

3.3. Pulse treatments

Electric pulses were rectangular as reported in most of
the previous ECT procedure. The voltage to electrode
distance was about 1400 V/cm. The direct on-line monitor-
ing of the pulse with an oscilloscope allowed to observe the
proper delivery of the field. It was observed that when blood
was present on the tumour surface, an increase in the current
was present bringing a cut off of the pulse by the safety
current limit device.

Eight successive pulses of 0.1 ms were applied with a
delay of less than 1 s. Two successive trains of pulses were
applied with the electrodes in perpendicular directions to
take advantage of the vectorial character of the field as
previously reported in the case of mice [15].

3.4. Animal responses

Muscular contractions were observed during each pulse
application. The amplitude of these movements was more
pronounced when the application was close to a limb root
and at the ear level. These effects are expected when electric
stimulation is used.

The colour of the tissue in the electrotreated region was
observed to change. This appears to be related to the
previous observation that electric pulses induced a tempo-
rary shut down of the blood flow [16].

In the days following an ECT treatment, a slightly
oedemateous reaction was detected for lesions located on
thin skin regions on some horses. No other adverse reaction
was observed.

3.5. Tumour responses

Three cases which were treated for sarcoids have com-
pleted a 1-year posttreatment surveillance period. Lesions to
be treated were selected on each horse according to severity,
size or localization. The results of these cases are presented
here.

e For horse 1, multiple sarcoids were treated. They were
present under fibroblastic and verrucous forms located on
the head. The size of the tumors varied from 1.5 to 5 cm in
diameter.

e For horse 2, a single tumor (1.8 cm width, 3.1 cm
length) was located at the ear level as a relapse to a surgical
treatment performed 4 months before ECT treatment.

e For horse 3, two sarcoids were treated : one at the limb
(fibroblastic, 3 cm width, 5 cm length) and the other at the
nose level (verrucous, 1 cm width, 2 cm length).

After each ECT session, the size of the lesions decreased.
For all three horses, complete regression of all lesions was
obtained even for the largest ones. This was observed with a
number of ECT sessions which varied from 1 (for the
smallest one) to 3 (for the largest ones). No relapse was
observed 1 year and a half after the last treatment.

4. Discussion

Three horses were fully treated totalizing 10 tumors
ranging from 1.5 to 5 cm in diameter. Complete regression
was observed whatever the size of the tumor with no relapse
up to 1 year and a half following the last ECT treatment.
General anaesthesia was used in order to prevent any
uncontrolled horse reaction. A good tolerance to the deliv-
ery of a high number of pulses (an average of 160 per
animal over a 15-min period) was obtained. About 150 cm?
of skin was treated. No negative effect was obtained. Skin
integrity was preserved even in regions previously submit-
ted to surgical treatment. The electrical treatment was fast.
This was clearly an advantage when taking into account the
short time of residence of cisplatin in the tumour.

Objective responses were seen in 100% of the treated
lesions with a complete response percentage of 100%. It
must be noticed that small lesions with diameter <10 mm
responded to a smaller number of ECT than larger ones with
diameter >10 mm (up to 50 mm in that study). They
ineluctably regressed after only one ECT treatment. This
effect was probably linked to the depth of penetration of the
electric field.

These positive observations give evidences that the new
electrode design which was used in this study is very well
suited for the treatment of sarcoids and as such of other skin
tumours. The field which is generated brings electropermea-
bilization in layers of cells present in the volume limited at
the skin surface by the electrodes (a 0.9 x 0.9-cm square).
The depth of penetration of the field with permeabilization
intensities was limited as shown by its limited effectiveness
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with large, and as such thick, tumours. This limitation in the
treatment was overcome by the use of successive treatments
taking advantage of the necrosis of the treated cells during
the 2-weeks delay. This is a direct illustration of the impor-
tance of the field distribution in anticancer electrotreatments.

This present study shows that ECT is effective on large
tumors with a simple procedure. Positive results are
obtained with verrucous as well as with fibroblastic sar-
coids. Because ECT is observed to be a safe method, results
of this preliminary trial on horse sarcoids are encouraging.
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Abstract

During the last 25 years, basic research has improved our knowledge on the molecular mechanisms triggered at the membrane level by
electric pulses. Applied aspects may now be used under safe conditions.

Electropulsation is known as a very efficient tool for obtaining gene transfer in many species to produce genetically modified organisms
(GMO). This is routinely used for industrial purposes to transfer exogenous activities in bacteria, yeasts and plants. The method is simple and
of a low cost.

But electropulsation is not limited to this application for biotechnological purposes. It is known that the field-associated membrane
alterations can be irreversible. The pulsed species cannot recover after the treatment. Their viability is strongly affected. This appears as a
very promising technology for the eradication of pathogenic microorganisms. Recent developments are proposed for sterilization purposes.
New flow technologies of field generation allow the treatment of large volumes of solution. When high flow rates are used, microorganisms
are submitted both to a hydromechanical and to an electrical stress. The synergy of the two effects may be present when suitable pulsing
conditions are chosen. Several examples for the treatment of domestic water and in the food industry are described.

Walled microorganisms are affected not only at the membrane level. We observed that alterations are present on the cell wall. A very
promising technology is the associated controlled leakage of the cytoplasmic soluble proteins. Large dimeric proteins such as (3-
galactosidases can be extracted at a high yield. High volumes can be treated by using a flow process. Extraction of proteins is obtained with

many systems including mammalian cells. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Electropulsation; Biotechnology; Microorganisms; Yeast; Amoebae; Legionella

1. Introduction

When during the Szeged BES meeting in 1987, the
principal investigator was asked to give a survey of the
effects of electric fields and currents on living cells and their
potential use in biotechnology, two main emerging fields
were present [1]. Taking benefit of the basic research results
of the early 1980s, electrofusion and electrotransformation
were starting to be used not only in academic laboratories
while cell electroactivation was expected to be a fruitful
technology. More than 10 years later, while electrofusion is
used for the formation of plant hybrids rather routinely, its

* Corresponding author. Tel.: +33-5-6117-5812; fax: +33-5-6117-5994.
E-mail address: justin@ipbs.fr (J. Teissié).

use in other biotechnological fields is somewhat limited
with the exception of its key function in animal cloning [2].
Electrotransformation (electrically mediated gene transfer)
is routinely used at the bench to obtain genetically modified
organisms (GMO) [3-5].

But no significant progress at the industrial scale has
been made to obtain by such technologies:

(a) an increase in the growth of the microorganism
(b) an increase in the metabolic activity of micro-
organisms

while this was expected in 1987.

In fact biotechnological applications remain focused on
small-scale experiments. Getting a limited number of trans-
formed microorganisms is enough to prepare the availability

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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of GMO for the market. The selected microorganisms can
be grown and expanded under selective pressure.

New developments of electropulsation in biotechnology
are obtained when large volumes can be treated. Metabolites
can be extracted or introduced as a result of electropermea-
bilization. They can be small sized but cytoplasmic proteins
can be the target by using suitable electrical parameters [6].
Microorganisms can be eradicated when stringent pulse
conditions are used, which bring an irreversible electro-
permeabilization [7].

2. Theory

When applied on a cell suspension, an external field
induces a time- and position-dependent membrane potential
difference modification AV

AV (M) = fgrEcos 0(M)(1 — exp(—1t/1)) (1)

where f is dependent on the cell shape, g on the conduc-
tance of the outer and inner buffers and of the cell
membrane, 2r is the length of the cell in the direction of
the field, E is the field strength, 6 is the angle between the
direction of the field and the normal to the membrane plane
at the point of interest M and 7 is the membrane capacitance
loading time. The field pulse is supposed to be a square
wave.
The loading time is described by

T =rCpng* (2)

where C,, is the membrane unit capacitance and g* a
complex function of the conductances. For microorganisms,
7 is in the microsecond range. It increases with a decrease in
the conductance of the external buffer and with the cell size.

The resulting membrane potential difference is the sum
of the resting membrane potential difference (assumed to be
independent of the external field) and of the field-dependent
modulation.

Electropermeabilization is triggered as soon as locally the
resulting membrane potential difference reaches a critical
value (between 200 and 300 mV). This means that for a
(spherical) given cell, this is obtained when

Ecos O(M)(1 —exp(—t/t)) = E, (3)

The conclusion is that for long pulses (duration larger
than several 1) for a field intensity £ (E>E,), a cap on the
cell surface is in the permeabilized state and its surface is

A perm = 2m* (1 — E, /E) (4)

but clearly its size will depend on the pulse duration when
this duration is in the order of 7.

The density of local defects supporting the permeabiliza-
tion is increased with pulse duration and number of succes-

sive pulses but not with the delay between pulses if delay is
larger than 1 ms and shorter than 10 s.

These conclusions on spherical cells can be used with
ellipsoidal cells (rod-like bacteria) but one must take into
account the orientation of their long axis relative to the
field [8].

3. Technological problems linked to large volume
treatment

Working on large volumes can be obtained by an up-
sizing of the present laboratory-scale processes. Batch
technology is always limited by the amount of energy that
can be delivered by the power generators. The volume Vol
that can be treated with a pulse of duration 7 at a field £
in a buffer with a conductance A requires an available
energy:

W =E*AVol T (5)

that is, 15 kJ is needed to pulse 1 1 of phosphate buffer
saline (PBS) at 1 kV/cm during 1 ms. This is clearly a
technical limit in the design because with a width between
the electrodes of 1 cm (to limit the voltage to 1 kV), the
current would reach 15 kA!

Other methodologies are clearly needed. Flow processes
appear to be a suitable approach. We introduced the tech-
nology in the mid-1980s [9] for an up-scaling of electro-
fusion [10,11] and showed some years later that it can be
used for electrotransformation but the plasmid cost was high
[12]. The possibility to treat blood samples was proposed
for clinical applications [13].

4. Flow electropulsation

The basic concept is to apply calibrated pulses as in
batch process but at a delivery frequency that is linked to
the flow rate (Fig. 1). The relationship between frequency
and flow is such that the desired number of pulses is
actually delivered on each cell during its residency in the
pulsing chamber. The geometry of the chamber is chosen to
give a homogeneous field distribution and a uniform flow
rate (turbulent flow conditions may be advantageous).
Therefore, the residency time T, of a given cell in the
chamber is:

Tres = Vol/Q (6)

where Vol is the volume of the pulsing flow chamber and Q
is the flow rate. The number of pulses delivered per cell is:

N = TresF (7)

F being the frequency of the pulses, which is set by the
pulse generator, which also controls the pulse duration T
and the voltage U.
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UT,F

Pulsing chamber

réservoir

Flow control

electropulsator

Collecting reservoir

Fig. 1. Flow electropulsation. (A) Cells are taken from the reservoir. (B) They flow through the pulsing chamber where a controlled number of calibrated pulses
is applied. The pulsing chamber is connected to the high-power pulse electropulsator where the voltage U, the pulse duration 7 and the pulse frequency F are
under control. (C) The flow Q is obtained by a pump and controlled. (D) Pulsed cells are collected and processed in a collecting reservoir.

The field strength is
E=U/d (8)

d being the width between the two electrodes that are flat
and parallel.

The description of the flow electropulsation device is
cartooned in Fig. 1.

The electrical requirements are reasonable. To treat 1 1 of
PBS per minute with 10 pulses of 1 ms requests a power of
2.5 kW from Eq. (5).

5. Protein extraction

Yeasts (Saccharomyces, Kluyveromyces, Picha) are a
well-established cell factory for the production of endoge-
nous proteins (alcohol dehydrogenase, aldehyde dehydro-
genase, glucose-6-phosphate dehydrogenase, hexokinase, 3-
phosphoglyceric phosphokinase, (3-galactosidase, alcohol
oxidase). Their electrotransformation to produce exogenous
proteins follows an easy-to-perform protocol on intact
systems [14].

A technological bottle neck is the extraction of proteins
from the cytoplasm under conditions where the protein
integrity (i.e., activity) is preserved. Many approaches are
proposed and already used in the biotech industry. As the
cell wall must be degradated, drastic mechanical (bead mill
homogenization, rotor stator homogenization, high-pressure
homogenization, US disintegration), chemical (autolysis by

solvent, membrane disintegration, heat, pH and osmotic
shock) or enzymatic (zymolase, lyticase) methods are used.
A critical drawback is presently due to the nonspecificity of
these methods: the vacuoles are destroyed allowing the
proteases to have a free access to the cytoplasmic enzymes.
Another limit is that these methods are energy consuming
because the treatment is most of the time operated at high
temperature.

Taking into account our recent observations with batch
processes [15,16], flow processes were developed to bring
electroextraction at an industrial scale [17].

A simple procedure is applied. Yeasts cells are washed
and suspended in pure water, a low-conductance medium. A
limited number of pulses is applied with pulse duration in the
millisecond time range. Field intensities are less than 4 kV/
cm. Pulsed cells are then incubated in 0.105 M salt solution
(PBS and glycerol as osmotic protector) at room temper-
ature. A slow release of cytoplasmic proteins is obtained, but
up to 90% of the cell content can be recovered within 6—8 h
(100% being assumed to be obtained by the bead mill
process or the enzyme lysis procedures). A key feature is
that the specific activity of the recovered proteins is higher
by a factor of 1.5—2 than with the mechanical extraction.
Electrophoretic characterization of the extracted proteins
does not indicate a size limit in the recovered proteins.
Indeed dimeric B-galactosidase (250 kDa) is extracted.

The electric conditions that are requested are easily
obtained due to the low current intensity that is needed as
the experiments are run on a suspension in pure water.
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Optimization of the extraction procedure can be obtained
by playing on the electrical parameters (field intensity, pulse
duration, number of pulses) in such a way as to obtain a
high flow rate. The cellular load can be high (up to 20% dry
w/v).

The present results are mostly focused on the yeast
system, but we were able to obtain analogous results with
mammalian cells [18] and other walled systems may be
targets (plant cells, molds) [19]. While proteins are products
with a high added value, the electro-assisted extraction is
valid for small metabolites as illustrated with the use of ATP
leakage to quantitatively assay cell electropermeabilization
in batch experiments.

6. Pathogen eradication

Electropulsation is known for many years to cause
irreversible membrane permeabilization when drastic elec-
trical conditions are used (Fig. 2). This offers a new physical
approach for the elimination of microorganisms.

6.1. Food industry

Cold sterilization is supposed to eliminate the micro-
organisms in food (milk, fruit juices) while preserving the
“real” taste of the product [7]. The idea is that the field is
able to disrupt the cell envelope but is too weak to inactivate
enzymes [19]. Among the two technologies presently under
development: high pressure (HP) and high-intensity electric
field pulses (HELP), the electropulsation approach is
already on the market with a prototype of pilot scale
equipment able to work a flow rate of 300 I/h. Electrical
parameters are always using strong electric pulses (more
than 20 kV/cm) with microsecond pulse duration with a
capacitor discharge technology.

A

Fig. 2. Trreversible electropermeabilization. (A) Intact cells. Their cyto-
plasm content is pictured in dark grey. (B) Electropulsation. (C) Cell
membranes are permeabilized. The cytoplasm content leaks out as shown
by the light grey colour and the small arrows. (D) The cell membrane is
irreversibly permeabilized and cannot be repaired. All the cytoplasmic
content leaks out.

6.2. Legionella in domestic water

A health problem is present in developed countries: how
to get rid of pathogens with a technology preserving the
environment. Since the epidemic in 1976, Legionella are
known to be present in domestic water and its inhalation
through aerosol is deleterious for human beings. Legionella
are present in many systems: water heater, shower, central
heating, air cooler. Its growth in domestic water must be
eliminated. Several methodologies have been proposed:
chlorine treatment or heat shock but only an online treat-
ment will bring a safety level.

Electropulsation has been shown in Toulouse to be a
suitable approach when used in a batch approach. A low-
field long-duration square wave repetitive pulse approach
(20 times 10 ms at 550 V/cm) was designed to cause
irreversible electropermeabilization. The electrical parame-
ters (50 Hz frequency) were suitable to develop a flow
technology able to treat suitable volumes of domestic water
(which conductivity is low, less than 1 mS/cm). The cost in
energy is limited as the current to be delivered is with a low
intensity and that moderate field intensities (applied voltage)
are needed. A 6 log efficiency in eradication has been
obtained with a lab pilot system at a flow rate of 24 ml/
min. A scaled-up system is under development.

6.3. Amoeba downstream of power plants

The presence of pathogenic amoebae (Naegleria fowleri)
is detected at increasing level in the closed looped cooling
systems of power plants that use water for cooling. This is
due to the facilitated growth of protozoa above 40 °C. A
continuous treatment system of the cooling water at the
system drain appears necessary. Different methods have
been proposed when chlorine treatment of the water [20]
was forbidden by councils for Public Health. Pilot studies
are under evaluation using different physical methods such
as UV light, ultrasound treatment or electropulsation.

Electropulsation can be applied for batch eradication
either alone or with a concomitant chemical or UV treatment
[21,22]. The results show that eradication can be obtained
under low-field long-pulse duration conditions by inducing
an irreversible permeabilization. Interestingly, permeabiliza-
tion was obtained under conditions that were more stringent
than for smaller mammalian cells such as Chinese ovary
cells (CHO) while it is assumed that the field effects are
larger on larger cells. Another interesting result was, that as
already observed on CHO cells [23], the eradicating effect
of the field pulses was not directly linked to the energy that
was delivered to the cell. This observation is very important
for industrial developments to reduce the cost of the treat-
ment. Short pulses with a high field intensity (microseconds,
more than 10 kV/cm) were the most cost-effective for
eradication. Death was then not due to a classical process
of irreversible permeabilization.
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Electropulsation was then used on a flow process. In a
lab pilot system, it was observed than the direction of the
pulse field versus the flow was very important. Eradication
was not possible at high flow rate when the perpendicular
orientation was used while it was obtained with a parallel
orientation [18]. A pilot set up was recently tested on a
power plant [24]. Results are encouraging. A 2 log erad-
ice31tion was obtained for less than 1 MW when treating 1
m’/s.

7. Consequences for basic research

Most of the results are explained by an irreversible
permeabilization. Nevertheless in the case of protein extrac-
tion, leakages of species with molecular weights larger than
200 kDa are evidences that defects are present in the yeast
wall. The outflow was slow (several hours) suggesting that
no large defects were present. This was confirmed by
electron microscopy studies [7]. The creation of these
defects as a result of membrane electropermeabilization
remains unexplained.

Electropermeabilization results from low-field long-last-
ing pulses and is easily monitored by the associated leakage
of small compounds. But optimized eradication in the food
industry and in the case of amoebae is obtained under
different electrical conditions. Indeed the effect of short
pulses is not supported by such a model.

Conditions for permeabilization are not energy optimal.
The membrane charging time is always shorter than the
pulse duration. As a consequence, the field-induced mem-
brane potential difference does not reach its steady-state
value. As the membrane-permeabilized part is under the
control of the induced potential difference, a smaller fraction
is brought to the permeabilized state with a lower density of
defects than obtained with long-lasting pulses. This con-
clusion opens the question of the origin of the microorgan-
ism death under these pulsing conditions. Other physical
factors are present when a field pulse is applied on a vesicle
[25,26]. Electrical fields induce mechanical forces. As it is a
field effect on a field induced dipole, the general expression
of the force F is given by

F = UE? (9)

where the U parameter is dependent on the frequency of the
field and on the membrane state [27]. As due to electro-
permeabilization, which is triggered within less than 1 ps,
the membrane state is affected and as U is time dependent, F'
changes during the pulse in a complex way. But the final
result is that a time-dependent strain is applied on a cell with
a time-dependent membrane organization.

One should consider that a cell is a viscoelastic body and
that a change in its geometry would result. This is clearly
observed on liposomes [28,29]. Elongation is predicted to
be present in the early steps of the field pulse [25,27]. A
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Fig. 3. The hydrodynamic drag affects the cell shape in the flow process.
The field is applied in the perpendicular orientation to the flow. (A) There is
no flow; the cell is spherical. For a given field intensity, two large caps on
the cell surface are brought to the electropermeabilized state. (B) A flow is
present. Being a viscoelastic body, the cell shape changes and becomes an
ellipsoid with a decrease of its size in the direction of the field. The
electropermeabilized cap size is decreased for the same applied field
intensity. (C) A high flow is present. The hydrodynamic cell deformation is
even higher. Almost no electropermeabilization can be induced by the
electric field pulse.

change in the shape of the vesicle results. In a solution with
a low conductivity, this is associated to its elongation in the
direction of the field, that is, for small values of 6, would
result in lower critical values of the damaging field inten-
sities. The mechanical stress on the membrane organization
should have direct damaging effects and clearly facilitate
the outflow of cell content. This would explain the obser-
vations on microorganism lysis obtained in the reported
biotech applications. Basic study investigations are needed
to confirm these predictions. Therefore, observations at the
single-cell level are strongly needed.

The dependence of eradication on the flow rate and on
the orientation of the field relative to the flow suggests that
the hydrodynamic drag may:

1. prevent the reorientation of rod-like bacteria during
the field pulse, a step which facilitates electro-
permeabilization [30]

2. induce a deformation of cells in the direction of the
flow, resulting in a decrease of its size in the direc-
tion of the field and of its sensitivity to the field

(Fig. 3)

The physical conditions present in the flow conditions
cannot therefore be described by taking into account exclu-
sively the electrical stress associated to the external field but
the mechanical tensions associated to the flow are other
parameters affecting the stability of the membrane.

8. Conclusions

Electropulsation can be in the coming years a powerful
tool for the biotech industry. But such a development, as
already observed during the last 20 years for the obtainment
of GMOs, needs an improvement of our basic knowledge on
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the molecular processes affecting the cell organization
during the field pulses.
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Abstract

The metabolism of apomorphine is quite complex due to interactions with proteins and other tissue components that affect its
pharmacokinetic profile. The electrochemical oxidation mechanism of apomorphine and of some synthesised apomorphine derivatives was
studied. It was found to be related to the reaction of o-diphenol and tertiary amine groups and strongly dependent on pH. © 2002 Elsevier

Science B.V. All rights reserved.

Keywords: Apomorphine; Oxidative behaviour; Electrochemistry

1. Introduction

Apomorphine is a drug used for a long time. It has
recently received renewed attention because it was found
to have beneficial effects in the treatment of idiopathic
Parkinson’s disease, a disease related with progressive
degeneration of the central nervous system. However, the
metabolism of apomorphine is quite complex mainly due
to its catechol group, which after oxidation gives an
electrophilic quinone that can interact with proteins and
other tissue components, influencing the pharmacokinetic
profile [1]. Furthermore, it is also stated that a change in
the N-methyl group could result in a significant decrease in
the affinities to 5-HT; 5 receptors [2]. Thus, it is necessary
to gain a better understanding of the metabolic and oxi-
dative pathways of apomorphine. The oxidation behaviour
of apomorphine, using a carbon paste electrode, identified
oxoapomorphine as one oxidation product [3]. Since apo-
morphine metabolites could be involved in the coupling of
nucleophilic groups on proteins [1], it was decided to
synthesise some apomorphine derivatives in order to iden-
tify all the oxidation products.

* Corresponding author. Tel./fax: +351-239-835295.
E-mail address: brett@ci.uc.pt (A.M. Oliveira-Brett).

2. Experimental

All experiments were performed using a 663 VA Met-
rohm system containing a glassy carbon working electrode
(d=2 mm) (METROHM 6.1204.110), a glassy carbon rod
counter electrode and an Ag/AgCl reference electrode
attached to an Autolab PSTAT 10 potentiostat/galvanostat
running with model GPES version 3 software (EcoChimie,
Netherlands).

The pH measurements were performed using a Metrohm
E-520 pH-meter.

Apomorphine hydrochloride was obtained from Sigma
and was used without further purification. Oxoapomor-
phine and diacetylapomorphine were synthesised [4]. All
the other chemicals were of reagent grade and were used as
received.

3. Results and discussion

The electrochemical oxidation behaviour of apomorphine
and its oxidation products, oxoapomorphine and diacetyla-
pomorphine, was studied over a wide pH range, between 1.2
and 12.0, at a glassy carbon working electrode using differ-
ential pulse voltammetry. The oxidation behaviour of apo-
morphine is strongly pH-dependent (Fig. 1). Up to pH 2,
only one anodic peak at 0.5 V vs. Ag/AgCl was observed.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. 3D plot of differential pulse voltammograms of 100 pM
apomorphine as a function of pH. Pulse amplitude 50 mV; scan rate 5
mVs~ .

Between pH 2 and pH 5, two anodic waves, one near 0.3 V
and the other at 1.1 V, were observed. For pH>5, three
anodic peaks occurred at — 0.1, 0.0 and 0.8 V. The potentials
of apomorphine oxidation peaks shifted toward more pos-
itive values for lower pH. Variation of the anodic peak
potentials, £,, with pH, for all the peaks, is linear with
slopes — 55, — 67 and —78 mV/pH, respectively. The
results obtained for apomorphine were compared with those
obtained for oxoapomorphine and diacetylapomorphine and
enabled an oxidation mechanism for apomorphine to be
proposed. The anodic peak observed near 0.3 V vs. Ag/

AgCl at low pH, corresponding to another oxidation step
related to the catechol group, does not occur for oxoapo-
morphine and diacetylapomorphine. Above pH 6, the small
peak appearing at —0.1 V vs. Ag/AgCl also occurs for
oxoapomorphine, leading to the conclusion that it corre-
sponds to another oxidation step related to the o-quinone
group. This is in agreement with previous conclusions that
in aqueous solution, apomorphine rapidly undergoes spon-
taneous oxidative decomposition, this process being cata-
lysed by oxygen and high pH [3]. Finally, the appearance of
only one anodic peak for diacetylapomorphine at +1.0 V
leads to the conclusion that at this potential the oxidation of
the apomorphine tertiary amine group occurs.

4. Conclusions

The electrochemical oxidation mechanism of apomor-
phine in aqueous solution is complex and strongly pH-
dependent. It was possible, through synthesis of the deriv-
atives, to identify all the anodic peaks of apomorphine. This
could lead to important advances in understanding its bio-
logical interactions since the oxidation products may play a
very significant role in its pharmacokinetics.
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Abstract

Tumor suppressor protein p53 is often expressed as a fusion protein with glutathione-S-transferase (GST). The sensitive determination of
GST in p53 samples is thus necessary. We propose a method for the determination of traces of GST in the p53 C-terminus based on the
constant current chronopotentiometric stripping analysis (CPSA) with hanging mercury drop electrode (HMDE). GST produces a catalytic
signal in cobalt-containing solutions due to cysteine residues. A large excess of the C-terminus does interfere with the determination because
of the lack of cysteines in the molecule. This method is simple and very sensitive and is capable of detecting <1% GST in the p53 sample.

© 2002 Elsevier Science B.V. All rights reserved.

Keywords: p53; Glutathione-S-transferase determination; Constant current chronopotentiometry; Hanging mercury drop electrode

1. Introduction

Peptides and proteins (depending on their amino acid
composition) produce electrochemical signals at mercury or
carbon electrodes [1-3]. Recently, we have shown that
using the constant current chronopotentiometric stripping
analysis (CPSA), remarkably low levels of DNA, RNA,
peptides and proteins can be determined [1-5]. At the
carbon electrodes, CPSA of the proteins is based on the
oxidation of tyrosine and tryptophan residues in the protein
molecule. Subnanogram amounts of bioactive peptides
containing these amino acids can be determined [1-3]. At
the mercury electrodes, the peptides and proteins containing
cysteine/cystine residues produce catalytic signals in cobalt-
containing solutions and “peak H” (not requiring cobalt
ions) [3] at highly negative potentials (close to —1.7 V
against SCE). In difference to the polarographic presodium
wave [6], the CPSA “peak H” is well developed and can be
used for the determination of peptides and proteins at
nanomolar concentrations. Nucleic acid- and protein-modi-
fied electrodes can be utilised in molecular recognition
studies including DNA hybridization and DNA—protein
interactions [5,7].

* Corresponding author. Tel.: +42-5-746-241; fax: +42-5-4121-1293.
E-mail address: palecek@ibp.cz (E. Palecek).

To our knowledge, electrochemical methods have not
been so far used in the research of the p53 protein. The wild-
type human p53 is a 393-amino acid phosphoprotein func-
tioning as a stress-activated transcription factor. It can drive
transcription by the binding of the central portion of the
protein to specific DNA elements in the promoters or
regulatory regions of genes and can induce growth arrest
or apoptosis [8]. The C-terminal basic part (aa320-393)
assembles stable tetramers and binds DNA non-specifically
[9,10]. This part of the molecule is responsible for the
interaction with single-stranded DNA ends and DNA which
is mismatched or damaged enzymatically or by ionising
radiation [11]. The central p53 portion contains 10 cysteine
residues, while the C-terminal domain contains a tyrosine
residue (but no cysteine). Such a distribution of the electro-
active amino acids is advantageous for the electrochemical
analysis of the individual protein domains. Full-length p53
yields catalytic currents at the mercury electrode in the
presence of cobalt ions [12].

To obtain more stable and soluble proteins which can be
isolated at a high degree of purity, many proteins including
p53, and particularly, its deletion mutants are expressed as
fusion proteins with glutathione-S-transferase (GST) mole-
cules [13]. At the end of the procedure, the GST protein
(containing four cysteine residues) is usually split off by
thrombin from the fusion protein to obtain the desired
protein molecule in a highly purified state. Traces of the

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. CPSA signals of the background electrolyte (1), 1 pM p53 C-
terminal domain (aa320—-393) (2) and 200 nM glutathione-S-transferase
(GST) (3): the peak of cobalt (Co) and the catalytic peak Brd yielded by the
protein in the presence of cobalt ions (Brdicka’s reaction). Eo (accumu-
lation potential)=—0.10 V, #o (accumulation time)=90 s, Iy, (stripping
current)=—3 pA. Solution: 0.1 M (NH;OH+NH4Cl) and 1 mM
[Co(NH;)6]Cl3, pH=9.5.

GST protein can contaminate the p53 sample, and a simple
and sensitive method of determining traces of the GST
protein is therefore needed.

M. Brazdova et al. / Bioelectrochemistry 55 (2002) 115-118

2. Experimental
2.1. Proteins

C-terminal domain (aa320—-393) was expressed in E.coli
strain BL21 as fusion protein GSTp53(aa320-393) [14].
Soluble lysate was loaded onto a HiTrap Heparin column
and eluted with 0.05—1 M KCI gradient (about 700 mM
KCI). C-terminal domain and GST alone were purified by
exchange chromatography after thrombin cleavage of the
GST tag domain from the fusion protein. The sample was
loaded into a MonoS HR10/10 (column volume: 1 ml)
column (Pharmacia, Sweden) in 25 mM HEPES, pH 7.6,
10% glycerol, and 40 ml NaCl gradient (0—1 M) was used
for the elution-bound C-terminal domain (about 600 mM
NaCl, 24 min of gradient). The GST tag protein was
purified in the same way by a HiTrapQ column (column
volume: 5 ml) (Pharmacia, Sweden). The GST protein was
eluted as single peak by about 250 mM NaCl in 20 min of
40-ml gradient (0—1 M NaCl). Purified proteins were
analysed by SDS-PAGE as described by Laemmli [15]
and stained with Coomassie blue. C-terminal domain and
GST were obtained in >99.5% purity by this technique.
The concentration of the proteins was estimated from
Coomassie blue-stained gels with BSA as standard. The

2
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Fig. 2. CPSA signals of GST added to 1 pM sample of the p53 C-terminal domain (aa320—-393) (for details, see Fig. 1). (1) Background electrolyte, (2)

addition of 6, (3) 60 and (4) 200 nM GST. Inset: detail of curves (1) and

Q).
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FPLC chromatography system and columns were supplied
by Pharmacia, Sweden.

2.2. Apparatus and procedures

Electrochemical measurements were performed by an
AUTOLAB analyzer (EcoChemie, The Netherlands) in
connection with VA-Stand 663 (Metrohm, Zurich, Switzer-
land). The standard cell with three electrodes was used. The
working electrode was the hanging mercury drop electrode
(HMDE) with a drop area of 0.4 mm?” The reference
electrode was the Ag/AgCl/3 M KCI electrode, and the
platinum electrode was used as the auxiliary electrode. All
experiments were carried out at 25 °C.

3. Results and discussion

Almost 70 years ago, it was shown by Brdicka [16,17]
that cystine/cysteine containing proteins produced a charac-
teristic D.C. polarographic double wave in cobalt-containing
solutions due to the catalytic hydrogen evolution. Later, we
proposed a more sensitive variant of this method based on
the differential pulse polarography [18]. Here, we used the
medium applied by Brdicka, but instead of D.C. polar-
ography, we applied chronopotentiometry in a stripping
mode in combination with HMDE. Using this method, we
obtained no signal with the highly purified 1 pM p53 C-
terminal domain (because of the lack of cysteine in its
molecule) (Fig. 1). On the other hand, the GST protein at
much lower concentrations produced the typical “Brdicka”
catalytic signal(s) (Fig. 1, peak Brd). Similar signals were
obtained if small amounts of GST protein were added to the
p53 C-terminal domain (Fig. 2). GST (6 nM) was easily
detectable in the 1 uM p53 C-terminal domain, correspond-
ing to 0.6 mol% contamination of p53 with GST. Such a
small contamination is not detectable by the polyacrylamide
gel electrophoresis with Commasie blue staining that is
usually used to establish the degree of the protein purity.
Considering the fact that by using the adsorptive transfer
CPSA (AdTCPSA), the analysis can be easily performed
with 5 pl of the analyte and 0.75 ng of GST can be
determined by this new method of ultramicroanalysis of
the GST protein contamination in the p53 C-terminal
domain. The presence of GST in p53 samples can reduce
the DNA-binding activity of the p53 protein and should be
therefore carefully controlled. Compared to gel electropho-
resis, this method is simpler and faster. More details will be
published elsewhere.

4. Conclusion
We proposed a CPSA method which is based on the

catalytic signal produced by GST and the absence of this
signal in the p53 C-terminus. This method is simple and

very sensitive and is capable of detecting <1% GST in the
p53 sample. It can be expected that the principles of the
method described in this paper will find their use in the
determination of the traces of various cysteine-containing
proteins and peptides in histones, protamines, etc. (not
containing cysteine).
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Abstract

Earlier, we showed that using differential pulse cathodic stripping voltammetry with hanging mercury drop electrode (HMDE), single-
stranded (ss) DNA modified with osmium tetroxide, pyridine reagent (Os,py) can be determined at concentrations down to about 10—5 ng/
ml. Here, we show that by exchanging Os,py for osmium tetroxide, 2,2’ -bipyridine (Os,bipy) and decreasing the pH of the background
electrolyte from neutrality to about pH 4, ssDNA can be determined at concentrations lower by one order of magnitude. Determination of
DNA at such low concentrations may find use in various areas of molecular biology and in biotechnologies, including the development of

DNA sensors. © 2002 Published by Elsevier Science B.V.

Keywords: Differential pulse stripping voltammetry; Microdetermination of DNA; Chemical modification of DNA; Osmium tetroxide complexes; HMDE

1. Introduction

Almost 20 years ago, we found [1-3] that osmium
tetroxide, pyridine complex (Os,py) covalently bound to
pyrimidine bases in (denatured) single-stranded (ss) DNA
can serve as an electroactive marker. We showed that
Os,py bound to ssDNA can be detected polarographically
(with DME) at low concentrations using the catalytic
signal at about — 1.2 V (against SCE). Os,py was bound
not only to ssDNA but also to distorted or damaged
regions in the (native) double-stranded (ds) DNA but not
to intact B-DNA. On the ground of this finding we
developed Os,py as a chemical probe of local DNA
structures such a as cruciforms, triplexes, left-handed Z-
DNA segments, etc. in recombinant DNAs [4—6]. The
osmium binding site in a polynucleotide chain can be
detected by gel electrophoresis using single-strand selec-
tive nucleases such as S1 or by piperidine cleavage. The
latter approach provided information about the osmium
binding sites at single-nucleotide resolution (at sequencing
gels). Os,py, thus, became one of the first chemical probes
of the DNA structure. Later, other ligands such as 2,2 -
bipyridine (bipy) [5] (Fig. 1a) or 1,10-phenanthroline [7]

* Corresponding author. Tel.: +42-5-74-62-41; fax: +42-5-41-21-12-93.
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were used instead of pyridine providing better stability of
the complex and extending the abilities of the probe for its
application in cells [5]. Os,L complexes became versatile
probes of the DNA structure analysis in vitro and in vivo.
Because of the importance of the Os,L probes in the DNA
structure research, the development of the electrochemical
methods of DNA-Os,L adducts was neglected in our
laboratory for many years in spite of the fact that the
electrochemical behavior of Os,L-modified DNA is inter-
esting and deserves further research. In our earlier polaro-
graphic studies of the DNA-Os,py adducts, we showed that
these adducts produced in addition to the catalytic signal
also other smaller signals at less negative potentials. Using
the catalytic signal and stripping voltammetry at HMDE,
Os,py-modified ssDNA was detectable at concentrations as
low as 10—5 ng/ml at neutral pH [8]. In this paper, we
show that with an acid electrolyte and sophisticated base
line correction even lower concentrations of the DNA-
Os,bipy adduct can be determined.

2. Experimental

2.1. Materials and methods

Calf thymus DNA was isolated as described [1]. Osmium
tetroxide was purchased from JMC (England). Other chem-





120 R. Kizek et al. / Bioelectrochemistry 55 (2002) 119-121

a
O O pr—
CH, CHE) Ol,N\ / 0.4
T e,y :
0 l?‘ O)\N O/g‘ —
R1 &1 N7
-12.0
b < -0.2
£
E g
: :
4 Q
5
Q
0/
-6.0 1 T
-1.4 -1.2 -1.0
Potential (V)
-14 -1.2 -1.0

Potential (V)

Fig. 1. Differential pulse stripping voltammograms of thermally denatured calf thymus DNA modified by Os,bipy at 0.3 M ammonium formate with 0.05 M
sodium phosphate, pH=6.9. (a) Reaction of osmium tetroxide, 2,2" -bipyridine with thymine. (b) Voltammograms of background electrolyte and ssDNA-
Os,bipy at a concentration of 5 ng/ml (raw data). (c) Signal ssDNA-Os,bipy at a concentration of 5 ng/ml after moving average baseline correction. Differential
pulse stripping voltammetry, pulse amplitude 50 mV, scan rate 10 mV/s, time of accumulation 120 s, initial potential — 0.6 V, HMDE, stirring.

-400 -500
a
b
-0
_ -300 ¢
<
&
H
£
Q
-100 - _ 30/
<
&
-200 - ‘ £
-1.4 -1.2 -1.0 é
2 Potential (V)
RS -100
=
&
i
=
Q T
-14 -12 -10
Potential (V)
0 \
-14 -1.2 -1.0
Potential (V)

Fig. 2. Differential pulse stripping voltammograms of thermally denatured calf thymus DNA modified by Os,bipy in 0.1 M Britton—Robinson buffer, pH =4.0.

(a) Voltammograms of background electrolyte and ssDNA-Os,bipy at a concentration of 1 ng/ml (raw data). Data after moving average baseline correction (b)
at a concentration of 1 ng/ml and (c) 5 ng/ml. Other conditions as in Fig. 1.
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icals were of analytical grade. DNA solution was mixed
with the 2 mM OsO, and bipy in Tris(hydroxymethyl)ami-
nomethane and 0.1 M HCIl (pH=7.0). The reaction was
carried out at 26 °C for 24 h. Simple reaction scheme is in
Fig. la. Further details of modification were published [6].

2.2. Apparatus and procedures

Electrochemical measurements were performed with an
AUTOLAB analyzer (EcoChemie, The Netherlands) in
connection with a VA-Stand 663 (Metrohm, Zurich, Swit-
zerland). The standard cell with three electrodes was used.
The working electrode was the hanging mercury drop
electrode (HMDE) with a drop area of 0.4 mm?> The
reference electrode was the Ag/AgCl/3M KCIl electrode
and platinum electrode was used as the auxiliary electrode.
All experiments were carried out at room temperature.

3. Results and discussion

Earlier [8], the analysis of DNA-Os,py was performed in
the 0.3 M ammonium formate with 0.05 M sodium phos-
phate, pH=6.9 (Fig. 1). Recently, we tested conditions of
the analysis DNA-Os,bipy and optimized determination of
the adduct. Some of the results are reported in this paper. We
show that a poorly developed inflexion close to —1.2 V
obtained with DNA-Os,bipy (Fig. 1b) at a concentration of 5
ng/ml can be changed into a well-developed peak by means
of moving average baseline correction (Fig. 1c).

The peak height of ssDNA-Os,bipy increases with
decreasing pH, in 0.1 M Britton—Robinson buffer [9]. At
pH 4.0, DNA-Os,bipy at a concentration of 1 ng/ml pro-
duces a peak which without any baseline correction is much
better developed (Fig. 2a) than that observed at neutral pH
under the same conditions (Fig. 1b). Treating raw data
obtained at pH 4 by moving average baseline correction
results in a symmetrical, well measurable peak (Fig. 2b and
¢). Our results show that osmium-labeled ssDNA can be
determined by DPV at a concentration as low as 1 ng/ml
(Fig 2b). This concentrations does not, however, represent a
final detection limit. Substantially lower concentrations of
ssDNA-Os,bipy can be determined if the accumulation time
is adequately prolonged. To our knowledge, the method
introduced in this paper represents the most sensitive
electrochemical determination of ss nucleic acid samples.

4. Conclusion

In this paper, we show that chromosomal ssDNA modi-
fied with the well-known single-strand selective Os,bipy
probe of the DNA structure [5] can be electrochemically
determined concentrations as low as 1 ng/ml. Our prelimi-

nary results [9] suggest that lower DNA concentrations can
be detected under certain conditions. Considering that about
3 pl of DNA-Os,bipy are sufficient for the analysis by the
adsorptive stripping transfer voltammetry [10], we can
conclude that few picograms of DNA-Os,bipy can be
determined. This sensitivity is by about two orders of
magnitude higher than that of the most sensitive electro-
chemical determination of unmodified DNA with mercury
or carbon electrodes [11,12]. Such a high sensitivity of the
electrochemical determination of DNA may find application
in various areas of molecular biology as well as in bio-
technologies and particularly in the development of the
DNA hybridisation sensors [13]. More detailed studies will
be published elsewhere.
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Abstract

Amperometric enzyme biosensors must possess two important characteristics if they are to be successfully utilised as reliable monitoring
devices. They must exhibit linearity over concentrations relevant to the target analyte, and they must avoid contamination, adverse reactions
with the sample matrix response to interferents that react directly at the polarised working electrode surface.

Covering polymeric membranes have provided a useful route to overcoming these problems. This report summarises successful
modulation of membrane bulk as well as surface properties using surfactant-loaded diffusion limiting PVC and phenolic membranes, and the
possible exploitation of direct response conducting poly (pyrrole) membrane loaded with affinity molecules through impedance spectroscopy.

© 2002 Published by Elsevier Science B.V.

Keywords: PVC; Surfactant; Poly (pyrrole); Biosensor; Electropolymerisation

1. Introduction

The successful long-term development of amperometric
enzyme electrodes in “real” samples demands materials
interfaces for these devices that control both the level of
access of substrate/cosubstrate to the reactive enzymic layer
and also the extent of surface biofilm formation from sample
colloids and cells. The latter presents an especially intract-
able problem since no material surface is immune from
some degree of surface coating when exposed to a biomatrix
(e.g. blood, tissue) [1].

The failure pathway to loss of response is especially
complex in vivo and extends from plasma protein deposi-
tion, fibrin formation and cellular recognition/attachment
through to complement activation and immuno-response to
fibrous capsule growth and ultimate calcification.

Single homogenous, porous polymer membranes such as
Nafion® have been the focus of special attention as
membrane barriers for sensors. However, dual component
phases have proved to be especially valuable. Here, a
model system based on PVC has been used to variously

* Corresponding author. Tel.: +44-20-7882-5285; fax: +44-20-8993-
1799.
E-mail address: p.vadgama@gmw.ac.uk (P. Vadgama).
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support lipid (isopropyl myristate, IPM) and surfactants
(Triton X-100, pluronics F68, taurocholic acid, methyl
trialkyl chloride) as plasticisers. The base PVC has 8—10%
crystallinity and it was the intention to use differentially
hydrophobic and lipophilic plasticisers to control the diffu-
sion of enzyme substrates and products [2] via control of
the inter-polymer chain void volume and chain flexibility.
Surfactants were also co-entrapped in electropolymerised
non-conducting phenolic films to vary selectivity and any
surface fouling.

As an extension of the work, conducting poly (pyrrole)
films were used as cationic phases to entrap or adsorb ionic
receptor protein molecules (avidin, antibody to lutenising
hormone) for a possible impedimetric route to detection of
ligand binding interactions [3]. Electrochemical impedance
spectroscopy enables charge transfer to be followed and any
possible conformational changes in the polymer chains due
to steric effects of ligand binding can be followed.

2. Experimental

PVC membranes were prepared by solvent casting. A
PVC polymer solution in THF with added plasticiser
surfactant or IPM was layered on a planer glass surface
and allowed to precipitate as a film by slow solvent
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evaporation over 1 to 2 days at room temperature and slow
solvent venting. To reduce variable thickness and membrane
density, constant revolution (1000 rpm) spin coating was
also employed.

For phenolic electropolymerisation, various phenols
(phenol, phenol red, disperse blue, rosolic acid, new
fuschin) were either directly electropolymerised at a Pt
surface at fixed anodic voltage in stirred solution (+0.85
V vs. Ag/AgCl) using a two electrode cell or deposited via
voltammetric cycling between 0 and +0.9 V vs. Ag/AgCl in
a three-electrode cell using an Ecochemie pAutolab type II.
This was accomplished as required in solutions containing
surfactant. Poly (pyrrole) electropolymerisation at interdigi-
tated gold electrodes (Southampton University Microelec-
tronics Centre, Southampton, UK) was achieved by cyclic
voltammetry between —0.9 and +0.9 V vs. Ag/AgCl.
Films were deposited over 15 cycles in the presence of a
receptor protein and electrochemical impedance spectro-
scopy (EIS) analysis performed on a HP 4192A LF impe-
dance analyzer using a frequency range from 5 Hz to 13
MHz in phosphate buffer.

Enzyme electrodes for oxidases (e.g. lactate) were pro-
duced by crosslinking of enzyme using conventional gluta-
raldehyde and bovine serum albumin (BSA)—this was done
between Cuprophan dialysis membranes (Gambro, Lund,
Sweden) to permit ready substitution of barrier PVC mem-
branes.

All chemicals used were purchased from Sigma-Aldrich
(Poole, Dorset, UK).

3. Results and discussion

Calibration curves of oxidase enzyme electrodes ob-
tained using PVC barrier layers demonstrated the substrate
impermeability of unplasticised PVC, and this switched to
lipophilic solutes using IPM incorporation; thus at 15%
w/v IPM, >100:1 catechol to ascorbate selectivity was
observed. Catechol is an electrochemically detected end
product of a glucose-6-phosphatase-diaphorase reaction
couple usable as a label in immunoassay. This reporter
molecule is generated in the bulk sample, but naptho-
qunione sulphonic acid could instead be localised behind
such a PVC membrane.

Triton X-100-loaded PVC at various concentrations (20—
90% w/v) helped permeabilise PVC in a controlled manner,
whereby the effective K, of the relevant oxidase enzyme
could be extended to the full clinical range.

Electropolymerised phenol reduced surface fouling of a
Pt electrode as evidenced by the response to various electro-
chemically active compounds. Phenol also had the effect of
partially rejecting interference where H,O, was the enzymic
product desired for selective detection.

The other phenolics demonstrated similar selectivity
properties despite differences in monomer molecular weight
and the presence of different side groups. The exception was

poly (rosolic acid), which totally excluded anionic interfer-
ents. However, selectivity of phenolics was enhanced when
electropolymerisation occurred at pH 9. The degree of
fouling in blood was reduced by the incorporation of any
of the surfactants (Fig. 1). This was possibly the result of
surface-exposed surfactant chains providing a mobile poly-
mer—sample interface less liable to static colloid attachment.

Bode plots of poly (pyrrole) films loaded with avidin
showed no significant change in either impedance or phase
angle on exposure to biotin. However, when a subsequent
redox cycle was performed, a biotin-dependent reduction in
the phase angle peak was seen (Fig. 2). The same observa-
tion was made for the binding of lutenising hormone to
antibody-loaded films. The development of a binding
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Fig. 1. Heparinised whole blood exposure of bare and phenol-coated Pt
electrodes. Electrode rinsed in isotonic buffer before response determi-
nation in each analyte solution (5 mM phosphate buffer, pH 7.4).
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Fig. 2. EIS response of avidin-loaded poly (pyrrole) film exposed to biotin for 30 min followed by a — 0.9 to +0.9 V (vs. Ag/AgCl) electrochemical cycle.

response only after voltage cycling suggests that conducting
polymer film oxidation/reduction could possibly permit
chain rearrangement around bound complexes.

In the case of in vivo monitoring, it appears that a static
biomaterial/biosensor implanted interface is not sufficient
to allow for the maintenance of a stable interface, let alone
one that does not foul. It is likely that the surface reactions
that matter occur in the first few seconds and that sensor
implant geometry is as relevant as sensor surface chemistry.
In a new technique termed Open Microflow, a partially
implanted biosensor with tissue negative pressure-driven
fluid flow from an external reservoir has shown the po-
tential to create a constantly renewing interface and con-
tinuously modified sample (subcutaneous tissue) matrix.
The functional outcome appears to be enhanced biosensor
stability in vivo [4].

4. Conclusions
Thick PVC membranes, phenolic films and functionally

responsive poly (pyrrole) layers offer different ways of
altering the response of a working electrode surface whilst

ensuring that any electrochemical voltage regimen for
selectivity or stability is kept relatively simple. This materi-
als selection has distinct advantages for biosensing.

Acknowledgements

The authors express their gratitude to the funding from
the EU (IC15CT980915) and EPSRC (GR/L52413).

References

[1] PH. Treloar, LM. Christie, P. Vadgama, Engineering the right mem-
branes for electrodes at the biological interface; solvent cast and elec-
tropolymerised, Biosens. Bioelectron. 10 (1995) 195-201.

[2] A. Maines, A. Cambias, L. Delfino, G. Verreschi, 1. Christie, P.
Vadgama, Use of surfactant-modified cellulose acetate for high linearity
and pH-resistant glucose electrode, Anal. Commun. 33 (1996) 27-30.

[3] S.B. Adeloju, G.G. Wallace, Conducting polymers and the bioanaly-
tical sciences: new tools for biomolecular communications, Analyst
121 (1996) 699—703.

[4] G.P. Rigby, P. Crump, P. Vadgama, Stabilised needle electrode system
for in vivo glucose monitoring based on open flow microperfusion,
Analyst 121 (1996) 871-875.





		Strategic issues in reliable sensing

		Introduction

		Experimental

		Results and discussion

		Conclusions

		Acknowledgements

		References






ELSEVIER

Bioelectrochemistry 55 (2002) 127—-130

Bioelectrochemistry

www.elsevier.com/locate/bioelechem

Short communication

Adsorption of differently charged forms of horseradish peroxidase on
metal electrodes of different nature: effect of surface charges

Elena Ferapontova *, Elena Dominguez

Department of Analytical Chemistry, Faculty of Pharmacy, University of Alcala, E-28871 Alcala de Henares, Madrid, Spain

Received 1 June 2001; received in revised form 27 June 2001; accepted 17 July 2001

Abstract

The adsorption and bioelectrocatalytical activity in the reaction of H,O, reduction of two forms of horseradish peroxidase (HRP) offering
different surface charges at pH 6.0 were studied on gold and silver electrodes. Positively charged HRP was assessed at pH 6.0 for the case of
native HRP (isoenzyme C, pl=_8.8), and negatively charged HRP for the case of native HRP exposed to previous oxidation of carbohydrate
residues and further introduction of sulfonate groups (pI =5.0). Under oxidative pretreatment, the gold electrode surface was considered to be
negatively charged. Data on the direct immobilisation of HRPs on the bare gold surfaces were estimated with quartz crystal microbalance and
data on bioelectrocatalytical activity of peroxidases on gold and silver electrodes were obtained in the course of direct and mediated
amperometric detection of H,O,. The presented results demonstrate that the surface charges of both the enzyme and the electrode play a
dominant role in the immobilisation and, thereby, in the efficiency of the bioelectrocatalytical processes. © 2002 Elsevier Science B.V. All

rights reserved.
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1. Introduction

Direct (mediatorless) electron exchange between the
heme group of horseradish peroxidase (HRP, hydrogen
peroxide oxidoreductase, EC-1.11.1.7), and the different
electrode materials has been extensively studied [1,2 and
refs. therein]. Compound 1 (E1), representing oxidized HRP
upon addition of H,O, and consisting of oxyferryl iron
(Fe** =0), and a porphyrin = cation radical can be directly
electro-reduced (2¢ ~, 2H ") at the electrode surface with
different electron transfer (ET) rate depending on the
specific electrode material (e.g., carbon, gold, tin, oxide,
etc.). Direct adsorption of HRP could virtually result in
efficient direct ET if deposition and orientation of the
enzyme can be controlled. Previously, we have characterised
the adsorption and bioelectrocatalytical behaviour of differ-
ent forms of HRP, native and recombinant ones, on gold
electrodes [2]. In the case of native HRP it was observed
that detectable currents could be only achieved when the
enzyme was adsorbed at pH 6.0. However, the enzyme

* Corresponding author. Fax: +34-91-885-4666.
E-mail address: elena.ferapontova@uah.es (E. Ferapontova).

could be deposited at pH 7.4 on preoxidised gold surfaces
(23.1 £2.1 pmol cm ~ %) as was demonstrated by micro-
gravimetric measurements [2]. It was thus presumed that if
favoured electrostatic interactions can be established by
strategic manipulation of the charge of the interacting
surfaces (i.e., the enzyme and the electrode), this could,
virtually, result in more efficient direct ET.

The aim of this work is a deeper insight into the effect of
electrostatic interactions on the adsorption of HRP on gold
and silver electrodes, and, therefore, on the efficiency of ET
from the electrode to the active site of the heme protein.
This is achieved by different pretreatment of metal electro-
des which provides different electrode surface charges and
by comparison of the deposition and the bioelectrocatalytic
efficiency in direct and mediated ET obtained with two
differently charged forms of HRP.

2. Experimental

2.1. Instrumentation

The experimental set-up consisted of gold-coated piezo-
electric quartz crystals (PQC), with a frequency of 5 MHz

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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and a working area of 1.37 cm?, and quartz crystal micro-
balance PM-700 Series Plating Monitor (QCM), (both
MAXTEK, Torrance, CA, USA). Amperometric measure-
ments with polycrystalline gold and silver disk electrodes
(CH-Instruments, Austin, TX, USA, surface area 0.031 cm?)
were performed at room temperature (22 £ 1 °C) in a stan-
dard three-electrode wall-jet flow-injection cell connected to
a potentiostat AUTOLAB (PGSTAT30, Eco Chemie, Neth-
erlands) equipped with a GPES 4.8 software. An Ag/AgCl/
0.1 M KCI electrode and a platinum wire were used as
reference and auxiliary electrodes, respectively.

2.2. Materials

Native HRP (nHRP, isoenzyme C, 1300 U mg ' to-
wards ABTS, pl =8.8) and other reagents of analytical grade
were provided by Sigma (St. Louis, USA). Anionic HRP
(HRP ~, 330 U mg ') was obtained from nHRP by
previous oxidation of carbohydrate residues and derivatiza-
tion with sulfonate groups providing a rather anionic iso-
electric point (pI=5.0) [3]. De-ionized Milli-Q water
(Millipore, Bedford, MA, USA) was used throughout this
work.

2.3. Electrode pretreatment/modification

Prior to use, the gold PQC electrodes were cleaned in a
hot Pyranha mixture and 3 M NaOH, stepwise, for 10 min,
rinsed with water, dried, and positioned into the QCM
holder. One milliliter of a 0.1 mg ml~ ' HRP solution in
0.01 M phosphate buffer containing 0.15 M NaCl (PBS),
pH 6.0, was then added and the frequency change measure-
ment started. A more negative surface charge of the PQC
gold electrodes was obtained by chemical pre-oxidation
with 500 pl of the hot Pyranha solution for 2 min, followed
by quick and thorough rinsing with water and immediate
addition of 1 ml of the previously described enzyme
solution.

The surface of gold and silver disk electrodes used for
amperometry was polished on fine emery paper, then to a
mirror luster on alumina slurry (0.1 pm). The electrodes
were finally rinsed with water and immersed in a 0.1 mg
ml ~ ! HRP solution in PBS, pH 6.0, for 2 h. After thorough
washing with PBS, the modified electrodes were mounted in
a wall-jet cell and steady state currents were measured at
— 50 mV vs. Ag/AgCl. Similar oxidative pretreatment to the
described above was also performed. The reproducibility of
the data was verified by measurements with at least three
equivalently prepared electrodes and was found to be within
15%.

3. Results and discussion

The effect of the electrode/enzyme surface charges on the
HRP adsorption and the ET rate was evaluated with two

metal electrodes, polycrystalline gold and silver (non-treated
and oxidatively pre-treated), and two forms of HRP pos-
sessing different surface charges at pH 6.0. Native HRP is
considered cationic while chemically derivatized HRP ~ a
negative one at the working pH. The potential of zero
charge (pzc) of polycrystalline gold is close to —80 mV
vs. Ag/AgCl and thus the electrode surface charge can be
considered as slightly positive/neutral, whilst a highly
positive surface charge corresponds to a silver electrode in
accordance with its pzc (— 840 mV) [4]. After the oxidative
pretreatment the gold electrode surface is considered neg-
atively charged.

The amount of both HRP forms adsorbed on differently
pre-treated gold electrode surfaces was calculated from the
PQC frequency measurements and is summarised in Table 1.
These results clearly show that a higher level of HRP
deposition is achieved if electrostatic interactions are fav-
oured, i.e., when the attraction between the electrode and the
enzyme occurs. This is demonstrated by the increasing
deposition of cationic nHRP when changing the slightly
positive charge of the non-preoxidised electrodes to the
negative charge of the preoxidised electrodes. The predicted
behaviour for the anionic enzyme is also reflected by the
highest immobilisation on the non-preoxidised electrodes.
The lowest immobilisation is observed when the cationic and
anionic enzymes exposed to the non-oxidised and pre-
oxidised surfaces, respectively, as a consequence of electro-
static repulsion. The intermediate oxidative pre-treatment
corresponds to the electrode surface that has been oxidised
but the enzyme was not deposited immediately but after an
elapsing time of 5 min. It is worth to mention that, in this
case, similar amounts of both cationic and anionic enzymes
are deposited representing 46% of the maximal observed
surface coverage.

The correlation between the enzyme adsorption and the
bioelectrocatalytical activity of HRPs was studied ampero-
metrically by the measurement of a steady state current
response of the HRP-modified gold and silver electrodes to
H,0,. These currents were measured in the presence of a
diffusing redox mediator (5 x 10~ 4 M catechol) and with no
addition of the redox partner for the comparison of mediated
and direct ET, respectively. Data on direct ET enable the
estimation of the fraction of HRP molecules that are effi-
ciently connected with the electrode surface and thus are
active in direct ET. Mediated ET in the presence of a
saturating concentration of a mediator enables the evaluation

Table 1
HRP surface coverage at differently pre-treated gold QCM electrodes,
10~ '2 mol cm ~ 2

HRP form Surface pre-treatment

Non-oxidised Intermediate Pre-oxidised
nHRP 3.0+£0.8 92+19 22.0+2.1
HRP ~ 193+2.7 8.8+2.0 1.5+£05
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of the total amount of the active enzyme at the electrode
surface, as all HRP molecules are supposed to be involved in
ET [1]. Results are presented in Figs. 1 and 2.

As can be seen from Fig. 1, in accordance with changing
surface concentration of HRPs (see Table 1) the ampero-
metric signal increases significantly when occurring from
cationic nHRP adsorbed on the non-preoxidised gold sur-
face (curves 1, 1’ in Fig. 1A) to the oxidised one (curves 2,
2" in Fig. 1A), and, conversely, decreases for HRP ~ (Fig.
1B). In the same manner, a twofold increase of the signal
due to mediated ET was obtained for anionic HRP ~ when
compared to cationic nHRP adsorbed on the positively
charged surface of a silver electrode, in spite of about four
times lower enzymatic activity of HRP ~ (see Fig. 2). Thus,
data on mediated ET, when all adsorbed HRP molecules are
supposed to be active in the redox process, reveal a rigid
correlation between the amount of the adsorbed enzyme and
the efficiency of bioelectrocatalysis: favoured surface elec-
trostatic interactions assist in the increasing surface concen-
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Fig. 1. Dependence of the steady-state current density on the H,O,
concentration determined with (1, 1’) polished and (2, 2’ ) pre-oxidised
gold disk electrodes modified with (A) nHRP and (B) HRP . In the case of
(1, 2) direct and (1’ , 2’ ) mediated ET in the presence of 0.5 mM catechol.
Flow rate of the carrier (PBS, pH 6.0) 0.9 ml min ~ ', potential applied
—50 mV vs. Ag/AgCL
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Fig. 2. Dependence of the steady-state current density on the H,O,
concentration determined with polished silver disk electrodes modified with
(1, 17) HRP ™ and (2, 2’ ) nHRP. In the case of (1, 2) direct and (1, 2")
mediated ET in the presence of 0.5 mM catechol. Flow rate of the carrier
(PBS, pH 6.0) 0.9 ml min ~ !, potential applied — 50 mV vs. Ag/AgCl.

tration of the enzyme, resulting, thereby, in the enhancement
of the bioelectrocatalytic response.

Extremely low efficiency of direct ET when compared to
mediated one for HRP ™~ adsorbed both on gold (curves 1, 2
in Fig. 1B) and silver surfaces (curve 1 in Fig. 2), as well as
for nHRP on silver (curve 2 in Fig. 2) demonstrates that
only a small proportion of HRP molecules is responsible for
direct ET orientation on the electrode surface. Compara-
tively, very different currents (curve 2 in Fig. 1A, pre-
oxidised electrodes, and curve 1 in Fig. 1B, non-pretreated
electrodes) are observed for similar HRP depositions (22.0
and 19.3 pmol cm ~ ? for nHRP and HRP ~, respectively).
This different efficiency of direct ET cannot be attributed to
the different enzymatic activity of immobilised HRPs,
contrary to the difference in the efficiency of mediated
ET (curve 2’ in Fig. 1A and curve 1’ in Fig. 1B). Further
investigation is necessary to elucidate the reasons of these
distinctions. The fact that the gold surface upon oxide
formation changes its hydrophobic properties towards more
hydrophilic ones opens up the possibility of ascribing the
higher electronic coupling to a favoured specific orientation
through the hydrophobic/hydrophilic surface clusters of the
adsorbed peroxidase molecules.

4. Conclusion

The results obtained demonstrated that the surface
charges of both the enzyme and the electrode play a
dominant role in the adsorption process. Favoured surface
charges of the electrode and the enzyme molecule, provid-
ing the enhancement of the electrostatic interactions,
resulted in the increasing amount of the adsorbed enzyme
and, thereby, in the higher current response to H>O,. This
presents a possibility to control the adsorption and, con-
sequently, the bioelectrocatalysis at the electrode/solution
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Abstract

A newly developed electrochemical method—Elimination Voltammetry with Linear Scan (EVLS)—has been applied to the
electrochemical study of nucleic acids (NAs) on a silver electrode. Using the linear combination of the currents measured at different
scan rates, the EVLS is capable of eliminating one or two selected particular currents. It was shown that the elimination function conserving
the reversible diffusion current and eliminating the charging and kinetic currents provides the significant increase of voltammetric signals of
DNA. Due to the high sensitivity and resolution power, the EVLS can contribute to study behaviour of nucleic acids on the charged interface
and can be applied to nucleic acid analyses and the development of DNA sensors. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Silver electrode; DNA; Elimination voltammetry

1. Introduction

In the research of the properties and structure of the
genetic material, significant progress has been done using
common voltammetric methods in conjunction with mer-
cury and carbon electrodes. Nucleic acids (NAs) produce
redox and tensammetric signals at mercury electrodes and
oxidation signals at carbon electrodes (reviewed in Ref. [1]).
These signals obtained with mercury electrodes are highly
sensitive to the structure, conformation changes, hybrid-
ization and damage of NA [2,3]. On the mercury electrode,
the electroactivity of polynucleotides is caused by the
processes of adenine and cytosine (the joint reduction
signal) and guanine (the oxidation signal). Since reduction
and oxidation processes proceed in adsorbed state, the
detection of polynucleotides can be carried out by mode
of adsorptive stripping [1,4].

The application of a silver electrode for the determination
of DNA by cyclic and differential pulse voltammetry has
been reported recently [5]. The elimination voltammetry
with linear scan [6—8] significantly improves cyclic voltam-
metric results and therefore it can be applied in research of
nucleic acids on this charged interface.

In Elimination Voltammetry with Linear Scan (EVLS),
the elimination of selected particular currents from the linear

* Corresponding author. Tel.: +42-5-4112-9297; fax: +42-5-4121-1214.
E-mail address: libuse@chemi.muni.cz (L. Trnkova).

scan voltammetry results can be achieved by an elimination
function formed by a linear combination of total currents
measured at different scan rates [6,7]. For the elimination
procedure, it is necessary to fulfill the condition that the
eliminated current is expressed as a product of two func-
tions—the scan rate function, independent of electrode
potential, W;(v) and the potential function, independent of
scan rate Y,(E):

1 = W;(v)Y;(E). (1)

Assuming the linear diffusion of electroactive substance, the
currents—diffusion current, /4, the charging current, /. and
the kinetic current, /i—can be expressed as:

Lo =V'2YE)  L.=VY(E) L="%(E). (2
The EVLS just employs the differences in the current-scan
rate dependence to eliminate the chosen currents. Assum-
ing that the total current is formed by a sum of particular
currents (/=1I14+1.+ 1 +...), a suitable linear combination
of total currents measured at different scan rates, called
elimination function, cancels eliminated currents by
mutual subtraction of the corresponding terms. The above
particular currents, which are neither eliminated nor con-
served by selected elimination function, are displayed by
this function as multiplied by certain constant. The value
of this constant depends on the selected elimination func-
tion.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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For above-mentioned particular currents (I, I and 1),
elimination function with simultaneous / and I, elimination
and /4 conservation can be calculated:

f(I) = 17.4851 — 11.6571,, — 5.82841,. (3)

In this equation, / is the reference current, i.e., the total
current measured at reference scan rate and /;, and I, are
the total currents measured at scan rates corresponding to
the half and double values of reference scan rate.

In comparison to ordinary voltammetry, the EVLS pro-
vides some significant advances: (a) the expansion of
available electrode potential range, (b) the increase of
current sensitivity and (¢) the improvement of the peak
resolution [7]. The last two benefits, (b) and (c), result from
the fact that the elimination of kinetic and charging current
decreases the irreversible current width and increases the
peak height. This effect is particularly pronounced in the
case of adsorbed substance—DNA [8]. Moreover, the
evidence of adsorption is provided by the unique peak—
counterpeak curve form.

2. Experimental

Chemicals were analytical grade reagent purchased from
Sigma—Aldrich. All solutions were prepared using deion-
ized water (Millipore, Milli-Q). The pH value was verified
in solutions before and after electrochemical measurement.
DNA (calf thymus) was isolated and thermally denatured
according to Ref. [9]. The calf thymus (CT) DNA was
precipitated with ethanol, dissolved in 0.002 M KNOjs (30
ml volume) and, to remove chlorides, dialysed against 250
ml KNOj solution of the same concentration. The dialysis
procedure was repeated 10 times, always with a fresh
portion of KNO; solution, so that the total volume of the
dialysed bath was 2500 ml.

Cyclic voltammetry (CV) measurements were performed
on the AUTOLAB Electrochemical Instrument (EcoChe-
mie, the Netherlands) connected with the VA-Stand 663
(Metrohm, Zurich, Switzerland). The standard cell con-
sisted of three electrodes that includes the working elec-
trode (silver disk with the purity 99.99%), the reference
electrode (Ag/AgCl/3 M KCI) and auxiliary electrode (Pt
wire). To obtain reproducible results, the silver polycrys-
talic electrode was cleaned with soft emery paper (600 A),
polished with 0.05 pm alumina, then sonicated (ultrasound
bath) for 3 min and rinsed with deionized water before each
measurement. All experiments were carried out at room
temperature.

The software (GPES 4.8) from EcoChemie was em-
ployed. Recorded curves were smoothed and were exported
into Microsoft Excel, where the elimination function has
been created.

3. Results and discussion

Fig. 1 shows the cyclic voltammogram for the native
and thermally denatured calf thymus DNA in 0.05 M
KNO;. The pH (7.2) of blank was adjusted by 5 x 10 ~*
M KOH. During the polarization (—+ —) in the potential
range between — 1.75 and +0.5 V (vs. Ag/AgCl/3 M
KCl), two signals were detected. The first one occurred in
the anodic part of cyclic voltammogram at about 0.4 V and
the second one was in the cathodic part at about 0.1 V. To
obtain anodic and cathodic peaks (A and C in Fig. 1), it
was necessary to go to negative starting potentials (above
—1.5 V vs. Ag/AgCl/3 M KCI). Both peaks were
observed not only for the denatured CT DNA, but also
for the native CT DNA. Moreover, the peak of native
DNA was higher than denatured DNA (Fig. 1a and b). The
greater peak height of the native DNA seems to indicate
that the interaction of nucleic acids with the surface of
silver electrode proceeds via the sugar-phosphate backbone
rather than via the bases. The height and potential of these
peaks were strongly dependent on the starting potential
and on components in solution, such as the pH and scan
rate.

The signals of DNA on silver electrode published in the
paper of Ref. [5] were neither observed in acetate buffer nor
in KNOj solutions. The potentials of above-published peaks
correspond to those of chloride ions (unpublished results
[10]). Moreover, at starting potentials of about — 0.5 V, the
DNA without chloride ions (dialysed DNA) gave no signals.

The symmetrical shape of cathodic peak (C) might
indicate a surface reaction with the adsorption of depolar-
izer. This was confirmed by the elimination function in Eq.
(3), conserving diffusion current (/3) and eliminating the
charging and kinetic currents (I, Iy), the cathodic part of
cyclic voltammogram (Fig. 1¢). This elimination, using scan
rates 8, 16 and 32 mV/s, gives the signal in the form of a
peak—counterpeak which indicates the depolarizer adsorp-
tion. It was theoretically calculated and experimentally
verified [8]. Application of the EVLS to the anodic peak
(A) yielded a significant increase of peak height. Experi-
ments performed with the change of switching potential
revealed the fact that the anodic and cathodic signals are
coupled. From the above results we can conclude that the
EVLS enables us:

1. to determine the content of chloride ions in solutions
of calf thymus DNA, because chloride ions provide
the signals (0.1 V in cathodic and 0.2 V in anodic
part) without the electrode polarization from neg-
ative potentials (— 1.5 V vs. Ag/AgCl/3 M KCl);

2. to determine native DNA and denatured DNA on
silver electrode at the electrode polarization from
negative potentials;

3. to observe electrode processes proceeding in
adsorbed state or process indicating a surface
reaction;
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Fig. 1. (a) Cyclic voltammograms of native DNA and thermally denatured DNA (calf thymus) on silver electrode. The concentration of both DNAs were 623
pg/ml. Supporting electrolyte 0.05 M KNO; (pH 7.2), starting potential — 1.75 V, switching potential 0.5 V, reference scan rates 16 mV/s, l—supporting
electrolyte, 2—denatured DNA, 3—native DNA. The arrow shows the direction of electrode polarization (—+ —). (b) The zoom of peaks 1, 2 and 3. (c)
Elimination and cyclic voltammograms of thermally denatured DNA (calf thymus) on AgE. — CV, reference scan rate 16 mV/s, — EVLS, A—anodic process,

C——cathodic process. Other conditions as in (a).

4. to give a good and readable EVLS peak—counter-
peak which can be successfully used in the analysis
of DNA.

4. Conclusion

We focused our attention on voltammetric study of
nucleic acids (native and denatured calf thymus DNA) on
a silver electrode and selected the type of elimination with
respect to the sensitivity and the resolution. The best results
were obtained with the elimination function with / and I
elimination and /4 conservation. The elimination voltamme-
try with linear scan might provide new possibilities for
further electrochemical research and determination of nuc-
leic acids. It can be considered as one of the most useful
techniques in developing new original biosensors for nucleic
acids.
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Abstract

Electron and X-ray crystallography have provided intermediate structural models for photosystem II (PSII), the membrane located
multisubunit complex which uses light energy to split water into its elemental constituents. This reaction is thermodynamically demanding
and involves the production of redox potentials in excess of 1 V. Structural analyses have now shown that the primary oxidant, P680, is not a
‘special pair’ of chlorophylls, as in other types of photosynthetic reaction centres, but a tetramer of equally spaced chlorophyll a molecules.
Its high redox potential, and the involvement of four weakly coupled isoenergetic monomers rather than a strongly excitonically coupled
‘special pair’, has implications for redox mechanisms which are unique to PSII, and therefore not found in any other photosynthetic system.
The importance of these features is discussed. © 2002 Published by Elsevier Science B.V.

Keywords: Photosystem 1I; Chlorophyll a; Photosynthetic reaction centres; Redox potential

1. Organisation of chlorophylls within the PSII reaction
centre

The 3D structural map of a photosystem II (PSII) com-
plex of higher plants deduced by electron crystallography
[1,2] showing the D1, D2, CP47, and cytochrome b559
subunits, together with the low molecular weight proteins,
Psbl, PsbTc, and PsbW [3], was of sufficient resolution ( ~ 8
10\) to identify densities that could be assigned to the
tetrapyrrole head groups of porphorin molecules bound into
the protein matrix. In particular, six such densities were
identified within the four transmembrane helical clusters
composed of the D and E helices of the D1 and D2 reaction
centre subunits. These densities were related by a pseudo
two-fold axis in a way that is very similar to the porphorins
within the L and M subunits of the reaction centre of purple
photosynthetic bacteria. Accordingly, two densities towards
the stromal surface of the PSII structure were assigned to
pheophytin molecules, and four densities close to the
lumenal surface of the complex were assumed to be chlor-
ophylls equivalent to the ‘special pair’ and ‘accessory’
bacteriochlorophylls of the bacterial reaction centre. How-
ever, the two chlorophylls equivalent to the ‘special pair’
were spaced farther apart than those found in their bacterial
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E-mail address: j.barber@ic.ac.uk (J. Barber).
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counterparts (10 to 11 A in PSII compared with 7 A in
bacteria based on centre-to-centre). The lack of a special
pair in the PSII reaction centre had been predicted by a
range of spectroscopic studies [4] and by molecular mo-
delling [5]. Recently, a 3.8-A structure of the cyanobacterial
PSII reaction centre complex has been calculated from X-
ray diffraction data [6]. As can be seen in Fig. 1b, this work
confirmed the existence of four chlorophyll molecules on
the donor side of PSII and that there was no special pair. The
better resolution of the X-ray-derived structure, compared
with that obtained by electron crystallography, showed that
the tetrapyrrole rings of the two chlorophylls equivalent to
the special pair were parallel to each other and at right
angles to the membrane plane. The two accessory chlor-
ophylls, however, were orientated at about 30° to the
membrane plane. As previously shown by electron crystal-
lography [1], all four chlorophylls are about equidistant
from each other based on centre-to-centre distances.

2. What is P680?

The notation, P680, has been used to describe the primary
electron donor of PSII in the same way that P700 and P870
are designated as the primary donors of photosystem I and
the purple bacterial reaction centres. It is derived from P, for
pigment, which has an absorption maximum at 680 nm,
hence the nomenclature P680. Spectral analysis showed that
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P680-D1

P680-D2

L

Fig. 1. (a) Positioning of the four ‘core’ chlorophylls within the D1 and D2 transmembrane helices depicted as rods showing the absence of a special pair. The
data was obtained by electron crystallography and published in Rhee et al. [1]. (b) Positioning of the four ‘core’ chlorophylls of P680 as determined by X-ray

crystallography confirming the absence of a special pair in PSII [6].

the pigment is chlorophyll a [7]. P680 is unique since it has a
redox potential of 1.12 V or more in its oxidised state
(P680 7). This very high redox potential is required to oxi-
dise water. This is accomplished by the accumulation of four
oxidising potentials in a cluster of 4 Mn ions. This charge
accumulation requires four successive light-induced oxida-
tions of P680 and electron flow from the (Mn), cluster via a
redox active tyrosine of the D1 protein (residue 161). In the
case of P700 and P870, two chlorophylls form a ‘special
pair’ which gives rise to excitonic interactions between them.
As a consequence, the chlorophyll/bacteriochlorophyll
absorption bands split to give a lower energy transition state
which acts as the pho- tochemical trap. Since PSII contains
no special pair, there is no strong excitonic interaction
between the four chlorophylls and, therefore, no significant
red shift of the absorption spectrum. Therefore, all four
chlorophylls have similar absorption spectra suggesting that
the excited state P680* is delocalised over all four and
perhaps also including the two pheophytin molecules of
the reaction centre. This concept is the basis of the multimer

model formulated by Durrant et al. [8]. If this is the case, then
the question of which chlorophyll acts as the primary donor
has to be addressed. It would seem reasonable to consider the
chlorophyll molecule closest to the active pheophytin
acceptor as the primary oxidant. As in the case of primary
charge separation in the purple bacterial reaction centre, the
active branch of PSII is confined to one side. Given that the
tyrosine residue D1 161 acts as the primary donor to P680
and by analogy with the bacterial reaction centre, the active
branch is on the D1 side of the reaction centre. From these
considerations, it follows that the chlorophyll molecule
within PSII, which is equivalent to the accessory bacterio-
chlorophyll on the L-branch of the bacterial reaction centre,
could act as the primary donor (see Fig. 2). Based on edge-
to-edge distances provided by the X-ray structure [6], this
chlorophyll is 4.5 A from pheophytin. In contrast, the
chlorophyll that corresponds to the bacterial special pair on
the D1 side and ligated to D1 His198 is 8.1 A from the
pheophytin acceptor. On the other hand, the D1 His198
chlorophyll is closer to D1 Tyr161 (8.7 A) than the accessory





J. Barber / Bioelectrochemistry 55 (2002) 135-138 137

Singlet states

Charge separated states

Charge separated states

T
a ot e,
. s
o ™
+
. ..
* *

&N A, > Pheo™
DN ., ;
{7 1pggg® L{} RS

: P680 :

@ u:.r‘/_"@\)“l.’heo' {;&

Fig. 2. Schemes for primary charge separation in PSII (panel a) and purple bacteria (panel b), emphasising the distinct differences between the two systems.

chlorophyll (11.8 10\). This could mean that the oxidising
equivalent migrates to this chlorophyll as indicated in Fig. 2.
There is accumulating evidence that this series of events
occurs [9,10] and distinguishes the mechanism of the pri-
mary charge separation in PSII from those of other types of
reaction centres.

3. Implications

AsP680 " has a potential of 1 Vor more, it follows that all
four chlorophylls in the PSII reaction centre must have high
redox potentials when oxidised. If this were not so, then any
one of them could be oxidised by P680 © with a loss of redox
energy. Why PSII has chosen to have a tetramer of monome-
ric chlorophylls, which are isoenergetic, rather than a ‘spe-
cial pair’ as found in other types of photosynthetic reaction
centres is unclear. The possible explanations are given below.

(i) A monomeric form of chlorophyll is required in order
to develop a redox potential of 1.12 V or more. However,
extensive hydrogen bonding or other ‘electron’ drawing side
chains would also tend to facilitate a high redox potential.

(i1) The lack of a special pair in PSII, and therefore no
significant red-shift of the absorption spectrum, means that
the maximum free energy can be extracted by P680 from a
red quantum. This minimisation of energy loss due to the
lack of a deep photochemical trap is required in order to
bridge the large redox gap between the oxidation of water
and reduction of pheophytin (~ 1.6 eV).

(iii) Since P680 is a shallow trap, excess excitations can
be readily transferred back into the antenna system and dis-
sipated as fluorescence and heat. Thus, PSII has a relatively
high fluorescence yield compared with other types of
reaction centre and possesses special mechanisms to quench

excess excitations [11]. These mechanisms play a protective
role, as PSII is highly vulnerable to photoinduced damage
(photoinhibition) which is linked to its unique redox chem-

istry [12].
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Abstract

Cytochrome ¢ (Cyt-c) was electrostatically immobilised on Ag electrodes coated with self-assembled monolayers (SAM) that are
formed by w-carboxyl alkanethiols with different alkyl chain lengths (C,). Surface enhanced resonance Raman (SERR) spectroscopy
demonstrated that electrostatic binding does not lead to conformational changes of the heme protein under the conditions of the present
experiments. Employing time-resolved SERR spectroscopy, the rate constants of the heterogeneous electron transfer (ET) between the
adsorbed Cyt-c and the Ag electrode were determined for a driving force of zero electronvolts. For SAMs with long alkyl chains (Ci,
Cy1), the rate constants display a normal exponential distance dependence, whereas for shorter chain lengths (Cs, Cs, Cs), the ET rate
constant approaches a constant value (ca. 130 s~'). The onset of the non-exponential distance-dependence is paralleled by an increasing
kinetic H/D effect, indicating a coupling of the redox reaction with proton transfer (PT) steps. This unusual kinetic behaviour is attributed
to the effect of the electric field at the Ag/SAM interface that increasingly raises the energy barrier for the PT processes with decreasing
distance of the adsorbed Cyt-c from the electrode. The distance-dependence of the electric field strength is estimated on the basis of a
simple electrostatic model that can consistently describe the redox potential shifts of Cyt-c as determined by stationary SERR
spectroscopy for the various SAMs. At low electric fields, PT is sufficiently fast so that rate constants, determined as a function of the
driving force, yield the reorganisation energy (0.217 electronvolts) of the heterogeneous ET. © 2002 Elsevier Science B.V. All rights

reserved.

Keywords: Cytochrome c; Electron transfer; Electrode; Self-assembled monolayer; Electric field; Surface enhanced resonance Raman spectroscopy

1. Introduction

Cytochrome ¢ (Cyt-c), a soluble heme protein, acts as
an electron shuttle in the respiratory chain of aerobic
organisms [1]. Prior to the electron transfer (ET), an
electrostatically stabilised complex is formed between
Cyt-c and its membrane-bound partner proteins. Thus,
the interprotein ET takes place under the influence of
electrostatic field originating from local Coulombic inter-
actions between oppositely charged amino acids in the
protein binding domains as well as from the transmem-
brane potential gradient. In order to elucidate possible ef-

* Corresponding author. Instituto de Tecnologia Quimica e Bioldgica,
ITQB, Apartado 127, Av. Da Republica, 2780 Oeiras, Portugal. Tel.: +351-
21-446-9741; fax: +351-21-441-1277.

E-mail address: murgida@itgb.unl.pt (D.H. Murgida).

fects of such electrostatic fields on the ET dynamics and
mechanism, we have studied the redox process of Cyt-c
bound to self-assembled monolayers (SAM) on an Ag
electrode that are formed by w-carboxyl alkanethiols. As
a particular advantage of this model system, it is possible
to employ surface enhanced resonance Raman (SERR)
spectroscopy that selectively probes the vibrational spec-
trum of the heme group exclusively of the adsorbed
proteins [2—4]. This technique can be extended to the
time-resolved domain by monitoring the SERR spectra
subsequent to a potential jump [3—5]. In this way, it is
possible to obtain detailed information about the interfacial
processes and the active sites structures of the adsorbed
species that are involved. Furthermore, changing the thick-
ness of the SAM, i.e., the length of the alkyl chain, the
electric field strength at the protein binding site can be
varied in a systematic manner, which is turn is a prereq-
uisite for analysing possible electric field effects on the
equilibria and kinetics of the interfacial processes.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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2. Experimental section
2.1. Chemicals

Mercaptoacetic acid (C,), 3-mercaptopropionic acid (Cs),
11-mercaptoundecanoic acid (C;;) and 16-mercaptohexade-
canoic acid (C,¢) were purchased from Sigma and used
without further purification. 6-Mercaptohexanoic acid (Cg)
was synthesised according to published procedures [6], and
purified by HPLC. Horse heart cytochrome ¢ (Cyt-c; Sigma)
was purified as previously published [7].

2.2. SERR spectroscopy

SERR spectra were measured with 413-nm cw-excitation
using a Kr-ion laser with a power of ca. 50 mW at the
sample, using the experimental set described in detail else-
where [5]. The spectral bandwidth and the increment per
data point were 4 cm™' and 0.53 cm™', respectively. The
total accumulation time of the stationary and time-resolved
SERR spectra was ca. 10 and 5 s, respectively. SERR
experiments were carried out with a rotating electrode to
avoid degradation processes caused by laser-induced heat-
ing. All potentials cited in this work refer to the saturated
calomel electrode (SCE). A detailed description of the
principles of the time-resolved SERR method as well as
of the set-up developed in our laboratory is given elsewhere
[4,5].

The preparation of the SER-active SAM-coated Ag
electrodes was described elsewhere [2]. Modified electrodes
were placed into the electrochemical cell containing 0.2 pM
Cyt-c and 12.5 mM potassium phosphate buffer and 12.5
mM K,SO, as supporting electrolyte, either in H,O or D,O
at pH 7.0. The electrode was kept at open circuit for 45 min
to establish adsorption equilibrium. After background sub-
traction, the SERR spectra were subjected to a component
analysis in which complete spectra of the individual species
are fitted to the measured spectra [8].

3. Results and discussion

Resonance Raman (RR) spectra of heme proteins display
a vibrational band pattern that is characteristic of the
oxidation, spin, and ligation state of the porphyrin [9]. For
ferric six-coordinated low spin (6¢LS) Cyt-c in neutral
aqueous solution, typical marker bands are at 1371 (v4)
and 1501 cm™' (v3), whereas in the ferrous 6¢LS species
they are shifted to 1360 and 1491 cm ™', respectively [2—
5,7]. Immobilisation of the protein on a SAM-coated Ag
electrode that is in contact with solution containing 0.2 pM
Cyt-c leads to SERR spectra that are essentially indistin-
guishable from the RR spectra of Cyt-c¢ in solution [2].
These findings imply that under these conditions electro-
static adsorption of Cyt-c occurs without any structural
changes in the heme pocket.

The redox potential of the adsorbed Cyt-c is determined
on the basis of potential-dependent stationary SERR mea-
surements [2]. Simulating these SERR spectra by a super-
position of the component spectra of ferric and ferrous
Cyt-c, allows the quantitative analysis of the redox equili-
brium. The redox potentials E° obtained in this way reveal a
systematic negative shift with increasing chain length of the
SAM (Table 1). This shift can be rationalised in terms of an
electrostatic model that takes into account the potential
drops across the Ag/SAM/protein interfaces [2]. It consis-
tently describes the magnitude of these shifts and also yields
values for the pK4 of the carboxylate head groups and the
protein coverage, which compare very well with experimen-
tal data derived from electrochemical studies. Furthermore,
the model allows estimating the changes of the electric field
strength at the protein-binding site as a function of the SAM
length (Table 1).

The dynamics of the heterogeneous ET of the adsorbed
Cyt-c was analysed by employing time-resolved SERR
spectroscopy [3,4]. Following potential jumps from the
initial potential £; to a final potential £, SERR spectra
were measured at variable delay times . None of the spectra
includes contributions from Cyt-c species other than the
native ferrous and ferric states (denoted as B1) as shown in
Fig. 1 for Cyt-c adsorbed on a C;s-coated Ag electrode with
E=+0.105 V and Ey=-0.240 V, corresponding to an
overpotential of — 0.2 V. Therefore, it is concluded that
the relaxation process exclusively involves the redox reac-
tion of the adsorbed Cyt-c with the electrode. Setting E;=E°
and E=(E°® — 0.1) V, the heterogeneous ET reaction occurs
with a driving force of zero electronvolts (AG=0 eV). Then
the quantitative analysis of these time-resolved SERR
spectra in terms of a one-step relaxation process yields the
relaxation constant 7 that is related to the formal heteroge-
neous rate constant kot according to

1

T:E.

(1)

The rate constants determined in this way for the various
SAM-coatings are listed in Table 1. At long chain lengths,

Table 1
Redox potentials and kinetic parameters of the heterogeneous ET of Cyt-c
on SAM-coated Ag electrodes®

d A E°V(AE° V) E,Vm™' k&, sT' kS (H0)
kgr (D20)
24.0 0.0025 (—0.0075)  1.2-10° 0.073 1.0
19.0  —0.0096 (—0.0196)  1.5-10° 43 1.0
1.5 —0.0142 (—0.0242)  2.0-10° 134 12
7.6  —0.0310 (—0.0410)  2.1-10° 128 2.0
6.3 —0.0390 (—0.0490)  2.4-10° 132 4.0

? SAM lengths (d), redox potentials (£°), shifts of the redox potential
with respect to the redox potential in solution (AE®), and electric field
strengths (Ef) are taken from Ref. [2]. ET rate constants are adopted from
Ref. [4] and were measured at AG=0 eV.
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Fig. 1. Stationary and time-resolved SERR spectra of Cyt-c adsorbed on a
Ci¢-coated Ag electrode measured with 413-nm excitation. (A) Stationary
SERR spectrum measured at the initial potential of £;=+0.105 V; (B, C)
time-resolved SERR spectra measured at different delay times ¢ subsequent
to the potential jump from E;=+0.105 V to E;=— 0.240 V; (D) stationary
SERR spectrum measured at the final potential of E¢=—0.240 V. The
component spectra of the reduced and oxidized forms of Cyt-c are rep-
resented by the dotted and dashed lines, respectively.

the values display the expected exponential distance de-
pendence of the ET. The increase of kgT from C4 to Cy;
corresponds to an electronic tunneling parameter (ff) of 1.28
A 'anda pre-exponential factor (A) of 1.45 x 10'? s~ that
are close to those determined for long range ET reactions of
and in proteins [4,10]. However, at C4-SAM (11.5 A) there
is an increase of kot only by a factor of ca. 3, and moreover,
kit remains essentially constant upon further reducing the
chain lengths to 6.3 A (Cy). Carrying out the measurements
with the electrode in contact with a D,O solution under
otherwise identical conditions, the rate constants k&(Dzo)
for C;¢ and C;; were found to be identical to those obtained

in H,O [kfr (H,0)]. In contrast, kPr (D,0) was determined
to be lower than kpy (H,0) for Cg, C; and C, corresponding
to a kinetic isotope effect that increases with decreasing
chain length (Table 1). These findings imply that a process
involving a proton transfer (PT) becomes rate limiting a
short chain lengths, paralleling the onset of the non-expo-
nential distance dependence of k2. This process has been
attributed to the reorganisation of the hydrogen bonding
network in the heme pocket of Cyt-c that is required to adapt
the protein structure to the change in the charge distribution
associated with the ET [4]. Since a non-exponential distance
dependence in conjunction with a kinetic H/D effect has not
been observed for electron-transferring proteins in solution,
this kinetic behaviour must be related to the specific reaction
conditions at the Ag/SAM interface. Whereas, regardless of
the alkyl chain length of the monolayer, immobilisation of
Cyt-c occurs via electrostatic binding between the lysine-
rich domain around the heme crevice of the protein and the
carboxylate head groups of the SAM in the same way, the
electric field strength increases with decreasing separation
of the protein binding site from the Ag surface (Table 1) [2].
Thus, it is concluded that the energy barrier for the PT
processes of the adsorbed Cyt-c is raised by the electric
field, which increases upon reducing the distance to the
electrode, until nuclear tunneling becomes the rate-limiting
step of the redox process [4]. The increase of this energy
barrier slows down deuteron tunneling more strongly than
proton tunneling so that this interpretation also accounts for
the distance-dependent kinetic H/D effect.

Conversely, only for long chain lengths electron tunnel-
ing is the rate-limiting step. Thus, we have chosen a C4-
SAM coated electrode to determine the reorganisation
energy A In these experiments, F; was set > F° whereas
E¢was lowered stepwise to increase the driving force AG of
the heterogeneous ET that is given by

AG = F(E; — E). )

ET reactions of molecular species at electrodes can be
adequately described by Marcus theory that takes into
account the energy distribution of electrons at the Fermi
level [11]. Then, the ratio of the rate constants k&S (for
AG# 0) and k21 (for AG=0) is given by

e AG+ 4
kEATG _ 2V IRT 3)

70
kex 1 —erf

where R and T denote the gas constant and the temperature,
respectively. The best fit of Eq. (3) to the experimental data
that were derived from the time-resolved SERR spectra
leads to 4=0.217 eV (Fig. 2). On the basis of cyclic
voltammetric experiments on Cyt-c electrostatically immo-
bilised on SAM-coated Au electrodes, a somewhat higher
reorganisation energy (0.35 eV) has been estimated previ-
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Fig. 2. Driving-force dependence of the ET rate constant for Cyt-c adsorbed
on the Cj4-coated Ag electrode. The solid line represents the best fit
(2=0.217 eV) of Eq. (3) to the experimental data.

ously [12]. However, this value has been considered with
caution in view of the limited accuracy of the method and
the striking discrepancy compared to a reorganisation
energy of ca. 0.6 eV that has been obtained from photo-
induced ET reactions of Cyt-c in solution or by cyclic
voltammetry for the non-immobilised protein [1,13].
Instead, the present time-resolved SERR spectroscopic
approach allows a very precise determination of the reor-
ganisation energy demonstrating that A is substantially
lowered when Cyt-c is immobilised via electrostatic inter-
actions.

In general, the reorganization energy of redox proteins
includes contributions of the structural reorganization of the
redox site (Arc) and the protein (4p) as well as of the
orientational reorganization of the surrounding solvent mo-
lecules (Ag) which may constitute a large contribution to the
total reorganization energy for Cyt-c in solution [14].
Solvent reorientation should predominantly occur in the
vicinity of the exposed heme edge at the front surface of
the protein. This part of the protein, however, constitutes the
binding domain to anionic SAMs so that it is shielded
against the solvent for electrostatically adsorbed Cyt-c [2].
Consequently, Ag is expected to be much smaller for such
adsorbed proteins, which in turn may account the overall
lowering of the experimentally determined reorganisation
energy compared to Cyt-c in solution. Therefore, the reor-
ganisation energy of adsorbed Cyt-c should largely result
from Agrc and Ap.

4. Conclusions
During the natural redox process, Cyt-c binds to carbox-

ylate residues in the interaction domain of cytochrome ¢
oxidase (CcO) [1] so that electrostatic interactions are

similar to those upon immobilisation on anionic SAMs.
Thus, most likely also the reorganisation energy of Cyt-c in
the intra-complex ET to CcO is close to the value of 0.217
eV determined in this work. Consequently, a proper align-
ment of the partner proteins in the reactive complex may
(also) be essential for an efficient exclusion of solvent
molecules from the protein—protein interface and, hence,
for the lowering of the reorganisation energy. In view of the
low driving force (ca. 0 eV) for the ET from Cyt-c to the
primary acceptor of CcO, such a low reorganisation energy
may be required to enable a fast intracomplex ET, for which
the rate constant is estimated to be ca. 4-10* s™' or even
higher [15,16]. In fact, within semiclassical Marcus theory
[17], the intracomplex ET rate constant that can readily be
reproduced on the basis of 2=0.217 eV and the values for A
(1.45-10'% s7') and B (1.28 Afl) determined for the
“normal” exponential distance-dependence of the heteroge-
neous ET of Cyt-c adsorbed on SAM-coated electrodes at
weak electric fields (d>12 A). However, also the dynamics
of the redox process in the non-exponential regime of the
Ag/SAM/Cyt-c assembly, that is at strong electric fields
d<12 ;\), may have an impact for understanding the
biological ET of Cyt-c. In vivo, CcO is embedded in the
mitochondrial membrane, so that the electric field strength
at the Cyt-c binding site sensitively depends on the trans-
membrane potential difference. In fact, evidence has been
provided that high potential differences may efficiently slow
down intra- and intermolecular ET reactions of the Cyt-c/
CcO redox couple [18]. Thus, in analogy to the electro-
chemical system, it may well be that under physiological
conditions the ET dynamics of Cyt-c is modulated by
electric fields, which might represent a feedback control
mechanism for the enzymatic process of CcO.
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Abstract

Electropolymerisation of nonconducting polymer, poly-(1,2-diaminobenzene) on the top of Prussian Blue (PB) modified electrode led to
significant improvement of resulting hydrogen peroxide transducer selectivity and operational stability. The reported transducer retained
100% of response during 20 h under the continuous flow of 0.1 mM H,0,, and thus improves the stability level in selective peroxide
detection by one order of magnitude. The selectivity value of the PB—poly(1,2-DAB) based H,O, sensor in relation to ascorbate is
approximately 600. No signals to acetaminophen and urate were investigated. PB—poly(1,2-diaminobenzene) modified electrode allows the
detection of H,O, in the flow-injection mode down to 10 =7 M with the sensitivity 0.3 A M~ ' cm ~ 2, which is only two times lower
compared to the uncovered PB based transducer. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Hydrogen peroxide; Prussian Blue; Poly(1,2-diaminobenzene); Interferences

1. Introduction

Hydrogen peroxide, being a natural product of oxidase
catalysed reaction, can be detected electrochemically. This
fact gives rise to analysis of a variety of oxidases substrates,
which are important in food industry, clinical diagnostics
and environmental monitoring (glucose, lactate, ethanol,
glutamate, glycerol, etc.)

The optimal potential range for biosensor operation is
from —0.1 to 0.1 V (Ag|AgCl), where interfering reac-
tions cause only a minor influence on biosensor response
[1,2]. Up to now, there are only two low potential trans-
ducers for hydrogen peroxide reduction: peroxidase and
Prussian Blue (PB) modified electrodes. Selective detection
of H,O, in the presence of oxygen on PB modified electro-
des was first announced by Karyakin et al. [3]. Sensitivity

* Corresponding author: Tel.: +7-095-9392804; fax: +7-095-9395417.
E-mail address: lukachova@enzyme.chem.msu.ru (L.V. Lukachova).

of this transducer is around 1 AM ~ ' cm ~ ? in steady-state
mode [4] and is not inferior to peroxidase electrodes [5].
The relative interference of other electroactive species
(ascorbic and uric acid, acetaminophen) to H,O, sensing
by PB-based electrodes does not exceed 0.05, while the
ratio of the hydrogen peroxide response to those of oxygen
is 400—600 [6]. Such advantages of PB based transducer
led to development of biosensors for glucose, ethanol and
glutamate detection with high sensitivities and low detec-
tion limits (0.1 pM) [3,6,7].

In some cases, in particular, in clinical diagnostics and
food quality control, it is necessary to detect low levels of
analytes in the presence of 10—100 higher concentration of
ascorbate. Thus, the additional permselective membranes
have to be deposited on the transducer surface. The most
promising results were achieved using poly-diaminoben-
zenes [8—10]. Such membranes meet the requirements for
all-electrochemical sensor fabrication, such as easily con-
trolled thin film electrodeposition on different supports and
possibility of enzyme immobilisation during this process.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Deposition of poly(1,2-diaminobenzene) (poly-1,2-DAB)
films was found to cause only minor decrease in response
to H,O,, whereas interferent rejection was higher than 99%
[8].

Electrosynthesis of polymers on PB modified electrodes
is possible due to the high oxidising ability of Berlin Green
(oxidised state of PB) [10,11], and the growth of non-
conductive polymers can be controlled investigating redox
activity of the inorganic polycrystal. The aim of this work
was use of poly(1,2-DAB) for improvement of hydrogen
peroxide sensor characteristics.

2. Experimental

2.1. Materials

All inorganic salts, hydrochloric acid, hydrogen perox-
ide (30% solution, Reachim, Russia), 1,2-DAB (Calbio-
chem, CA, USA), uric acid, L-ascorbic acid and acetamin-
ophen from ICN Biomedicals (USA) were of analytical
grade.

2.2. Apparatus

Electrochemical studies were performed using Solartron
Schlumberger Model 1286 (UK). Experiments were carried
out in a three-compartment cell containing a Pt net auxiliary
electrode and an Ag|AgCl reference electrode. Glassy
carbon disk electrodes (GCE) (GC 2500, Research Institute
for Graphite Materials, Moscow, Russia), diameter 1.8 mm,
were used as working electrodes. The surface of GCE was
polished with alumina powder (0.3 and 0.05 pm) up to a
mirror finish. Then, the electrodes were carefully rinsed
with water and used immediately. Flow-injection system
contained Cole Parmer (USA) peristaltic pump (7519-10),
homemade flow-through wall-jet cell with 0.5-mm nozzle
positioned at 1-mm distance from the surface of working
electrode, homemade injector and Metrohm (Switzerland)
potentiostat (641-VA).

2.3. Procedures

2.3.1. Electrodeposition of PB

Electrodeposition of PB was performed at constant
cathodic current of 80 pA cm ~ 2 for 50 s from the initial
solution containing 4 mM K;[Fe(CN)g] and 4 mM FeCl;
with (0.1 M KC1+0.1 M HCI) as supporting electrolyte.
Posttreatment of modified electrodes was the same as
reported earlier [13].

2.3.2. Electrodeposition of poly(1,2-DAB)
The PB modified electrodes were placed in deaerated
solution of DAB (5—-10 mM) in 0.02 M phosphate buf-

fer with 0.1 M KCI, pH 6.0 (PBS). Polymerisation was
carried out by cycling the applied potential in the range
from — 0.05 to 0.7—0.8 V at a sweep rate of 20 mV s '
(10-20 cycles).

2.3.3. Analysis of hydrogen peroxide and interferences

The modified electrodes were poised to 0.0 V for 10 min
to reach a constant baseline in PBS at flow rate of 1 ml
min ~ . H,0,, acetaminophen, ascorbic and uric acids were
tested in both flow-injection (FI) and continuous flow (CF)
modes.

3. Results and discussion

3.1. Electrodeposition of poly(1,2-DAB) on the top of
Prussian Blue modified electrodes

Basing on previously reported data concerning cyclic
voltammetric procedure for poly-(1,2-DAB) electrosynthe-
sis [8], we decided to perform its electrodeposition on PB
modified electrodes. Fig. 1 presents cyclic voltammograms
of poly(1,2-DAB) synthesis on PB-modified GCE. Irre-
versible oxidation of 1,2-DAB is observed at high anodic
potentials (~ 0.7 V). Reduction of PB to Prussian White at
0.13 V is accomplished by consumption of alkali metal
ions [12]. Since cations cross the film—solution interface
during oxidation—reduction, the redox activity of PB is
sensitive to appearance of film on its surface. In coarse of
1,2-DAB electropolymerisation, the PB/Prussian White
peaks become broader, and the peak separation value

3.0x10°
2.0x10° |

1.0x10°

I/A

0.0

-1.0x10° |

-2.0x10° |

0.0 0.2 0.4 0.6 0.8
E/V

Fig. 1. Cyclic voltammograms of poly-(1,2-DAB) electrodeposition on PB
modified electrode (0.02 M phosphate buffer with 0.1 M KCl and 5 mM of
1,2-DAB, pH 6.0; scan rate 20 mV s — 1)‘ Numerals indicate the numbers of
cycles.
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increases (Fig. 1). Thus, the growth of nonconducting
films on electroactive surface can be independently con-
trolled.

3.2. Analytical characteristics of the Prussian Blue based
hydrogen peroxide transducers

PB based transducers were tested under CF of either
H,O, or interferents in concentration of 0.1 mM. The
selectivity in relation to ascorbate was characterized as a
ratio of the current of H,O, reduction to the current of
interferent oxidation. Operational stability was estimated as
time, during which the transducer remained 100% response
under CF of 0.1 mM H,O0,.

Operational characteristics of the transducers were de-
pendent on conditions of poly(1,2-DAB) synthesis, such as
the concentration of monomer, the value of anodic switch-
ing potential and the number of cycles. In particular, the
value of the anodic switching potential affected the mor-
phology of the resulting polymer film. In this study, the
best results in terms of H,O, response and selectivity
were obtained for poly(1,2-DAB) films that were deposited
from 5 to 10 mM solution of DAB in PBS using anodic
switching potential value of 0.75 V. Selectivity of the
PB—poly(1,2-DAB) sensor is on average 30 times higher
compared to the uncovered PB modified electrode and
reached the value of 600, which is significantly higher
compared to the known transducers. No signals were de-
tected to 0.1 mM of uric acid and acetaminophen. Re-
sponse to ascorbate of the recently reported PB—poly(1,2-
DAB)—(glucose oxidase) electrode [10] was of 10 + 1 mA
M~ ' cm ~ ? at applied potentials between — 0.2 and 0.0 V,
which was 10 times higher compared to the currently
reported transducer. Thus, in the coarse of this study the
optimal procedure for electrodeposition of poly(1,2-DAB)
films has been found.

The most significant improvement of the H,O, sensor is
its highly prolonged operational stability. Under taken
experimental conditions (nozzle-to-electrode distance 1
mm, 1 ml min ~"' flow rate), the uncovered PB modified
electrodes were completely stable during 0.5 h. For PB—
poly(1,2-DAB) modified electrodes, only after 20 h was a
decrease of the response observed. Since the operational
stability of uncovered PB films was already found to be
comparative and even higher than that of the other known
low-potential H,O, transducers, for example, peroxidase
electrodes [4], the PB—poly(1,2-DAB) sensor improves
the stability level in selective peroxide detection by one
order of magnitude.

Calibration graphs for hydrogen peroxide detection in
the flow-injection mode are presented in Fig. 2. Both
sensors based on uncovered conventional PB and PB-
poly(1,2-DAB) give straight lines in logarithmic plots over
four orders of magnitude of H,O, concentration. Both
transducers allow the detection of hydrogen peroxide down
to 107 M in FIL Sensitivity values calculated from the

1004

10

jl nA cm’

0.14

A e
107 10° 10° 10" 10°
[HOJM

Fig. 2. Calibration plots of hydrogen peroxide detection using (M) PB and
(0) PB—poly(1,2-DAB) modified electrodes.

slopes of the straight lines presented in Fig. 2, for uncov-
ered and poly(1,2-DAB) modified PB, are 0.6 and 0.3 A
M ! em 2, respectively. The ratio of sensitivities is
similar to the ratio of steady-state responses for the same
transducers.

4. Conclusions

The attractive performance characteristics of PB—
poly(1,2-DAB) modified electrode are (i) prolonged opera-
tional stability improved by one order of magnitude and (ii)
selectivity of the PB—poly(1,2-DAB) based H,O, trans-
ducer in relation to ascorbate is on average 600, which is
much higher compared to the reported systems. Such
selectivity provides the possibility to develop the biosensors
for use in certain areas of clinical diagnostics (brain
research) and food control (juice and wine analysis).
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Abstract

The prevention of ferrocene leakage from an electrode by physical retention of mediator in a matrix of cellulose acetate membrane is
reported. Five types of the cellulose acetate membranes were prepared, containing 1.8%, 5.3%, 8.5%, 20.0% of ferrocene and a membrane
containing 1.8% of ferrocene and 0.05 % of Nafion® in the matrix. Ferrocene embedded membranes were successfully applied in the
construction of a fructose biosensor by immobilization of PQQ-dependent fructose dehydrogenase (FDH). The biosensor comprising a
cellulose acetate membrane with 1.8% of ferrocene and 0.05% of Nafion® had good stability characteristics, retained almost 40% of the
initial response after 8 h of continuous use with an initial sensitivity of 226 nA mM ~ ' and response time of 75 s. © 2002 Elsevier Science

B.V. All rights reserved.

Keywords: Biosensor; Cellulose acetate membrane; Ferrocene; Fructose dehydrogenase

1. Introduction

The use of PQQ-dependent dehydrogenases represents a
very interesting way to overcome problems associated with
the use of oxidases and NAD-dependent dehydrogenases.
Such enzymes are insensitive to oxygen fluctuations and do
not need cofactor addition to the reaction mixture [1].

Fructose dehydrogenase is a complex of three different
subunits with a molecular weight of 140 kDa and is able to
oxidize fructose exclusively. This enzyme was isolated and
partially characterized for the first time by Yamada et al. [2]
in 1966. The enzyme permits determination of fructose in an
easy and simple manner without using cofactors or other
enzymes, comparing to other procedures which involve
three coupled reactions requiring ATP and NADP *. The
oxidation of p-fructose to 5-keto-pD-fructose results in the
reduction of tightly bound PQQ to PQQH, [2]. External
mediator is necessary for regeneration of the reduced
cofactor (PQQH,). Since the first use of fructose dehydro-
genase for fructose determination in 1986 [3], amperometric

* Corresponding author. Institute of Chemistry, Slovak Academy of
Sciences, Dubravska cesta 9, SK-842 38 Bratislava, Slovak Republic. Fax:
+421-2-59410222.

E-mail address: chemtkac@savba.sk (J. Tkac).

detection based on either direct bioelectrocatalysis or indi-
rect (mediated) bioelectrocatalysis is so far the most used.

Several mediators were employed for efficient fructose
dehydrogenase regeneration, but ferricyanide is the most
frequently used one. Ferrocene is also a mediator often used
for biosensor construction [4], but the ferricinium as the
water soluble oxidized form of ferrocene is easily leached
out from the electrode surface.

Recently, very interesting approach for dichlorphenol—
indophenol retention in a cellulose acetate membrane was
invented and successfully applied in ascorbic acid detection
[5]. This way of mediator incorporation leads us into the
stabilization of ferrocene leaching by its incorporation into
the cellulose acetate membrane. Ferrocene-embedded cellu-
lose acetate membrane was further successfully applied in a
fructose biosensor construction, when fructose dehydrogen-
ase was spread onto this membrane.

2. Experimental

2.1. Reagents

Fructose dehydrogenase (FDH), cellulose acetate (CA),
Triton X-100, dialysis membrane and fructose were supplied

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Leakage of ferrocene from Fc-embedded CA membrane in time
measured by cyclic voltammetry (0 — + 500 mV, scan rate 50 mV s~ ') in
stirred Mcllvaine buffer pH 5.5 at 25 °C. The sum of cathodic and anodic
peak in 0 min was expressed as 100%. Legend: O, CA membrane
containing 1.8% of ferrocene (11 nmol cm ~ ); e, CA membrane containing
5.3% of ferrocene (33 nmol cm ~ 2); M, CA membrane containing 1.8% of
ferrocene (11 nmol cm ™ 2) and 0.05% Nafion®; O, CA membrane
containing 8.5% of ferrocene (56 nmol cm ™~ ?); A, CA membrane
containing 20.0% of ferrocene (149 nmol cm ~ 2 of ferrocene); v, glassy
carbon electrode containing 190 nmol cm ~ 2 of ferrocene without CA; x ,
glassy carbon electrode containing 11 nmol cm ~ 2 of ferrocene without CA.

by Sigma. Ferrocene was purchased from Merck. Nafion®
was obtained from Aldrich. All other reagents were supplied
by Lachema (Brno, Czech Republic).

2.2. Apparatus

Biosensor measurements were carried out on Ampero-
metric Detector ADLC2 (Laboratorni pfistroje, Prague,
Czech Republic) using a glassy carbon electrode (GCE;
Hochtemperatur-Werkstoffe, Therhaupten, Germany) as a
working electrode (diameter 6 mm) and saturated calomel
electrode (SCE) as a reference electrode.

2.3. Procedures

An unmodified cellulose acetate membrane was prepared
according to the procedure published in our previous paper
[6]. Ferrocene embedded cellulose acetate membrane (Fc-
CA) and ferrocene/Nafion® modified cellulose acetate
membrane (Fc-CA/Nafion®) were prepared by dissolving
ferrocene or both ferrocene and Nafion® (5% alcoholic
solution) in a cellulose acetate solution. Membranes com-
position was referred to dry weight.

For cyclic voltammetry study of mediator modified CA,
the surface of GCE was covered either with Fc-CA or Fc-
CA/Nafion® membrane and subsequently with a dialysis
membrane rubbed with an O-ring. For biosensor construc-
tion, the stock solution of FDH in Mcllvaine buffer of pH
4.5 containing 0.1% Triton X-100 (40 U ml ') was
pipetted on GCE covered with Fc-CA membrane. Water

was allowed to evaporate and a dialysis membrane was
applied and rubbed with an O-ring.

3. Results and discussion

3.1. Basic characteristics of ferrocene embedded cellulose
acetate membranes

Firstly, we tried to find out, whether ferrocene-doped CA
membrane exhibits similar performances as the unmodified
one. Our observations confirmed that besides the expected
behaviour, the mediator-modified cellulose acetate mem-
brane also efficiently prevents ascorbate access to the
electrode.

Leaching of ferrocene from the CA membrane was
monitored every 10 min by cyclic voltammetry from 500
to 0 mV with a scan rate of 50 mV s~ ' for a period of 40
min under stirred conditions (Fig. 1). Increasing amount of
ferrocene embedded in the membrane resulted in increased
leakage of ferrocene. Leaching of the mediator from the
modified CA membrane is probably caused by the limited
ability of the membrane to physically retain ferrocene.
Incorporation of Nafion® into the cellulose acetate mem-
brane decreased the stability of the Fc-CA membranes. This
fact can be ascribed to the presence of larger pores in the
matrix of CA.

In the case of adsorbed ferrocene (11 nmol cm ~ ?), only
3.5% of initial response was observed after 40 min, com-
pared to 98% for ferrocene fixed in the CA membrane (11
nmol c¢m ~?). A detailed work concerning the loading
efficiency of the CA membrane and the behaviour of
different compounds with different molecular weight on
the sensor response was recently published [7].

0 100 200 300 400 500
E[mV]vs. SCE

Fig. 2. Cyclic voltammetry of glassy carbon electrode covered with 20.0%
Fc-embedded CA membrane on which 1.6 U of FDH was spread and
covered with a dialysis membrane. Scan rate 50 mV s ~ ', Mcllvaine buffer
pH 4.5. Legend: —— without fructose, ---- with 50 mM fructose.
Measured at temperature 25+0.2 °C.
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3.2. The effect of working potential and pH on the biosensor
performance

Fig. 2 revealed a very efficient communication of ferro-
cene, retained in the CA membrane, between the electrode
and the active site of the FDH. The sensitivity of the
biosensor to the fructose addition was negligible up to 0
mV, then the sensitivity rose very rapidly and at +250 mV it
levelled off. The working potential of + 300 mV was used in
further experiments.

With increasing negative charge in the CA membrane,
optimal pH was shifted from 5.5 (1.8% Fc-CA) to 6.5 (1.8%
Fc-CA/Nafion®). FDH is stable in the rage of pH from 4.5
to 6.0, so pH 6.0 was used also for Fc-CA/Nafion®
membrane in further experiments.

3.3. Basic fructose biosensor characteristics

Our fructose biosensor based on 20.0% Fc-CA was very
sensitive to fructose, with the detection limit of 3 uM. The
biosensor stability decreased in the order: 1.8% Fc-
CA>1.8% Fc-CA/Nafion®>20.0% Fc-CA. This decrease
of the biosensor activity is caused by enzyme inactivation
and by ferrocene leakage. Then the enzyme inactivation
seems to be the more important factor for the decrease of the
sensor stability than the ferrocene leaching. We have
observed that the most excessive mediator leakage occurred
in the first 30 min of sensor operation and then the signal
remained almost stable.

4. Conclusion

According to our results, the 1.8% Fc-CA/Nafion®
membrane is the most useful one for the fructose biosensor

construction, because of acceptable analytical characteristics
and operational stability. The fructose biosensor could be
very useful in the determination of fructose in fruits or juices
or for the detection of lactulose after its enzymatic hydrol-
ysis in milk samples.
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Abstract

The surface modification of electrodes was achieved by the Langmuir—Blodgett technique. The monolayers of laponite clay and
polythiophene were formed at the air—water interface and these films were then transferred onto carbon microelectrodes. The behaviour of
both untreated and coated electrodes was tested by originally developed double-step voltcoulometry (DSVCM). The dependence of charge
response on the concentration of Cu® " species was investigated. Straight calibration curves were obtained and enhanced sensitivity of coated
electrodes was documented. It is shown that the accumulation of Cu ions into laponite clay was maintained even after transferring the
electrode into a pure water. The characteristic features of the “memory effect” are discussed. © 2002 Elsevier Science B.V. All rights

reserved.

Keywords: Chemically modified electrodes; Langmuir—Blodgett technique; Double-step voltcoulometry

1. Introduction

Modified electrodes have attracted considerable interest
over the past two decades in the attempt to exert more direct
control over the chemical nature of an electrode [1—4]. They
have found numerous important applications in, e.g. solar
energy conversion and storage, selective electro-organic
synthesis, molecular electronics, electrochromic display
devices, corrosion protection. The ability to manipulate
the molecular architecture of the bulk matrix of an electrode
and its surface in particular has led to a wide range of
analytical applications and created powerful opportunities
for electroanalysis.

The communication deals with fabrication and investi-
gation of modified electrodes for effective qualitative and
quantitative determination of toxic ions in aqueous solu-
tions. Smectite clays and polythiophenes as electrode modi-
fiers were deposited by the Langmuir—Blodgett technique.

* Corresponding author. Tel.: +421-2-60291459; fax: +421-2-
65427427.
E-mail address: cirak@elf.stuba.sk (J. Cirak).

2. Experimental

Synthetic laponite used as electrode coating material was
of the elemental composition: [Mgs 48:L19.364 Tig.07]
[Si7.953Al0.047]020(OH)4. Polymer material used in this study
was poly(3-pentylmethoxythiophene), PSOMe.

The new kinetics-sensitive double-step voltcoulometry
[5] was used in this study. Electrochemical experiments
were carried out in a two-electrode cell. The carbon fibre
working electrode was composed of two or three fibres (7
pm in diameter) protruding from a wax-filled capillary. The
Ag/AgCl electrode was used as a reference. The measure-
ments were performed at room temperature. The deposition
of the coating layers was accomplished in the Langmuir—
Blodgett trough supplied from NIMA Technology, UK.

3. Results and discussion

The modification of carbon fibre electrodes by LB layers
results in a remarkable decrease of the activity of protons in
distilled water (originated from H,CO;) as documented by
the comparison of Figs. 1 and 2. On the other hand, the
signal maximum situated at —0.25 V was considerably

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Double-step voltcoulometric recording of transient charge response
as a function of the potential U applied onto the uncoated working electrode
with respect to the Ag/AgCl reference electrode. The numbers stand for the
concentration of Cu?* ions (10—80 pg/l).
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Fig. 2. DSVCM spectra for various Cu? * concentrations using the working
electrode coated with 20 LB layers of polythiophene (the numbers
correspond to the respective ion concentrations in pg/l).
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Fig. 3. Effect of the thickness of electrode coating on the calibration curves:
O—bare electrode, 0—6 LB layers of polythiophene, A—10 layers, x —
20 layers. The straight lines are added as a guide for the eye so as to
visualise the effect of added monolayers.

raised by the formation of the electrode coating either with
polythiophene or laponite clay. This tendency is presented
in Fig. 3 for polythiophene. The presented potential region
U is restricted to the interval which is dominated by a
presence of Cu ions in the electrode redox reaction. Straight

25.0 , ,
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15.0 L

AQ (1012 C)

10.0

5.0 .
-0.75

!

1
0.00 0.25

I L

-0.25
U (V)

1
-0.50

Fig. 4. DSVCM spectra obtained in successive measurements in different
media: (1) 80 pg/l solution of Cu®>", (2) deionized water, (3) 80 pg/l
solution of Cu?*. The experiment demonstrates no “memory effect” in the
case of polythiophene as an electrode-coating material.
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Fig. 5. DSVCM spectra obtained on carbon microelectrodes modified by 20
layers of laponite. (1) 80 pg/l solution of Cu®>”", (2) immediately after
transferring the working electrode from Cu?* solution into deionized water,
(3) 1 h after measurement 2, (4) 12 h after measurement 2. Between the
measurements the working electrode was withdrawn from water and kept in
atmosphere. The experiment demonstrates existence of “memory effect”
with laponite surface modifier.

calibration lines were observed for a concentration range
between 10 and 80 pg/l. A detection limit of 5 pg/l was
reached.

The interesting “memory effect” [6] was detected using
the laponite coverage (Fig. 5) in contrast with results ob-
tained with the polythiophene modifier (Fig. 4). The accu-
mulation of Cu ions into the laponite film was maintained

even after withdrawing the electrode from the solution
measured. The uptake of the analyte during a prolonged
exposure ceases after some time and the ultimate concen-
tration in the thin layer of the clay is still considerably
higher than that in the external medium. The “memory ef-
fect” suggests the application possibility to remove a clay-
coated electrode exposed to the analyte during in situ
measurements to a laboratory for detailed analysis using
all necessary technique support.

4. Conclusions

Successful modification of carbon fibre ultramicroelectr-
odes with laponite clay and polythiophene was achieved
using the Langmuir—Blodgett technique. The coating of
electrodes both by laponit and polythiophene caused the
increase in sensitivity by a factor of 2—3. The dependence of
charge transient response in DSCVM on the number of
deposited layers was studied. The laponite coating exhibits
the “memory effect”.
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Abstract

Catalase was investigated as a possible catalyst of the electrochemical reduction of oxygen on glassy carbon electrodes. The presence of
catalase dissolved in solution only provoked a moderate current increase, which was fully explained by the catalase-catalysed
disproportionation of hydrogen peroxide (Scheme I). When catalase was adsorbed from dimethylsulfoxide on the surface of electrodes that
did not undergo any electrochemical pre-treatment (EP), catalase efficiently catalysed oxygen reduction via direct electron transfer from the
electrode (Scheme II). The results are discussed with respect to the electrode surface properties and the enzyme structure. © 2002 Elsevier

Science B.V. All rights reserved.

Keywords: Catalase; Glassy carbon; Oxygen reduction; Direct electronic transfer

1. Introduction

Catalase is made up of four equal subunits each of
57,000 molecular mass and equipped with a Fe(Ill)-proto-
porphyrin IX. It catalyses the disproportionation of hydro-
gen peroxide into oxygen and water without the formation
of free radicals:
2H,0, — O, + 2H,0 (reaction 1)
We know only little about the electrochemistry of catalase.
A few studies have shown that a slow direct electron
transfer between catalase and pure graphite or soot electro-
des should be possible in deoxygenated conditions [1,2].

The purpose of this work was to determine whether
catalase is able to ensure direct electron transfer with glassy
carbon electrodes, and whether it is able to catalyse the
electrochemical reduction of oxygen, because such a catal-
ysis may play a key role in some cases of aerobic micro-
biologically influenced corrosion [3].

" Corresponding author. Tel:+33-561558306; Fax:+33-561556139.
E-mail address: bergel@chimie.ups-tlse.fr (A. Bergel).

2. Experimental

All experiments were made in 0.1M potassium phosphate
buffer at pH 8.0, which also contained 0.15 M NaCl.
Experiments in the absence of oxygen were carried out after
removing oxygen from the solution by 30-min nitrogen
bubbling. Only very gentle bubbling was used when cata-
lase was free in solution. No stirring or gas bubbling was
performed during current recording. Catalase from bovine
liver (ECy 1116, 1990 U/mg solid) was purchased from
Sigma. Adsorption of catalase from DMSO was carried
out as described elsewhere [4]. The glassy electrode was
soaked in pure DMSO for 15 min, then rinsed with
phosphate buffer and distilled water. Catalase was dissolved
in pure DMSO at 2 mg/ml final concentration. This con-
centration value is only given as an indication, because
catalase was poorly soluble in DMSO. The electrode was
immersed in this solution for 15 min, and finally rinsed with
buffer solution at pH 8.0.

Glassy carbon working electrodes of 0.3-cm diameter (Le
Carbone Lorraine, V25) were connected to a saturated
calomel reference electrode (SCE) and a GC auxiliary
electrode. All experiments were performed with a Solar-
tron—Schlumberger 1286 interface. The GC working elec-
trodes were polished with emery paper (Norton P320 and
A621). When indicated, a preliminary electrochemical pre-
treatment (EP) consisted of 1 min electrolysis at 1.5 V/SCE,

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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followed by potential cycles in the range from 0.1 to — 1.1
V/SCE for 6 min at 100 mV s~ '. The solution was then
strongly stirred to get a homogeneous oxygen concentration,
and a current—potential curve was recorded at 20 mV s ~ .
The whole procedure was repeated at least four times, until

the curves became reproducible.

3. Results

3.1. Catalase dissolved in solution

The current—potential curves obtained at 20 mV s
with 0.25 mg/ml catalase (500 U/ml) dissolved in the
NaCl—phosphate buffer pH 8.0 are reported in Fig. 1. GC
electrodes were used just after polishing (Fig. 1A) or with a

I/ pA
— 2.5
GO 0.5
]
E/ V (SCE)
[
a
b — -10.0
I/ uA

— 2.5

-0.5 | 0.5

| |
/ E/ V (SCE)

— -5.0

— -10.0

Fig. 1. Current—potential curves obtained with non-EP (A) and EP (B)
electrodes with catalase dissolved in solution. Scan rate 20 mV s ~ '; curves
(a) without catalase; curves (b) with 0.25 mg ml — ! catalase; curves (c) with
0.25 mg ml ' catalase in deoxygenated solution.

preliminary EP (Fig. 1B). In both cases, current was firstly
recorded in aerated solutions without enzyme (curves a),
then with catalase in solution (curves b), and lastly with the
enzyme in deoxygenated solution (curves c¢). According to
the literature [5], in the absence of catalase (curves a) the
first peak was attributed to the reduction of oxygen into
hydrogen peroxide:

0, 4+2H" +2¢~ — H,O, (reaction 2)

and the second to the reduction of hydrogen peroxide into
water:

H,O0, +2H' +2¢~ — 2H,0 (reaction 3)

The reactions were written with H,O, rather than HO, —,
because H,O, is the predominant species at pH 8.0: log
([HO;J/[H0,])=—11.63 + pH.

The current—potential curves, which were recorded at
different scan rates from 1 to 50 mV s~ ', gave the same
general shape.

For both EP and non-EP electrodes, adding catalase did
not affect the shape of the first part of the current—potential
curves (before — 0.3 V/SCE), catalase did consequently not
affect the electrochemical kinetics of oxygen reduction. The
presence of catalase increased the current in the peak zone
(from —0.3 to —0.5 V/SCE). In this range, hydrogen
peroxide is produced electrochemically (reaction (2)), and
its reduction rate (reaction (3)) is lower than its production
rate. Catalase catalysed hydrogen peroxide disproportiona-
tion, and produced additional oxygen (reaction (1)). The
production of 1/2 molecule of oxygen from one molecule of
hydrogen peroxide provoked the current increase that was
observed around the peak current, according to Scheme I of
Fig. 2. At the most cathodic potentials, the addition of
catalase had different effects with EP and non-EP electro-
des: the current was decreased on EP electrodes, but it was
increased on non-EP electrodes. Actually, the balance
between the kinetics of hydrogen peroxide production and
hydrogen peroxide consumption is different for EP and non-
EP electrodes, and this balance controls the concentration of
hydrogen peroxide and the effect of catalase. It is generally
admitted that the anodization performed during the EP
creates carboxyl groups, which promote oxygen reduction
into hydrogen peroxide [5]. On EP electrodes, high concen-
trations of hydrogen peroxide were consequently produced
from — 0.3 to — 0.5 V/SCE; in the presence of catalase, this
hydrogen peroxide was consumed, and it was no longer
available for the electrochemical reduction at more cathodic
potentials. At the most cathodic potentials the current was
consequently lower in the presence of catalase. On the
contrary, on non-EP electrodes, hydrogen peroxide was
produced at slower rates, but during the whole potential
scan. The current was smaller than on EP electrodes, but the
effect of catalase was observed on the whole potential range.
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Fig. 2. Schematic representation of the effect of catalase on the
electrochemical reduction of oxygen. Scheme I: coupling of electro-
chemical reduction of oxygen with the regular catalase-catalysed hydrogen
peroxide disproportionation; Scheme II: direct catalysis of the electro-
chemical reduction.

3.2. Catalase deposited on GC electrode surface from
DMSO solution

Fig. 3 gives the current—potential curves obtained with
the catalase—DMSO-modified electrodes without prelimi-
nary EP (Fig. 3A) or with EP (Fig. 3B). The current—
potential curves obtained with catalase adsorbed on the
electrode surface with EP (Fig. 3B) presented the same
shape as those obtained with catalase in solution. On the
contrary, adsorption of catalase on the electrodes that did not
undergo preliminary EP (Fig. 3A) shifted oxygen reduction
towards more anodic potentials, and gave a strong cathodic
peak around — 0.3 V/SCE, where the current was increased
by about 60%, with respect to the clean electrode. With non-
EP catalase—DMSO modified electrodes (Fig. 3A) produc-
tion of oxygen by the disproportionation of hydrogen
peroxide cannot explain the high current increase observed
in the first part of the curve from potentials of approxi-
mately — 0.15 V/SCE. In this case, catalase adsorbed on
glassy carbon from DMSO directly catalysed the electro-
chemical reduction of oxygen via direct electron transfer
from the electrode to catalase, as represented on Scheme II
of Fig. 2.

The fine structure of catalase from beef liver (the
common source) has been widely studied [6]. The heme
group is buried at least 20 A below the molecular surface. It
is accessible by one (or possible two) channel, which is 30

A long and lined with hydrophobic residues [7]. Interaction
with DMSO could modify the morphology of this channel,
resulting in easier connection with the electrode surface [4].
This may explain why catalase allows direct electron trans-
fer with the electrode only when it is adsorbed from DMSO,
and not when it is randomly adsorbed from aqueous
solutions. Analysis by scanning tunneling microscopy of
catalase adsorption on highly oriented pyrolytic graphite has
led to the conclusion that anodization of graphite creates
carboxyl groups, which react with the amine of the poly-
peptide chain to fix catalase onto the surface [8]. According
to this last work, it may be suggested that EP provokes
adsorption of catalase in an orientation which prevents
electron transfer. Moreover, EP modifies the GC surface
from hydrophobic to hydrophilic properties [9]. The con-
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Fig. 3. Current—potential curves obtained with non-EP (A) and EP (B)
catalase— DMSO-modified electrodes. Scan rate 20 mV s ~ '; curves (a) GC
electrodes were soaked 15 min in pure DMSO without catalase; curves (b)
catalase—DMSO modified electrodes; curves (c) catalase—DMSO modified
electrodes in deoxygenated solution.
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Fig. 4. Schematic representation of hypothesis made on the interaction between the hydrophobic lined channel of catalase and the hydrophobic (non-EP) or

hydrophilic (EP) GC electrode surface.

nection of the hydrophobic channel of catalase might con-
sequently be more difficult with the EP electrode than with
the non-EP electrode as schematised in Fig. 4.

4. Conclusion

When catalase was adsorbed on non-EP electrodes from
DMSO solution, the current increase that was obtained can
no longer be explained by Scheme I. In this case it is
postulated that a direct electron transfer between catalase
and the GC electrode occurs, which catalyses the direct
electrochemical reduction of oxygen.

References

[1] E. Horozova, Z. Jordanowa, V. Bogdanovskaya, Enzymatic and electro-
chemical reactions of catalase immobilized on carbon materials, Z.
Naturforsch. 50 (1995) 499—-504.

[2] E. Horozova, N. Dimcheva, Z. Jordanova, Adsorption, catalytic and
electrochemical activity of catalase immobilized on carbon materials,
Z. Naturforsch. 52 (1997) 639—-644.

[3] S.W. Borenstein (Ed.), Microbiologically Influenced Corrosion Hand-
book, Woodhead Publishing, Cambridge, 1994.

[4] Y. Guo, A.R. Guadalupe, Direct electrochemistry of horseradish per-
oxidase adsorbed on glassy carbon electrode from organic solutions,
Chem. Commun. 15 (1997) 1437-1438.

[5] J.S. Do, C.P. Chen, In situ degradative oxidation of formaldehyde with
hydrogen peroxide electrogenerated on modified graphites, J. Appl.
Electrochem. 24 (1994) 936—942.

[6] W.R. Melik-Adamyan, V.V. Barynin, A.A. Vagin, V.V. Borisov, B.K.
Vainshtein, I. Fita, M.R.N. Murthy, M.G. Rossmann, Comparison of
beef liver and Penicillium vitale catalases, J. Mol. Biol. 188 (1986)
63-69.

[7] 1. Fita, M.G. Rossman, The NADPH binding site on beef liver catalase,
J. Mol. Biol. 185 (1985) 21-30.

[8] J. Zhang, Q. Chi, B. Zhang, S. Dong, E. Wang, Molecular character-
ization of beef liver catalase by scanning tunneling microscopy, Elec-
troanalysis 10 (1998) 738—-746.

[9] G.E. Cabaniss, A.A. Diamantis, W.R. Murphy Jr., R.-W. Linton, T.J.
Meyer, Electrocatalysis of proton-coupled electron-transfer at glassy
carbon electrodes, J. Am. Chem. Soc. 107 (1985) 1845—1853.





		Direct electrochemistry of catalase on glassy carbon electrodes

		Introduction

		Experimental

		Results

		Catalase dissolved in solution

		Catalase deposited on GC electrode surface from DMSO solution



		Conclusion

		References






Bioelectrochemistry

ELSEVIER

Bioelectrochemistry 55 (2002) 161—-164

www.elsevier.com/locate/bioelechem

Short communication

Effects of low-frequency magnetic fields on bacteria Escherichia coli

Ludek Stragék *>*, Vladimir Vetterl *°, Jan Smarda®

Laboratory of Biophysics, Department of Physical Electronics, Faculty of Science, Masaryk University, Krdlovopolska 135, 612 65 Brno, Czech Republic
®Institute of Biophysics, Academy of Sciences of the Czech Republic, Krdlovopolskd 135, 612 65 Brno, Czech Republic
“Department of Biology, Faculty of Medicine, Masaryk University, Jostova 10, 662 44 Brno, Czech Republic

Received 1 June 2001; received in revised form 5 September 2001; accepted 19 September 2001

Abstract

The effects of low-frequency magnetic fields (Bm=2.7—10 mT, /=50 Hz, time of exposure r=0—12 min, laboratory temperature) on the
viability and oxidoreductive activity of gram-negative bacteria Escherichia coli were investigated. The growth of these bacteria was
negatively affected by such fields. We compared two experimental systems—solenoid [Sb. Lek. 99 (1998) 455] and a cylindrical spool—to
find differences between nonhomogeneous and “more homogeneous” magnetic fields. We observed analogous effects in both experimental
conditions. The growth curve of the exposed bacteria was lower than the control one. The ability of bacteria to form colonies decreased with
increasing magnetic field intensity and with increasing time of exposure. The oxidoreductive activity was measured using reduction of a
tetrazolium salt. The decrease in oxidoreductive activity with increasing time of exposure was observed, but the effect was due to a lower
amount of bacteria surviving the exposure to the magnetic fields. The decrease in oxidoreductive activity and ability to form colonies were
compared with the assumption that the effect of magnetic field is probably bactericidal. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: ELF magnetic fields; Escherichia coli

1. Introduction

One of the mostly discussed contemporary problem in
the biophysics is whether low-frequency magnetic fields
can affect living systems. A lot of papers concerning this
topic have been published in the last 20 years, but the
results are very controversial [2—5]. A big number of
attempts to explain magnetic field effects on the molecular
level have been given [6]. It was shown that magnetic fields
can affect biological functions of organisms by changes of
the concentration of hormones, by changes of the activity of
enzymes or of the transport of ions by cell membranes, by
changes in the synthesis or transcription of DNA, etc
[2,7.,8].

In this work, we continue in the investigation of the
extremely low-frequency magnetic field effect on gram-
negative bacteria Escherichia coli. We have found previ-

* Corresponding author. Laboratory of Biophysics, Department of
Physical Electronics, Faculty of Science, Masaryk University, Kralovopol-
ska 135, 612 65 Brno, Czech Republic. Tel.: +420-5-41-51-71-16; fax:
+420-5-41-21-12-93.

E-mail address: lustt@ibp.cz (L. Strasak).

ously [1] that nonhomogeneous magnetic fields (B,,=5-20
mT, /=50 Hz, time of exposure =0-24 min) negatively
affect the growth of our bacteria. The effect depends on the
duration of exposure and on the magnitude of magnetic
induction. The growth curve of the exposed bacteria is
changed as well. There is a difference in the exposure of
the bacteria in broth and on the agar plates. The bacterio-
phage BF23 is bound less to bacteria exposed and the
magnetic field did not induce any production of bacterio-
phage from the lysogenic strain. We suppose that magnetic
fields did not damage DNA of the bacteria exposed.

We repeated now these experiments using a more homo-
geneous magnetic field to find if the effects depend on the
homogeneity of the fields. We decided to measure the
dynamics of the growth and the oxidoreductive activity to
find whether the magnetic fields effects are bactericidal
(killing the bacteria) or bacteriostatic (blocking their growth
during the exposure).

2. Experimental

The magnetic fields were generated by a cylindrical coil.
This was charged by a regulated transformer. The maximal

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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effective current was 1.9 A, the frequency 50 Hz. The
temperature was kept on the value of the laboratory temper-
ature (20—-25 °C) and it was measured by the thermometer.
The samples were placed on the nonconductive stand in the
centre of the coil.

The bacteria E. coli (strain K12 Row, genotype 58—161
metBlrpsL 1" F%' P. Fredericq), from the Department of
Biology Medical Faculty of the Masaryk University Brno,
were used. TY broth (8 g tryptone, 5 g yeast extract—
HiMedia Lab., Bombay, 5 g NaCl—Lachema Brno/1 1 of
water) and basic nutrient agar (40 g/l—Imuna, Sarigské
Michalany) were used for cultivation of the bacteria.

One percent (w.v.) 2,3,5-triphenyl tetrazolium chloride
(TTCl, Lachema Brno) was used as indicator in the oxidor-
eductive activity experiments.

The number of colony forming units (CFU) was used to
quantify our results. Fresh bacterial cultures were used
throughout the experiments. Control cultures were kept in
the same conditions as the exposed ones except the sole
exposition to the magnetic fields.

In the experiments using varying exposure times or
magnetic induction, appropriately diluted bacterial cultures
were exposed to magnetic fields on agar plates in the phase
of their logarithmic growth (4.5 h since inoculation). For
studies of the dynamics of growth, broth cultures were
exposed to the magnetic fields in the logarithmic growth
phase at time intervals, samples thereof were transferred to
agar plates for CFU counts. To measure the oxidoreductive
activity, cultures (12 h after the inoculation) were exposed to
magnetic fields in broth, then 0.4 ml of 1% TTCI were
added to 4 ml samples of the culture and samples placed
into a thermostat (37 °C, 1 h). Then, after the TTCI reaction
was finished, the samples were spun down (15 min/4000/
min) and the colony indicator in each sediment was diluted
in 2 ml of acetone. After a complete reduction of the dye, its
optical transparency was measured by a photometer (Spe-
kol, Carl-Zeiss Jena) using 1=490 nm.

For statistical analysis of the results, the #-test was used at
the 0.95 level of significance.

3. Results and discussion
3.1. Dependence of CFU on the time of exposure

We exposed bacterial cells to the magnetic field and
varied the duration of the exposure. We found that the
number of CFU decreases with the time of exposure. The
decrease is exponential. This result corresponds to the one
for a nonhomogeneous magnetic field.

3.2. Dependence of CFU on the magnitude of magnetic
induction

Bacteria were exposed to the magnetic field and the
magnitude of the magnetic induction was changed in the

interval 2.7-10 mT. We ascertained again an exponential
decrease of the number of CFU in the exposed culture. The
result was again the same as for nonhomogeneous magnetic
fields.

3.3. The study of the growth dynamics

We tried to find out if the inhibitive effects of the
magnetic field are bacteriostatic or bactericidal. We counted
the number of CFU during exposure of the culture and
compared it with the control (Fig. 1). After the analysis of
the data, we ascertained that the slope of the dependence of
CFU on the time of the exposure does not equal to zero, but
it is as to the slope of the control curve. We suppose that
cells in the magnetic field do not lose their ability to divide.
The decrease of the CFU number is caused by death of some
bacteria in the culture. The effect of magnetic fields prob-
ably is not bacteriostatic.

3.4. Measuring of the oxidoreductive activity in the cells
exposed

We studied oxidoreductive activity of the bacterial cells
using reduction of tetrazolium. Bacteria reduced tetrazolium
on the phormasane and we quantified this activity by
photometric measurement of the transparency of the solu-
tion of phormasane formed. We found an increase of the
transparency depending on the time of the exposure; it
means that the oxidoreductive activity of the bacteria
decreases with the time of exposure (Fig. 2a). The next
step was to measure the dependence of the transparency on
the number of CFU in the sample. We compared two curves,
the one of cells exposed to magnetic field and the other of
control cells. By statistic analysis, we found that the slopes
of both curves are similar (Fig. 2b). From this fact, we
assume that magnetic field exerts no effect on the metabo-
lism of the bacteria exposed. On the other hand, the
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Fig. 1. The dependence of the colony forming units on the time of exposure.
The magnetic fields was turn off in the =60 min. O—Control culture; B—
culture exposed.
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Fig. 2. Measuring of the oxidoreductive activity. (a) Dependence of the
transparency, =490 nm, of the samples after TTCI reaction on the time of
the exposure (higher transparency means lower activity); (b) Dependence of
the transparency of the samples on the number of CFU for unexposed (O—
the slope=(— 1.7 = 0.8) e — 8) and exposed (M—the slope=(— 1.1 £ 0.5)
e — 8) cultures.

oxidoreductive activity is a good means for measuring the
magnetic field effects. Because the magnetic field has no
effect on the metabolism of bacteria and the metabolism of
the culture decreases with the time of exposure as does the
number of CFU, we concluded that magnetic field kills a
small part of bacteria from the culture, the majority of them
developing without provable disturbance.

4. Conclusion

We found that magnetic fields (50 Hz, 2.7—10 mT, 0—12
min) can affect the bacteria E. coli. We confirmed our
previous results. The effect of the nonhomogeneous and
homogeneous fields is approximately the same. By measur-
ing the dynamics, we found that the effects of magnetic
fields are not bacteriostatic; the number of bacteria increases
during exposure of the growing culture to the magnetic
fields but is less than in the control culture. Magnetic fields
have no effect on the metabolism of the bacteria. From all
the results, we assume that the magnetic fields kill a part of
bacteria exposed.

The question of how the magnetic field can kill bacteria
is not solved by our experiments. The main theories that try
to explain the biological effects of electromagnetic fields are
based on the possible effect of electromagnetic field on the
permeability of the ionic channels in the membrane. This
can affect the ion transport into the cells and it can result in
biological changes of the organism. The other possible
effect is the formation of free radicals due to magnetic field
exposure. On the other hand, our previous experiments
reported no changes in DNA structure due to magnetic field

[].
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Abstract

Interactions of echinomycin (Echi) with DNA was studied by cyclic voltammetry (CV) with hanging mercury drop electrode (HMDE).
Echinomycin was electrochemically active, yielding several signals. Interaction of Echi with dsDNA attached to a hanging mercury drop
electrode resulted in high Echi signals, suggesting a strong binding of Echi to dsDNA by bis-intercalation at the electrode surface. Under the
same conditions, interaction of Echi with ssDNA produced almost no Echi signal. This behavior is in agreement with a strong binding of Echi
to dsDNA and a very weak binding of Echi to ssDNA observed earlier in solution. Echi, thus, appears to be a good candidate for redox
indicator in electrochemical DNA hybridization sensors. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Electrochemistry of DNA; Interaction of DNA with echinomycin; Hanging mercury drop electrode; DNA hybridization sensors; DNA bis-

intercalator

1. Introduction

Antimicrobial and antitumor activity of quinoxaline anti-
biotic has been known for several decades [1,2]. Echino-
mycin (Echi) represents one of the quinoxaline antibiotics.
Echi interaction with dsSDNA was described many years ago
[3], and later, the mechanism of binding was named as bis-
intercalation [4]. Echi binds to the minor groove of DNA
duplex showing strong preference for the CpG sequence
[5—8]. The two aromatic rings are oriented in an optimum
configuration for bis-intercalation, separated by 10—11 A,
and can accommodate two base-pairs between the rings as
required for binding by the neighbor exclusion principle.
Significantly higher DNA-binding constants and slower
dissociation rates from DNA are characteristics for bis-
intercalators relative to monointercalators [9]. The results
in this field were reviewed, e.g. Refs. [10—13]. On the other
hand, less is known about electrochemical behavior of
quinoxaline antibiotics, including Echi. Here, we present a
preliminary report on interaction of Echi with ss- and
dsDNA using adsorptive transfer stripping cyclic voltamme-
try (AdTSCV) at hanging mercury drop electrode (HMDE)
[14,15].

* Corresponding author. Tel.: +420-5-415-17213; fax: +420-5-412-
11293.
E-mail address: jelen@ibp.cz (F. Jelen).

2. Materials and methods

Calf thymus DNA was isolated as described previously
[16]. DNA was denatured by heating at 100 °C for 6 min
with subsequent cooling in an ice-bath. Echinomycin was
purchased from Sigma-Aldrich (Germany). All reagents
were of analytical grade: solutions were prepared from
triple distilled water. Voltammetric measurements with a
hanging mercury drop electrode HMDE were performed
with an AUTOLAB analyzer (EcoChemie, The Nether-
lands) with VA-Stand 663 Metrohm (Zurich, Switzerland).
The HMDE mode with an area of 0.4 mm” and a three-
electrode system were used (Pt wire served as an auxiliary
electrode and an Ag/AgCl/3M KCI served as reference
electrode). DNA was adsorbed from 8-pl sample drop on
the HMDE surface. After washing, the electrode was
transferred into the solution of Echi, washed and trans-
ferred into the background electrolyte where usual vol-
tammetric measurements were done. CV measurements
were carried out in deaerated solutions at room tempe-
rature.

3. Results and discussion

We have found that Echi is an electroactive species
yielding several CV signals at neutral pH. With 10 uM

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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Fig. 1. Cyclic voltammograms of Echi complex with (A) ssDNA and (B) dsDNA. The curves were obtained using double-transfer step technique. DNA-
modified HMDE (100 ppm of calf thymus DNA, 7, 120 s) was dipped into 10 pM Echi for 60 s, washed and transferred into 0.3 M ammonium formate with
sodium phosphate, pH 6.9. Scan rate 0.5 V/s, starting potential — 0.1 V, switching potential — 1.85 V, HMDE. Only the second scans are shown.

Echi in 0.3-M ammonium formate, phosphate buffer, and
pH 6.9, a redox couple peak around — 0.53 V, a low broad
cathodic peak around — 1.08 V, and a sharp cathodic peak
around — 1.69 V were observed (not shown). More details
about the behavior of Echi will be published elsewhere.
Here, we tested Echi as a potential bis-intercalating redox
indicator for a DNA hybridization sensor. We measured
only the most positive signals of Echi at —0.53 V. DNA
was adsorbed at the open current circuit from 0.2 M NaCl
for the accumulation time (¢4) 120 s. After accumulation,
the electrode with immobilized DNA was transferred into
solution of 10 uM Echi in 0.2 M NaCl and incubated for 60 s.
Then, the second electrode transfer into the blank back-
ground electrolyte (0.3 M ammonium formate with phos-
phate buffer, pH 6.9) followed, and after electrolyte
deaerating, the CV scan was applied. In case of thermally
denatured ssDNA, we could observe on voltammograms
only signals of DNA, i.e. cathodic peak CA of cytosine and
adenine or anodic peak G due to the oxidation of the
reduction product of guanine as described earlier [17,18]
(Fig. 1A). Contrary to ssDNA, with dsDNA, new redox
couple appeared at about — 0.5 V (Fig. 1B) corresponding
to peaks of free Echi. These results show a striking differ-
ence in voltammetric responses with ds- and ssDNA;
dsDNA—Echi complex produced specific DNA and Echi
signals in agreement with the strong binding of Echi to
dsDNA by bis-intercalation [7]. If multiple CV scan was
used, the difference between the voltammograms obtained
with ds- and ssDNA was observed at all measured scans. On
the other hand, some changes at the voltammograms of
dsDNA displaced some changes on the successive scans.
Fig. 1 shows only the second scans; more details will be
published elsewhere. Under the same conditions, interaction
of Echi with ssDNA resulted in high DNA signals and
almost no Echi signals, suggesting only very weak binding
of Echi to ssDNA at the electrode surface. Echi, thus, ap-
pears to be a good candidate for a redox indicator in elec-
trochemical DNA hybridization sensors [19].
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Abstract

Hydrogen enzyme electrodes based on direct and mediated bioelectrocatalysis were developed. Direct bioelectrocatalysis of hydrogen
oxidation/evolution was observed for hydrogenase adsorbed on carbon filament material. The equilibrium hydrogen potential was achieved
on mediatorless hydrogen enzyme electrodes in hydrogen atmosphere. The electrocatalytic activity of hydrogenase in direct
bioelectrocatalysis of hydrogen oxidation was two orders of magnitude higher compared to platinum. The reported electrode remained
50% activity after 6 months of storage with periodical testing. Wired bioelectrocatalysis was achieved by adsorption of hydrogenase onto
electropolymerized redox mediator N-methyl-N' -(12-pyrrol-1-yl-dodecyl)-4,4’ -bipyridinium ditetrafluoroborate. © 2002 Elsevier Science

B.V. All rights reserved.

Keywords: Hydrogenase; Direct bioelectrocatalysis; Enzyme electrodes; Wired enzyme; Polypyrrole

1. Introduction

The enzymes responsible in nature for oxidation/evolu-
tion of molecular hydrogen are trivially called ‘hydroge-
nases’ [1]. The hydrogenase enzyme electrode uses the
catalytic properties of the hydrogenase enzyme able to
activate hydrogen molecule for energy interconversion
between H, and electricity. The development of enzyme
electrodes requires the successful coupling of the enzyme
with the electrochemical reactions.

The most attractive coupling is a direct electron exchange
between the electrode and the active site of the enzyme.

The phenomenon of direct bioelectrocatalysis by hydro-
genases was shown in the beginning of the 1980s [2,3]. In
particular, hydrogenase of Thiocapsa roseopersicina being
adsorbed on carbon black electrodes catalyzed electrochem-
ical oxidation—evolution of hydrogen in the absence of any
diffusion-free or immobilized mediators [2]. However, the
modification of electrode surfaces by redox mediators in
order to establish an electrical communication with enzyme

* Corresponding author. Tel.: +7-095-939-2804; fax: +7-095-939-5417.
E-mail address: serge@enzyme.chem.msu.ru (S.V. Morozov).

molecules remains an important problem in the field of
enzyme electrodes [4].

In current research, we have been studying both ap-
proaches for hydrogenase electrodes development.

Since the previous investigation of hydrogenase electro-
chemistry was carried out using carbon black modified
electrodes, it was decided to immobilize the enzyme onto
the commercial carbon materials. On one hand, the com-
mercial carbon materials are accessible and well character-
ized, what provides the reproducibility of our results on
hydrogen enzyme electrode. On the other hand, the use of
commercial carbon supports is required for further commer-
cial applications.

For direct bioelectrocatalysis studies, the hydrogenase
was adsorbed onto the carbon filament material (CFM)
specially designed by the Russian State company ‘Alten’
for development of fuel cells.

2. Experimental

Galvanostatic and voltammetric studies were performed
using Solartron Schlumberger Model 1286 (UK). Experi-

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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ments were carried out in a three-compartment electro-
chemical cell containing a Pt net auxiliary electrode and a
reversible hydrogen reference electrode under constant
hydrogen flow.

Glassy carbon disk electrodes (diameter 1.8 mm) made
from glassy carbon type GC 2500 produced in Research
Institute for Graphite Materials (Moscow, Russia) and
carbon filament material CFM electrodes (1 x 0.5 cm)
(TVS-300 M, Alten, Moscow Region, Russia) were used
as working electrodes. CFM specific electrical resistance
was 50—-70 m() cm.

The hydrogenase from 7. roseopersicina strain BBS was
purified according to procedure described in Ref. [5] to 90
% of purity and characterized by activity of 20—40 pmol
(H,)/min per mg of protein.

Hydrogenase electrode type 1 was prepared by enzyme
adsorption from its aqueous solution (2—4 mg/ml) for 12 h
at 4 °C in 0.005 M K-phosphate buffer, pH 7.0 onto CFM
electrodes.

The solution of Compound I (CI: N-methyl-V -(12-
pyrrol-1-yl-dodecyl)-4,4" -bipyridinium ditetrafluoroborate)
in CH3CN (2 mM, 5 pl) was deposited on glassy carbon
electrode and allowed to dry for 30 min in ambient con-
ditions. Electropolymerization included cycling of the
applied potential from —0.8 to +0.95 V vs. Ag/AgCI(1
M) reference electrode with the sweep rate 50 mV/s for 30
min in 0.1 M LiClO4 solution pH 6.0.

Hydrogenase electrode type Il was prepared by enzyme
adsorption from its aqueous solution (2—4 mg/ml) for 12 h
at 4 °C in 0.005 M K-phosphate buffer, pH 7.0 onto the
electrodes modified with poly(CI).

3. Results and discussion

A procedure for hydrogen enzyme electrode type I
preparation includes the pretreatment of electrode support
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Fig. 1. Hydrogenase CFM electrode (type I) in H, (1), Ar (2) and blank
electrode (3). Phosphate buffer pH=7.0. Potential vs. Hy/Pt electrode in
same buffer.

Table 1
Electrocatalytic properties of CFM hydrogenase electrodes
Jo (A cm2) 101, per molecule
of catalyst (A)
Hydrogenase 11+1 8§11
electrode
Pt (pH 7.0) <10 <0.1

followed by enzyme immobilization. Electrode pretreatment
is a crucial step, especially taking into account, that initially
CFM is completely hydrophobic. The optimal hydrophyliza-
tion procedure included the treatment with sulfuric acid for
10—30 min followed by washing with buffer during 48 h.

After immersion of the enzyme electrode in neutral
buffer solution saturated with molecular hydrogen, the
equilibrium hydrogen potential has been achieved in less
than 5 min. Hydrogen enzyme electrode was characterized
by high values of anodic current at positive potentials (£,)
(Fig. 1). Without active hydrogenase the background reac-
tion of hydrogen electrooxidation in the observed region of
potentials is absent. In the absence of molecular hydrogen,
the only cathodic current was observed for hydrogen
enzyme electrode (Fig. 1). Thus, the anodic current is due
to hydrogen oxidation on hydrogenase electrode, and the
standard potential observed is the hydrogen equilibrium
potential. Positive wave of the current—potential curve
was not linearized in the traditional Tafel plots, but was fit
to the two-exponential equation evaluated for the two
sequential one-electron electrochemical stages.

exp (2 M) — exp <2(1 — OC)FE)
RT RT 1)
1 . (ocFE) N 1 . ( (l—oc)FE) (
Jor CP\RT) TG P\ RT
where j,; and j,, are exchange current densities of first and
second electrochemical stages, respectively. We let «=0.5
as for most electrochemical reactions.

The important characteristic of electrocatalyst is the
exchange current (j,) of the corresponding catalyzed reac-
tion. This value can be found as from Tafel plots (if
applicable for linearization), as from the j,; and j,, of the
above equation. Exchange current density was taken as
doubled of the lowest value of the j,; and j,,. Table 1
summarizes the values of the exchange current calculated as
per electrode unit area as per molecule of the catalyst. It is
seen that in neutral aqueous solutions, platinum electrode
possesses similar electrocatalytic activity relatively the geo-
metric electrode area. However, when recalculated per
molecule of the catalyst, the efficiency of the enzyme
becomes two orders of magnitude higher. The amount of
adsorbed hydrogenase was estimated from reaction of
hydrogen evolution in the presence of reduced methyl
viologen according to Ref. [5]. The number of platinum
atoms per unit area was calculated from value of equilibrium
hydrogen adsorption (220 pC cm™?) [6].
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Fig. 2. Hydrogenase poly(Cl) electrode (type II) in H, (1) and Ar (2).
Potential sweep rate 2 mV/s. Phosphate buffer pH=7.0. Potential vs. H,/Pt
electrode in same buffer.

Thus, the enzyme electrode based on carbon filament
material is characterized by high efficiency: hydrogen
equilibrium potential and high current of hydrogen oxida-
tion. Before that hydrogen equilibrium potential was firstly
registered for 7. roseopersicina hydrogenase immobilized
on gold covered with carbon black [2] or for Desulfovibrio
vulgaris hydrogenase, but in the presence of mediators [7].

A crucial factor for biotechnology applications is the
stability of the enzyme electrode. Hydrogenase immobiliza-
tion onto the CFM causes the dramatic improvement of both
operational and storage stability. Even after half a year of
storage with periodical testing, the enzyme electrode type I
preserved more than 50% of its initial activity.

To realize the wired bioelectrocatalysis by hydrogenase,
we used electropolymerized redox mediators for the immo-
bilization of hydrogenase. For this aim, the chemical syn-
thesis of viologen substituted by an electropolymerizable
group (pyrrole) and also a long alkyl chain based on 12
carbons (Compound I) has been made.

Methyl viologen is known as the most popular redox
mediator used for biochemistry of hydrogenases [7,8]. The
preliminary electrochemical experiments have demonstrated
the possibility to electrogenerate electroactive polymers
exhibiting the redox behavior of the viologen unit.

The possibility of an electrical wiring of hydrogenase
was shown (Fig. 2). It is seen that in hydrogen atmosphere,
the cyclic voltammogram of ‘wired’ hydrogenase electrode
has a shape of catalytic reaction. At positive potentials (> 50
mV), enzyme electrode exhibited high values of positive
current, whereas in the absence of H, the only background
CV of electroactive polymer was observed.

The high anodic current, thus, peculiar to hydrogen
oxidation reached high values, which taking into account
the morphology of the electrode supports (filament fabric
for direct bioelectrocatalysis and smooth surface for wired
one) are nearly of similar order with the current obtained in
case of direct bioelectrocatalysis. However, in case of
‘wired’ hydrogenase, we were not able to reach hydrogen
equilibrium potential because the standard potential of the
electropolymerized mediator was in the range 100—200 mV.

4. Conclusion

We conclude that both direct and ‘wired’ bioelectroca-
talysis can be realized in case of hydrogenase enzyme
electrodes to achieve high efficiency of hydrogen oxidation.
For hydrogen evolution, it seems the enzymes from the
other sources, which are tremendously more active in this
reaction, have to be used.
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Abstract

In this work, phospholipid liposomes were used to investigate the influence of lipid negative charge on the interaction of merocyanine
540 (MC540) with model membranes. Liposomes were prepared from a mixture of neutral dimyristoyl lecithin (DMPC) and negatively
charged dimyristoyl phosphatidic acid (DMPA). A strong dependence between the presence of charges on the membrane and dye
association was found. The affinity of the dye to liposomes was decreased with an increasing content of DMPA in liposomes. Changes in
absorption spectra of MC540 suggest that the decrease in affinity of MC540 to charged membranes is accompanied by a hypsochromic
solvatochromic shift and changes in monomer/dimer equilibrium of MC540 incorporated in the membrane. © 2002 Elsevier Science B.V.

All rights reserved.
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1. Introduction

The fluorescent dye merocyanine 540 (MC540) prefer-
entially photosensitizes leukemia cells, lymphoma cells [1]
and enveloped pathological viruses [2]. It has been shown
that the highly susceptible cells to MC540-sensitized photo-
inactivation tend to bind more dye and to saturate their dye-
binding sites more rapidly than MCS540-resistant cells.
Therefore, the preferential binding of a sensitizer to the
malignant species is suggested to be a key factor in the
efficiency of MC540-sensitized photodynamic impact [3].

MC540 incorporates to the outer leaflet of the phospho-
lipid bilayer of a cellular membrane [4]. Considering this,
the difference between high and low affinity binding should
reflect differences in composition and/or structural organ-
ization of the membrane. In model experiments with lip-
osomes, it has been proposed that MC540 resides in
membrane slightly above domain of the glycerol backbone
of phospholipids and it has been shown that MC540 binding
is very sensitive to lipid packing of phospholipid bilayer [5].
Due to the presence of a negative charge on the MC540
molecule, localized charges on the surface of membrane

* Corresponding author. Tel.: +421-2-6029-5124; fax: +421-2-6541-
2305.
E-mail address: sikurova@fmph.uniba.sk (L. Sikurova).

may play an important role in the process of incorporation
of MC540 into the membrane. Up to now, investigations
have shown that there is some correlation between binding
of MC540 and the presence of the charged structure on the
membrane [6,7]. The aim of our work was to determine the
influence of the lipid negative charge on the interaction of
MC540 with membranes.

2. Experimental

MC540 was purchased from Molecular Probes (the
Netherlands) and was used without further purification.
The dye stock solution of MC540 of 10 ~> M was prepared
in bidistilled water and kept in the dark until use. A mixture
of two synthetic phospholipids, 1,2-dimyristoyl-sn-glycero-
3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-
3-phosphatidic acid (DMPA) from Fluka (Germany), was
used in the preparation of small unilamellar liposomes by
sonicating their water dispersion (14 x 10~ ¢ mol of
DMPA -DMPC mixture in 1 ml) in a temperature-controlled
sonicating bath (7=25 °C) for 1 h. The molar ratio of both
lipids DMPA/DMPC in the suspension was 0:100, 10:90
and 20:80, respectively. The liposome suspension of molar
concentration of 14 x 10 ~* M was used as stock solution.
The bidistilled water, pH 6.2 £ 0.1, was used in all sample
preparations.

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S1567-5394(01)00140-2





174 A. Mateasik et al. / Bioelectrochemistry 55 (2002) 173-175

Liposomes and MC540 at different lipid/MC540 molar
ratios (in the interval from 20:1 to 450:1) were incubated for
10 min. The binding of MC540 to the liposomes were
determined by recording and analyzing absorption spectra
of the dye. The absorption spectra were recorded by a
Fluorolog 3—11 (Yvon Jobin, USA). All measurements
were performed at the temperature of 25 °C and the samples
were protected from the light.

3. Results and discussion

Fig. 1 shows the visible absorption spectra of MC540 in
DMPC liposomes with various contents of DMPA and for
different lipid/MC540 molar ratios. In the aqueous solution
of MC540 (Fig. 1), two absorption maxima, namely at 500
nm (a dimer peak) and at 533 nm (a monomer peak) were
observed. Titration of water solution of MC540 by liposome
suspensions caused changes in the spectral appearance. In
the pure DMPC liposomes, a new absorption band became
resolvable at 568 nm. The original water peak at 500 nm
was reduced, whereas the peak at 533 nm changed its

1.2 4

14

0.8 A

Absorbance

Absorbance

Absorbance

Wavelength /nm

Fig. 1. Visible absorption spectra of MC540 in the suspension of DMPC
liposomes containing 0% mol (I), 10% mol (II) and 20% mol (III) of DMPA
at various lipid/dye ratio: (a) aqueous solution of MC540 1 x 10~ mol
17!, (b) 10:1, (c) 20:1, (d) 30:1, (e) 50:1, (f) 70:1, (g) 140:1, (h) 280:1 and
(i) 440:1.

Absorbance

0 100 200 300 400
Lipid/dye ratio

Fig. 2. Absorbance of MC540 monomers bound to the liposomes with
various content of DMPA at different lipid/dye ratio: (W) 0% mol DMPA,
(A) 10% mol DMPA and (e) 20% mol DMPA.

intensity by variation of lipid amount in the sample (Fig.
1). Two isosbestic points were also created at about 546 and
595 nm. According to Sikurova et al. [8], the present data
can be interpreted as the incorporation of MC540 into the
lipid membrane and the peaks at 568 and 533 nm can be
assigned to monomer and dimer forms of MC540, respec-
tively, bound in the lipid membrane. Absorbance values
(Figs. 1 and 2) were enhanced up to the saturation level at a
lipid/dye molar ratio of about 100:1 which indicates that
almost all dye were associated with liposomes at lipid/dye
molar ratios over 100:1.

The presence of DMPA in liposomes caused changes in
the shape of MC540 spectra. With an increase of DMPA
concentration in the liposome suspension, the absorption
maxima of the membrane-bound MC540 monomer were
reduced, and a blue shift of its position to 566 nm at 10%
mol of DMPA and to 560 nm at 20% mol of DMPA
occurred. This observation suggests that the presence of
negative charges on the membrane strongly suppress the
occurrence of MC540 monomers in a lipid membrane. In
addition, the recorded blue shift of monomer peaks in the
spectra may indicate the localization of MC540 monomer in
a less hydrophobic region of membrane [9]. MC540 mole-
cules fully associated with liposomes were observed at a
higher lipid/dye molar ratio—about 150:1 for 10% mol
DMPA and about 270:1 for 20% DMPA, which indicates
a decrease of the MC540 affinity to charged liposomes
(Figs. 1 and 2). An increase in the intensity of absorbance in
the region near 530 nm (Fig. 1) may suggest formation of
new colored species (e.g., aggregates) of MC540 in pres-
ence of DMPA.

4. Conclusions

Results of study suggest that the electrostatic repulsion
between negative charges present on MC540 molecules and
on liposomes prevents the penetration of MC540 into the
hydrophobic core of membrane and decreases occurrence of
monomers of the dye bound to the liposomes.
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Abstract

The morphology and electron tunneling through single cytochrome ¢ and nanocluster Pts(CO),[P(C¢Hs)]4 molecules organized as
monolayer Langmuir—Blodgett (LB) films on graphite substrate have been studied experimentally using scanning tunneling microscopy
(STM) and spectroscopy techniques with sub-nanometer spatial resolution in a double barrier tunnel junction configuration STM tip—
monomolecular film—conducting substrate at ambient conditions. STM images of the films revealed globular structures with characteristic
diameters (~ 3.5 nm for the protein molecule and ~ 1.2 nm for the nanocluster). The spectroscopic study by recording the tunneling current—
bias voltage (/- V) curves revealed tunneling /- ¥ characteristics with features as steps of different width and heights that are dependent on
the STM tip position over the molecule in the monolayer, giving evidence for sequential discrete electron-tunneling effects with the
combination of the single electron Coulomb-charging energy and the electronic energy level separation (molecular spectrum) in such
immobilized metalloprotein and nanocluster structures that can be of interest for the development of bioelectronic and hybrid functional

nanosystems. © 2002 Elsevier Science B.V. All rights reserved.

Keywords: Cytochrome c; Nanocluster; Monolayer; Langmuir—Blodgett film; Electron transport; Electron tunneling; STM; Nanoelectronics

1. Introduction

The control of electron current at the level of single
electrons is a challenge in nanoelectronics with the potential
for the creation of circuits with extremely low dimensions and
energy dissipation. Physical limitations for three-terminal
nanoelectronic devices are concerned with the wave behavior
of an electron at small device dimensions and problems with
the determination of the electrochemical potential of tunnel-
ing electrons due to Heisenberg’s uncertainty principle. Such
limitations can be circumvented in a system where a number
(at least two) of tunnel junctions were incorporated in the
device with the sequential localized discrete character of
electron transfer between the electrodes. In biological sys-
tems, the electron transfer processes are principal compo-
nents of the stepwise oxidation—reduction reactions in
electron transport chains in the membranes of the mitochon-

* Corresponding author. Tel.: +7-95-939-3007; fax: +7-95-939-1195.
E-mail address: GBK@phys.msu.su (G.B. Khomutov).

dria (metabolic reduction of dioxygen), chloroplasts and
bacteria (photoinduced electron transport). The importance
of tunneling mechanism for biological redox electron transfer
is due to the rather fixed and localized site nature of electron
transfer in metalloproteins [1—3]. Thus, nature gives an
example of the realization of multi-junction tunnel electronic
system where electron current through a single molecule can
be potentially controlled at the level of a single electron at
ambient temperature.

Earlier in our group, we have introduced a bioinspired
approach to create reproducible stable planar supramolecu-
lar structures based on the formation of biomimetic mixed
Langmuir—Blodgett (LB) films consisting of inert amphi-
phile molecular matrix and guest chemically synthesized
nanocluster molecules. Such nanostructures can serve as a
model for the investigations of basic mechanisms of mem-
brane redox reactions and are perspective for the develop-
ment of room-temperature controlled single-electron tun-
neling molecular elements and systems [4]. The double
tunnel junction (DTJ) structure “graphite substrate—nano-
cluster molecule—scanning tunneling microscope (STM)

1567-5394/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.
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tip” was studied [5], and the effects related to single
electron tunneling and discrete electronic level spectrum
were observed in such structures at room temperature by
STM [6]. Using such an approach, a single-electron tunnel-
ing transistor (SET) based on a single nanocluster molecule
was demonstrated at room temperature for the first time
[6,7].

STM allows to visualize the molecular nanostructures
and study redox processes in the single molecules with high
spatial and spectral resolution at ambient conditions [8,9].
The application of such technique to investigate the electro-
chemical electron transfer processes in single biological
electron carriers such as metalloproteins with nanometer
resolution is a new approach in nanobioelectrochemistry.
The molecular structure of the samples for the investigations
of single redox centers by this technique has to be the
monolayer on the conducting substrate. Recently, immobi-
lized protein monolayers were investigated by STM [10—
12]. In the present work, we have used such an approach to
study the electron transport features in the organized mono-
molecular films of cytochrome c—a protein electron carrier
in the natural electron transport chains of the mitochondria.
Cytochrome c is a well-characterized heme protein with a
heme—iron redox center that has two redox levels accessible
under physiological conditions, the oxidized (3+) and re-
duced (2+) levels. Cytochrome ¢ is rather small protein
(MW =12000) with a roughly spherical shape of 3.5 nm
diameter. In this report, we present experimental results on
the STM characterization of cytochrome ¢ and the nano-
cluster Pts(CO);[P(C¢Hs);]4 monolayer LB films on graph-
ite substrates. The obtained experimental data on the STM
study of the morphology and electron transport features in
cytochrome ¢ and the nanocluster molecular monolayers
give evidence for close discrete electron-tunneling effects in
such immobilized molecular structures.

2. Experimental

Cytochrome ¢ (horse heart, MW =12 000) was purchased
from Sigma. Nanocluster molecules Pts(CO);[P(CsHs)sla
used in the work were synthesized by Prof. S.P. Gubin in
accordance with known procedures [13]. Such clusters have
a metal nucleus surrounded by an organic shell which
provides stability and atomic reproducibility of the nano-
cluster structure and tunnel barrier parameters. The last is of
principal importance for the development of quantum devi-
ces, thus making nanoclusters prospective building blocks
for the construction of nanoelectronic devices using self-
organization and self-assembly principles. Water was puri-
fied by a Milli-Q system (Millipore). Monolayer cytochrome
¢ Langmuir—Blodgett (LB) films on graphite substrates were
prepared by preliminary solubilization of the protein in water
bubbles of reverse microemulsion formed by anionic surfac-
tant Aerosol OT (AOT) in hexane, protein/AOT complex
Langmuir monolayer formation by spreading the micro-

emulsion on the aqueous surface, monolayer compression
and deposition [14]. The cytochrome ¢/AOT complex mono-
layer was transferred to a solid graphite substrate by a
horizontal lifting method at the surface pressure value of
20 mN/m. Highly oriented pyrolytic graphite (HOPG) was
used as the substrate to deposit monolayer films for inves-
tigations by STM. Surface pressure—monolayer area (p—A)
isotherm measurements and monolayer transfer to solid
substrates were carried out on a fully automatic conventional
Teflon trough at 18—-20 °C as described elsewhere [4].
Nanocluster Langmuir monolayers were formed by spread-
ing a chloroform solution of nanoclusters or their mixtures
with stearic acid (SA) (2 x 10~ % M) on the surface of
purified water (pH=5.9). After complete solvent evapora-
tion, the floating monolayers were compressed by a mobile
Teflon barrier at a speed of ~ 3 A%/molecule min and then
deposited onto the HOPG substrate at a constant surface
pressure (19—21 mN/m), temperature and substrate dipping
speed using the conventional horizontal lifting method with
good transfer ratios.

STM microtopographic images were obtained by record-
ing the tip height at a constant tunnel current in a modified
Nanoscop STM device (Digital Instruments) at an ambient
temperature (21 °C); tunnel current /=0.2 nA, and a bias
voltage Vpias =200 mV. The images were stable and repro-
ducible. Single nanocluster and protein molecules were
studied spectroscopically by recording tunnelling current—
bias voltage (/—¥) curves in a double barrier tunnel junction
geometry at 21 °C, where the molecule was coupled via two
tunnel junctions to the two macroscopic electrodes (HOPG
substrate and the tip of the STM device).

3. Results and discussion

Fig. 1 shows STM topographic images of Pt5(CO),
[P(CgHs)3]4 (picture (a)) and cytochrome ¢/AOT complex
monolayers (pictures (b) and (c)) deposited by the horizontal
lifting method onto the surface of the HOPG substrate. The
STM images of the monolayers were reproducible and
revealed globular structures with characteristic diameters of
~ 12 A for the nanocluster and about 3.5 nm for the protein
corresponding to the geometries of these molecules known
from the literature. The heights of cytochrome ¢ molecules in
Fig. 1 are smaller than that expected from the crystallographic
data. Such effect is typical for the STM images of biomole-
cules where the heights measured by STM are systematically
smaller than should be expected of them [15]. The reason for
such effect can be connected with the specificity of the
topographical measurements by STM, where the tunnel
current (and thus, corresponding tunneling probability) is
measured, that is not related directly to the dimensions of the
real object. A submolecular structure with a central bright area
is seen in the cytochrome ¢ images, indicating the existence of
a region with high tunneling probability in the central part of
each cytochrome ¢ molecule. Close fine features of brighter
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Fig. 1. STM topographic images of cytochrome ¢/AOT complex and Pts(CO),[P(CsHs)3]4 nanocluster monolayers deposited by the horizontal lifting method
onto the surface of the highly oriented graphite substrate. (a) Top view image of the nanocluster monolayer (black to white vertical color scale is 0—1.5 nm); (b)
17 x 8.37 nm? 3-D image (black to white vertical color scale is 0—1 nm) of a group of cytochrome ¢ molecules; (c) 7.2 x 7.2 nm? top view image (black to
white vertical color scale is 0—1 nm) of the individual cytochrome ¢ molecule. Points 1 -3 indicate the STM tip position over the protein molecule when the /—

V curves were measured. Temperature: 21 °C.

contrast in the in situ STM image of the protein azurin on a
gold substrate were reported in Ref. [16].

Typical /-V curves recorded at different STM tip posi-
tions over the cytochrome ¢ molecule are shown on Fig. 2.
Curves 1-3 correspond to the point numbers on Fig. 1(c). It
can be seen from Fig. 2(a) that the shape of tunnel /—V
curves depends substantially on the STM tip position point
over the protein globule at which the electron tunneling was
measured. Fig. 2(b) presents the spectroscopic d//dV curve
corresponding to curve 2 on Fig. 2(a) that was recorded over
the center of the cytochrome ¢ globule. The /- curve over
the center of a protein globule (curve 2 on Fig. 2(a)) is
asymmetric and has a number of features (“steps” at 0.8,
1.3, —0.8 and —1.3 V). The I-V curves with similar
features were recorded in a double tunnel junction config-
uration STM tip—nanocluster molecule—conducting sub-
strate (the typical one is shown on Fig. 3). For comparison,
the /—V curve obtained on the flat graphite substrate surface
without protein or cluster molecules is presented on Fig.
3(b). Such symmetric smooth curves without the steps are
typically observed for a single tunnel junction, which sup-
ports the fact that the rich structures in the /—V data are
related to cytochrome ¢ and nanocluster molecules. Asym-

metric /-V curves were observed using STM in gold nano-
cluster tunnel systems at room temperature, and the existence
of the background fractional charge Oy having an effect on
the tunneling probability was proposed to explain an asym-
metry of the /—V dependence [17]. The asymmetry of the
I-V curves can also arise from the complex relations
between the positioning of the Fermi level of the electrodes
compared to the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals
(LUMO) in the neutral and ionized molecule. The conduc-
tivity contribution of the adsorbate, which may be present in
the sample at ambient conditions, can also give rise to the
I-V curve anisotropy. The complex rich structure of the
tunneling current—voltage spectra obtained in the HOPG
substrate/cytochrome ¢ or nanocluster/STM tip system in
our experiments is determined by the electron tunneling
features in such system. If the resistance of the tunnel
barriers in a double tunnel junctions system is much higher
than the quantum unit of resistance Rq (hle* ~ 26 kQ) due
to long electron tunneling distances and high tunnel bar-
riers, the electron transfer occurs in two independent
sequential steps with the occupation and corresponding
ionization of the central redox center. With this tunneling
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Fig. 2. STM tunneling current—voltage (/- V) characteristics in the double
tunnel junction configuration STM tip—cytochrome ¢ molecule—conducting
HOPG substrate at 21 °C. (a) Characteristic /— ¥ curves recorded in different
STM tip positions over the protein molecule (curves 1—3 correspond to the
point numbers on Fig. 1(c). (b) Tunneling spectroscopic d//dV curve cor-
responding to curve 2 on (a).

mechanism, the effects of single electron tunneling and
energy quantization can be observed when the single
electron Coulomb-charging energy and electronic level
separation in the redox center exceed the thermal energy
kT (~0.025 eV at 300 K) [18]. In our experiments, the
resistance of the double junction system was of the order of
~ 10® Q, which implies that the two-step sequential electron
transfer between the electrodes via the cytochrome ¢ mole-
cule and nanocluster was realized. In this case, the complex
features of electron tunneling in the graphite substrate/cyto-
chrome ¢ or nanocluster/STM tip system observed in our
experiments resulted from both resonant tunneling through
the discrete levels of cytochrome ¢ and nanocluster molecules
along with the charging effects. The experimentally meas-
urable spectroscopic gap between the HOMO and the LUMO
thus should be a combination of Coulomb blockade and the
electronic energy level separation. An accurate theoretical fit
to the experimental spectroscopic data presented in Figs. 2
and 3 is complicated by the dependence of the shape of the
I-V curves on both the tunnel junction parameters and the
electronic molecular spectrum of the redox center in the
concrete experimental conditions. The tunnel junctions pa-

rameters determine the value of the single electron-charging
energy (that is dependent on the redox center effective
capacity in the “orthodox” model of single electron tunnel-
ing [18]) and the values of parts of the total applied voltage
which drop on each junction due to the division of applied
voltage in the DTJ circuit. Those parameters have to be
estimated independently from additional experiments or
assumptions. The accurate attribution of each peak on the
spectroscopic d//dV curve corresponding to the resonant
tunneling through a discrete redox center level also
demands the information on the molecular level structure
of the corresponding negatively or positively ionized redox
center which is often hardly available.

The shape of the /-V curves measured with the cyto-
chrome ¢ molecules can also reveal effects of specific
“pathways” of the intramolecular electron transfer through
the protein molecule when tunneling current is correspond-
ingly dependent on the tip position over the molecule and on
the molecule space orientation with respect to the substrate
surface. This reflects the dependence of the anisotropic
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Fig. 3. STM tunneling current—voltage (/- V) characteristics in the double
tunnel junction configuration STM tip—Pts(CO);[P(CsHs)3]4 nanocluster
monolayer—conducting HOPG substrate at 21 °C. (a) Characteristic /- V
curve recorded over the nanocluster molecule. (b) Typical /-V curve
recorded on the flat HOPG substrate surface areas without the protein or
nanocluster molecules.
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electronic wave functions on the spatial location within the
molecule, resulting in the corresponding dependencies of
tunneling probability and the /—V characteristics on the
exact lateral tip position over the molecule. The conforma-
tional instability and reorganizations of the biomacromole-
cules under an electric field that is strong enough can also
play an important role. The aforementioned circumstances at
the moment make the detailed quantitative modeling of the
obtained spectroscopic data a problem (it will be a subject of
further research), but two resonances observed at applied
voltage values below 1 V could be attributed to the phy-
siologically important (3+/2+) redox reaction in the cyto-
chrome ¢ molecule.

Closely related effects of the discrete electron transport
features observed in the metal—organic nanocluster LB
monolayers give evidence for the closely similar nature of
electron transport mechanisms in the nanocluster and cyto-
chrome ¢ nanostructures investigated in a double tunnel
junction geometry. The analogy of the electron transport
features in the immobilized nanocluster and cytochrome ¢
systems allows us to assume the possibilities for the control-
lable compatible functioning of nanocluster-based nano-
electronic devices with biological and organic sensors and
molecular microcircuits in hybrid electronic devices.

4. Conclusions

Monolayer LB films with cytochrome ¢ and nanocluster
molecules were deposited successfully on conducting HOPG
substrate and were studied by the STM technique at ambient
conditions. The high-resolution single molecule spectro-
scopic STM study was carried out by recording tunneling
current—bias voltage (/— V) curves and non-symmetrical /-1
curves with the steps of variable widths and heights that were
observed to be dependent on the point of the STM tip
position over the protein molecule. The complex structure
of the observed current—voltage characteristics can be due to
the sequential discrete character of the electron transfer in the
double tunnel junction configuration with the interplay
between the Coulomb-charging effects and discreteness of
the electronic spectrum of the molecule.
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