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Abstract

Nicotinamide coenzymes nicotinamide adenine dinucleotide (NAD") and nicotinamide adenine dinucleotide phosphate (NADP") were
electrochemically reduced to NADH and NADPH, respectively. As direct reduction of nicotinamide coenzymes leads to inactive by-products,
an indirect method using (pentamethylcyclopentadienyl-2,2" -bipyridine aqua) rhodium (III) as the mediator, was applied. A phosphate buffer
solution, pH 8, with 1—10 mM NAD(P)" and 2.5—200 uM mediator, was pumped through a glassy carbon packed bed cathode. Virtually all the
NAD(P)" was reduced to NAD(P)H in the cell. No sign of mediator loss due to side-reactions was detected though the mediator molecules
shuttled hundreds of times between the oxidised and the reduced form. Adsorption of mediator molecules on the surface of the carbon cathode
was found to be important for the reduction process. Due to strong adsorption, only minute amounts of mediator were consumed.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Coenzyme reduction; Indirect reduction; Mediator; NAD; NADP; Rhodium

1. Introduction

The nicotinamide coenzymes, nicotinamide adenine di-
nucleotide (NAD™") and nicotinamide adenine dinucleotide
phosphate (NADP") are ubiquitous in all living systems as
they are required for the reactions of more than 400
oxidoreductase enzymes [1]. These coenzymes serve as
acceptors and donors of hydrogen in enzyme catalysed
reactions. In addition to their biosynthetic role, they play a
key part in bioenergetics, transporting electrons (in the form
of hydrogen) in the mitochondria. The structures of the
coenzymes are presented in Fig. 1.

Nicotinamide coenzymes are widely applied in bioanalyt-
ical chemistry, but due to their high cost they have found only
limited use in preparative organic synthesis. NAD" is prepared
by isolation from yeast, NADP" by phosphorylation of NAD".
The reduced coenzymes NADH and NADPH are produced by
reduction of the corresponding oxidised coenzymes. For this
reduction, there are chemical [2], enzymatic [2,3] and micro-
bial [2,4] methods, all of which are complicated.

Electrochemistry could, at least theoretically, provide a
simple and inexpensive means of reducing nicotinamide coen-

* Corresponding author. Helsinki Bioenergetics Group, Institute of
Biotechnology, P.O. Box 65, FIN-00014 University of Helsinki, Finland.
Tel.: +358-40-7501797; fax: +358-9-19159920.

E-mail address: kai.vuorilehto@helsinki.fi (K. Vuorilehto).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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zymes. Ideally, an oxidised coenzyme NAD(P)" would need
two electrons from the cathode and a hydrogen ion from the
solution in order to be reduced to NAD(P)H. As the equilibrium
potential of both coenzymes is — 315 mV vs. SHE at pH 7 (pH
dependence — 30 mV/pH unit) [1], a permissible potential
range of approximately 100 mV occurs between reduction of
the coenzymes and evolution of hydrogen at pH 7-8.

However, according to the literature [1], the direct reduc-
tion of NAD(P)" leads to 1 e~ charge transfer and formation
of a radical NAD(P)-, followed by dimerization to an enzy-
matically inactive 4,4’ dimer. To overcome this problem,
various mediators have been suggested for the transport of
the charge between the cathode and the coenzyme [1,5,6].

In the present study, NAD" and NADP" were reduced
indirectly to NADH and NADPH using (pentamethylcyclo-
pentadienyl-2,2’ -bipyridine aqua) rhodium (IIT) as the me-
diator. The aim was to produce these valuable reduced
coenzymes in a simple electrochemical flow reactor without
enzymes or other biological components.

2. Experimental details
2.1. Method of indirect reduction

The principle of indirect nicotinamide reduction is shown
in Fig. 2. The oxidised mediator, (pentamethylcyclopenta-
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Fig. 1. NAD" (nicotinamide adenine dinucleotide) and its reduced form
NADH. In NADP" and NADPH the hydrogen atoms indicated by arrows
are replaced by a PO(OH), group.

dienyl-2,2’ -bipyridine aqua) rhodium (III), is reduced to
(pentamethylcyclopentadienyl-2,2" -bipyridine hydrogen)
rhodium (I) on the cathode surface [6]. This reduced
rhodium mediator then reduces the nicotinamide NAD(P)"
to NAD(P)H and is re-oxidised to its original form. The
mediator can then be reduced on the cathode surface again.
One mediator molecule can perform this loop repetitively
until it is flushed out of the cell or is destroyed in a side-
reaction. The mediator was not specifically bound to the
cathode surface, but was dissolved in the phosphate buffer
together with the nicotinamide coenzyme. However, part of
the mediator was adsorbed on the carbon particles during
the reduction process.

2.2. Chemicals

NAD" and NADP" were purchased from Jilich Fine
Chemicals (Germany) and had a chemical purity of >98%.
NADH for reference purposes was purchased from the same
company. NAD" was in the free acid form, while NADH
and NADP" were sodium salts. The rhodium mediator,
(pentamethylcyclopentadienyl-2,2’ -bipyridine aqua) rhodi-
um (III), was synthesized according to methods from the
literature [7] by Jilich Fine Chemicals (Germany).

A 100 mM sodium phosphate buffer, pH 8, was prepared
by dissolving 94.5 mM Na,HPO4 and 5.5 mM NaH,PO,

a) b)
} RhMed, NAD(P)H @_@2+
—N\Rh/N
:‘/ \
H,O0
RhMed, NAD(P)* *
RhMed,,

Fig. 2. (a) Principle of the indirect reduction of nicotinamide coenzymes.
(b) The rhodium mediator.

Table 1

Buffers tested in preliminary experiments

Buffer Concentration/ pH/mS Conductivity NADH deactivation
mol dm™3 em” ! rate/h™ ' (%)

K-phosphate 0.1 7 14.0 2.0

Na-phosphate 0.1 8 12.8 0.25

Tris + HC1 0.1 8 5.1 0.06

Na-borate 0.1 8 1.9 0.25

(both pro analysi, Merck, Germany) in deionized Milli-Q®
water. The choice of this buffer was a compromise between
electrochemical demands, stability of the coenzymes and
ease of downstream processing (Table 1). 100 mM sodium
phosphate has reasonable electrochemical conductivity and
pH 8 provides optimum stability for the coenzymes [2]. As
NAD(P)H is mostly used as sodium salt, sodium is a
suitable cation for the buffer solution. The stability of the
nicotinamide coenzymes would be better in some organic
buffers, e.g. Tris [2], but these buffers have rather low
conductivities.

2.3. Laboratory-scale flow cell

For the electrochemical reduction of the rhodium medi-
ator and the subsequent chemical reduction of the nicotin-
amide coenzyme, a two-compartment cell was constructed
of acrylic plastic (Fig. 3). The cell consisted of a packed bed
cathode, an anode net and an ion exchange membrane
between the electrodes. The buffer solution flowed verti-
cally downwards through the cathode and the current
flowed horizontally.

The cathode was a 10 cm® three-dimensional packed bed
electrode, consisting of Sigradur® G glassy carbon spheres
(HTW, Germany). Its dimensions were 10 cm (height) X 1
cm (width) X 1 cm (depth). Two particle diameters were
tested: 80—200 um and 200—400 um. Current was fed to the
cathode bed through a stainless steel sheet covered by
carbon foil. Glassy carbon and carbon foil were chosen as
materials to prevent production of hydrogen; at carbon
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Fig. 3. Cross-section of the electrochemical cell.
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surfaces hardly any hydrogen evolution is detected at
potentials positive to — 600 mV vs. SHE at pH 8.

The anode was a 10 cm? platinized titanium net. It was
placed in a separate anode compartment in contact with the
membrane. Oxygen gas, evolved at the anode, was released
into the atmosphere from the top of the anode compartment.
A 400 mM sodium phosphate buffer was used as the anolyte
to ensure good conductivity.

A cation exchange membrane IONAC® MC-3470 was
placed between the electrodes to prevent re-oxidation of the
products. Sodium ions carried the charge through the
membrane.

A saturated Ag/AgCl electrode (Kurt-Schwabe-Institut,
Germany) was used as reference electrode. It was connected
to the three-dimensional cathode by a plastic tube. However,
all potentials are given here in the standard hydrogen
electrode scale (SHE).

2.4. Experimental procedure

The experimental set-up, including auxiliaries, is shown
in Fig. 4. The experiments were carried out at room
temperature, 20—25 °C.

The buffer solution, with NAD(P)" and mediator, was
bubbled with argon in a glass bottle to remove dissolved
oxygen. Thorough removal of oxygen was important, as it
could be reduced to hydrogen peroxide in the cathode bed,
and hydrogen peroxide could further oxidize and deactivate
the coenzymes. From the glass bottle the solution was
pumped to the cell using a Masterflex® (Cole-Parmer,
USA) tubing pump and Tygon® tubing. Pump speed was
set to 2.1 cm’/min in all experiments. The solution flowing
out of the cell was analysed for NAD(P)" and NAD(P)H. To
prevent re-oxidation by air, samples were taken by pipetting
directly from the outlet tube. Cathode potential and cell
current were controlled by a BAS100B potentiostat (Bio-
analytical Systems, USA) and Fluke® (USA) multimeters.

2.5. Measurement of coenzyme concentration

NAD(P)" and NAD(P)H concentrations were measured
enzymatically. This ensured that the result was the enzy-
matically active coenzyme, and not one of its enzymatically
non-active isomers.

The method was based on the fact that NAD(P)H strongly
adsorbs 340 nm light with an extinction coefficient of 6220

2 cm3/ min

I Q

Potentiostat @l

Electrochemical cell

Ag/AgCl Ar Ar

pot '/—”—P/ 1.0 bar
Workw——— [ ™

Aux m =

U

L

Oxygen removal
Samples

Fig. 4. The experimental set-up.

M~ 'em™ !, but NAD(P)" does not adsorb at this wavelength.
When an alcohol dehydrogenase enzyme and a suitable
substrate (acetaldehyde for NADH or acetophenone for
NADPH) are added to a NAD(P)H solution, NAD(P)H is
oxidised to NAD(P)" and the absorbance is decreased. If a
formate dehydrogenase enzyme and a suitable substrate
(sodium formate) are added to a NAD(P) " solution, NAD(P)"
is reduced to NAD(P)H and the absorbance is increased [8].

Most of the NAD(P)" solutions were prepared by weighing
to have a concentration of 1 mM, but the analysis result was
only about 0.95 mM. The reason for this is the hygroscopic
nature of the coenzymes. Commercial nicotinamide coen-
zymes include some crystal water, the amount of which is
not exactly known. In addition, their water content tends to
increase during handling and storage. For the same reason, the
NAD(P)H concentrations were often about 0.95 mM when a
“1 mM” NAD(P)" solution had been completely reduced.

3. Results and discussion
3.1. Suitable potential range

The equilibrium potential of NAD(P) /NAD(P)H at pH
8 is — 345 mV vs. SHE [1]. The equilibrium potential of
Rhmed,/Rhmed,.q, investigated by measuring the redox
potential of a buffer solution containing 0.5 mM Rhmed,y
and 0.5 mM Rhmed, .4, was found to be —430 4+ 10 mV vs.
SHE. Thus, it can be expected that a suitable potential for
indirect coenzyme reduction is close to these values.

To find the optimum potential range for indirect reduc-
tion, a series of linear potential sweeps from — 300 to — 600
mV vs. SHE was measured using the laboratory scale flow
cell. As seen in Fig. 5a, the reduction current is constant at
potentials negative to — 500 mV but decreases fast at
potentials positive to — 500 mV. Therefore, the potential
should be — 500 mV or more negative.

However, it is known that at very negative potentials
NAD" can be directly reduced, and the reduction product is
not the enzymatically active NADH [1]. To avoid the risk of
this direct reduction, a test was carried out with 1 mM
NAD" without mediator (Fig. 5b). As can be seen, direct
reduction takes place at potentials more negative than — 550
mV. Thus, the optimum potential range for indirect
NAD(P)" reduction is approximately — 500-550 mV vs.
SHE. To thoroughly investigate the influence of the cathode
potential on indirect NAD" reduction, the outlet concen-
trations of NAD" and NADH were measured on various
cathode potentials. The results are shown in Fig. 6.

At —350 mV no reduction of NAD" was detected
though the equilibrium potential of NAD/NADH (pH 8)
is —345 mV. Even at —400 mV only 10% was reduced.
Finally, at — 500 mV, virtually all NAD" was reduced to
NADH. The reason for the high “overpotential” lies in
the mediator. Its rather negative equilibrium potential of
— 430 mV prevents efficient indirect reduction at potentials
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Fig. 5. (a) Potential sweep 0.1 mV/s from —300 to — 600 mV vs. SHE. Particle diameter 200—400 pm. (b) Magnification showing direct reduction.

positive to — 430 mV. A potential of — 500 mV is needed
to reduce all mediator molecules that reach the electrode
surface and by this means to achieve an effective indirect
reduction of the coenzyme. On the other hand, the 85 mV
difference in equilibrium potentials ensures that the reduced
mediator reduces NAD" almost irreversibly. The opposite
reaction has a negligible rate.

It should be pointed out that the potential of a three-
dimensional cathode, measured against the reference elec-
trode, is a somewhat diffuse concept. Due to IR drop in the
electrolyte, the real local cathode potential differed + 50
mV from the measured one. It was most negative near the
membrane (ionic pathway =0 cm) and most positive near
the current feeder (ionic pathway=1 cm). The membrane
area, cathode thickness, buffer conductivity and NAD(P)"
concentration were chosen so that the IR drop should not
exceed 50 mV in the experiments.

3.2. Mediator consumption

The viability of this indirect reduction method depends
considerably on the mediator consumption. If the mediator
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Fig. 6. Influence of cathode potential on the reduction of 1 mM NAD"
using 50 uM mediator. Particle diameter 200—400 um. NADH(theor) is the
calculated concentration of NADH that should be found if all the current
was used to reduce NAD". A =equilibrium potential of the mediator (— 430
mV), B =equilibrium potential of NAD'/NADH (— 345 mV).

cannot be recycled, one mediator molecule should be able to
reduce as many NAD" molecules as possible (have a
maximum total turnover number, TTN) before it leaves
the cell or is destroyed. Therefore, an experiment with
various mediator concentrations was carried out (Fig. 7).

The “NADH curves” of Fig. 7 all have the same shape
as that in Fig. 6, but the maximum level of NADH was
strongly dependent on mediator concentration. It is obvious
that a mediator concentration of 10 uM (TTN = 100) was too
low as only 60% of NAD" was reduced. 50 pM (TTN =20)
worked well, and even 25 uM (TTN =40) was satisfactory,
but only if the cathode potential was set to — 550 mV. The
maximum TTN achievable with this set-up thus seemed to
be near 40.

It may be assumed that a cell with more electrode surface
area would reduce the mediator faster and thus require less
mediator. To test the influence of the surface area, the cell
was filled with smaller glassy carbon particles having a
diameter of 80—200 pm. Different mediator concentrations
were tested keeping the electrode potential constant at
— 500 mV. The results are shown in Fig. 8.

Using these smaller particles, 2.5 pM of rhodium medi-
ator was able to reduce 1 mM of NAD". This TTN value of
400 was clearly better than the 40 achieved with the 200—
400 pm particles.
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Fig. 7. Influence of mediator concentration on the reduction of 1 mM
NAD". Particle diameter 200—400 pm.
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Fig. 8. Influence of mediator concentration on the reduction of 1 mM
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A TTN value of 400 is high enough to make recycling of
the mediator superfluous. However, the product includes
0.25 mol% mediator if it is not removed by a downstream
process. In an aqueous solution in an open vessel, this trace
amount of mediator is oxidised by air, and then further
slowly oxidises the reduced coenzyme NADH. During
prolonged storage (hours to days), a few percent of the
NADH are converted to NAD" and other oxidation prod-
ucts. For comparison, sodium phosphate buffer, pH 8§,
without any mediator, deactivates NADH at a rate of
0.25%/h, which is comparable to the loss caused by the
trace mediator. If the TTN value could be increased, the
detrimental oxidation reactions would become correspond-
ingly slower. When using 80—200 pm particles, the hydro-
dynamic pressure drop in the cell was only 0.035 bar, which
indicates that it is possible to use even smaller particles to
further increase the TTN values.

3.3. Conversion, purity and current efficiency

As can be seen in Fig. 6, the total concentration of
coenzymes was constant, which means that NAD" was
really oxidised to NADH, not to other products. At — 500
mV, 99.5 + 0.5% of the NAD" was reduced, 99 + 1% of
which was detected as NADH. The uncertainty arises from
the analysis method.

When the cathode potential was positive to — 500 mV,
the conversion decreased. At potentials — 500—600 mV the
conversion stayed at 99.5 + 0.5%. At potentials negative to
— 550 mV direct reduction of NAD was possible, at least
theoretically, but could not be detected due to the minute
concentrations.

The current efficiency was close to 100%. Part of the
current was consumed by the mediator that was in the
oxidised form at the inlet and in the reduced form at the
outlet. In the case of 50 uM mediator and 1 mM NAD" this
effect was 5%. When 2.5 uM mediator was used, the effect
was only 0.25%. Additionally, small amounts of oxygen
were able to leak into the system. Reduction of this oxygen
at the cathode consumed 1-2% of the cell current. Leaking
oxygen could cause production of hydrogen peroxide at the

cathode and consequently deactivation of the coenzymes.
However, moderate changes in the oxygen concentrations
were not found to influence the conversion or the purity of
the product. Possibly, oxygen was reduced directly to water,
or hydrogen peroxide was reduced further to water before it
reacted with the coenzymes.

3.4. Reduction of NADP" to NADPH

The additional phosphate group of NADP" and NADPH
is situated far from the electrochemically active part of the
nicotinamide coenzyme (Fig. 1). Thus, it can be expected
that NADP" could be reduced using the same method that
was used for NAD". To test this hypothesis, | mM NADP"
solution was reduced using the laboratory-scale flow cell.
The results are shown in Fig. 9.

The reduction behaviour of NADP" was very similar to
that of NAD", shown in Fig. 6. A potential of — 550 mV vs.
SHE was needed to reduce all NADP", but this phenomenon
was probably caused by the IR drop and potential variation,
not by the additional phosphate group of NADP".

When smaller glassy carbon particles with a diameter of
80—200 pm were used, a TTN value of 200 was achieved at
the potential of — 500 mV. This TTN value is slightly less
than the 400 achieved for NAD". The difference may be
caused by the additional phosphate group slowing down the
reaction rate. However, the difference lies within the limits
of experimental error.

Conversion, purity and current efficiency were similar to
those achieved for reduction of NAD". The phosphorylated
coenzymes NADP" and NADPH are known to decompose
faster than NAD" and NADH [2], but this effect did not
influence the results due to the short residence time of the
solutions in the cell.

3.5. Scale-up

Using the laboratory scale flow cell, 1 mM NAD(P)"
solution was reduced with a throughput of 2.1 cm®/min. A
space—time yield (STY) as high as 500 g(product) dm™*
day~ ' was reached. However, as the solution volume inside

08

064

04 4

0.2

NADP(H) concentration /mM

-600 -500 -400 -300
Electrode potential vs. SHE/ mV

Fig. 9. Reduction of 1 mM NADP" using 50 uM rhodium mediator. Particle
diameter 200—-400 pm. NADPH(theor) is the calculated concentration of
NADPH that should be found if all current was used to reduce NADP".





6 K. Vuorilehto et al. / Bioelectrochemistry 65 (2004) 1-7

the cell was only 4 cm®, the effective production rate was
only about 2 g day ™ '.

One simple way to increase the production rate may be to
increase the concentrations. To find out if this was possible,
the NAD" concentration was increased to 2 mM and the
mediator concentration was increased to 10 uM
(TTN=200). The test failed: only 90% of the NAD" was
reduced. The conductivity of the solution was not high
enough for the double current density, and the amount of
mediator was not sufficient for the double reaction velocity.
When mediator concentration was increased to 20 uM
(TTN=100) and the conductivity was increased to 19.6
mS cm™ ' by adding 50 mM Na,SO,, it was possible to
reduce 98% of the coenzyme.

Thus, using the higher concentrations, a production rate
of 4 g day™ ' and a space—time yield of 1000 g dm™ > day '
were achieved, but at the cost of higher mediator consump-
tion, lower conversion and addition of salt.

A straightforward way to increase the production rate
would be the use of a bigger cell that could support the
higher current needed for the higher concentration. For this
purpose, an existing cell, designed and optimised for reduc-
tion of dissolved oxygen [9], was applied. Its working
principle was the same as that of the laboratory scale cell,
but it was much wider: the cathode dimensions were 8 cm
(height) X 9 cm (width) X 1 cm (depth), the volume of the
cathode being 72 cm’.

After filling the cell with 200—400 um carbon particles,
it was tested for a solution of 10 mM NAD", keeping the
electrode potential constant at — 500 mV and the pump
speed at 2.1 cm’/min. The results are shown in Fig. 10.
Using this scale-up cell, 100 pm of rhodium mediator was
able to reduce 10 mM of NAD". This TTN value of 100 is
better than the 40 achieved in the laboratory-scale cell, using
the same particle size.

The scale-up cell was not optimal for this purpose. This
became evident when it was tested with the 80—200 pm
carbon particles. Complete reduction of NAD" was not
possible, probably due to bad contact between the particles
and the channelling of the flow. By increasing the width of
the cell from 1 to 9 cm without increasing the pump speed,
the linear flow velocity of the solution was decreased
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Fig. 10. Reduction of 10 mM NAD" in the scale-up cell using various
mediator concentrations. Particle diameter 200—400 um.

0.00
-1.00 1
-2.00 1
-3.00 \ /

E 400

-5.00 |

-6.00 )

-7.00 1 ) \

-8.00 1 5 uM RhMed

-9.00

-10.00 T T T .
0 50 100 150 200

Time / min

1 uM RhMed

A

Current

Fig. 11. Adsorption at the beginning of the reduction process. Reduction of
1 mM NAD", potential — 500 mV vs. SHE, particle diameter 80—200 pm.

drastically. The slow flow was not able to press the very
small particles together properly. Instead of scaling-up in
width, the cell should be scaled up in height. (Scaling-up in
depth is not possible as it would increase the IR drop by
making the ionic pathway longer).

In spite of the less optimal design of the cell, the scale-up
experiment showed that indirect reduction of the nicotin-
amide coenzymes is not limited to laboratory scale. An
effective production rate of 20 g day™ ' in a flow-through-
once system is a good basis for further scale-up.

3.6. Significance of adsorption

When particle size was decreased from 200—400 to 80—
200 pm, the total geometric surface area of the cathode
increased from 1200 to 2600 cm?. It could be assumed that
this increase in surface area would roughly double the
reduction rate of the mediator and decrease the required
mediator concentration by about 50%. In practice, however,
the required mediator concentration decreased by 90%.

This obvious contradiction can be solved by taking into
account the adsorption of the mediator on the carbon
surface. Double surface area adsorbs a double amount of
mediator, if other parameters are kept constant. On the other
hand, decreasing mediator concentration by 90% does not
decrease the absorption by 90% if the carbon surface is
nearly saturated with mediator molecules. If it is assumed
that adsorption is decreased by 50% due to lower concen-
tration, this would be compensated by the double surface
area. In this case, the total amount of adsorbed mediator
would be the same if 25 pM mediator was used on 200—-400
um particles or 2.5 uM mediator was used on 80—200 um
particles.

To test the adsorption hypothesis, the starting period of
the reduction process was investigated in more detail. The
result is shown in Fig. 11.

It can be seen that the cell did not work properly at the
beginning. A current of 6.5 mA is needed to reduce 1 mM
NAD" at a rate of 2.1 cm®/min. When using 5 uM mediator,
the current was only about 3 mA at start, but it increased
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continuously. Finally after about 20 min, enough mediator
had been adsorbed to reduce all NAD". At this point, less
than 0.1 pM rhodium was found in the outlet solution. In
other words, for a period of at least 20 min all the mediator
pumped into the cathode stayed there, though the residence
time of the solution was less than 2 min. After 240 min, the
outlet concentration was found to be equal to the inlet
concentration of 5 pM.

When using 1 pM mediator, the initial current was lower
and the increase was slower due to the lower amount of
mediator that was pumped into the cell. For a period of 2 h,
the current increased continuously, but finally stayed at a
level of 5 mA. At that point, the desorption rate of the
mediator equalled the adsorption rate. Less than 80% of
NAD" was reduced.

Separate adsorption experiments showed that the reduced
mediator is adsorbed more strongly than the oxidised
mediator. The reduced mediator is probably oxidised by
NAD(P)" on the cathode surface, and is then again reduced
by the cathode before it can escape.

For high TTN values, strong adsorption of the rhodium
mediator is indispensable. The stronger the adsorption, the
lower the required mediator concentration. At steady state,
the same mediator concentration is flushed out that is
pumped into the cell. No sign of mediator loss due to
side reactions was detected in the experiments, but medi-
ator loss seemed to be entirely caused by flushing out of
the cell.

4. Conclusions

The indirect reduction of nicotinamide coenzymes in a
three-dimensional cathode is a convenient tool for the
production of NADH and NADPH. The conversion and
the selectivity, both of virtually 100%, show the potential of
this method. The space—time yield (STY) of 500—1000 g
dm™* day ', calculated for the solution volume in the
cathode, is exceptionally high for this kind of valuable
product (Table 2).

The mediator, (pentamethylcyclopentadienyl-2,2" -bipyr-
idine aqua) rhodium (III), is not commercially available but
has to be synthesized. This fact together with the high value
of rhodium makes it important to obtain high TTN values
for the mediator. The molar mass of the mediator, 412 g/
mol, is so near to that of the NAD(P)H, about 700 g/mol,
that separation by ultrafiltration is scarcely possible. This
complicates the recycling of the mediator. However, the
TTN values up to 400, achieved in a single pass through the
electrochemical cell, are so high that recycling is not
obligatory.

Table 2

Summary of the productivity results for NAD(P)" reduction

Cell Particle TTN Production STY/g

size/pum rate/g day ™ dm™? day ™!

Lab. scale 200-400 40 2 500

Lab. scale 80-200 400 2 500

Lab. scale + 80-200 100 4 1000
NaQSO4

Scale-up 200-400 100 20 700

Downstream processing of the product solution could
include ion-exchange to remove the mediator, nanofiltration
to remove the buffer and finally freeze-drying of the reduced
nicotinamide coenzyme.
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Abstract

We studied the effect of palmitic acid (PA) and cholesterol (~ 17 wt.%) on proton translocation across asolectin (charged) and
diphytanoylphosphatidylcholine (DPhPC, neutral) black lipid membranes (BLMs). Potential difference (PD), short circuit current (SCC), and
conductance (Giota) Were measured with a digital electrometer. Membranes were exposed to pH gradients (0.4—2.0 units), followed by PA
addition to bath (symmetrically, 40—65 pM). The membrane conductive pathway was subdivided into an unspecific and a proton-related
routes. A computer program estimated the conductances (G, and Gy) of the two pathways from the measured parameters. No significant
differences in proton selectivity were found between DPhPC membranes and DPhPC/cholesterol membranes. By contrast, cholesterol
incorporation into asolectin increases membranes selectivity to proton. Cholesterol dramatically reduced G, reflecting, probably, its ability
of inducing order in lipid chains. In asolectin membranes, PA increases proton selectivity, probably by acting as a proton shuttle according to
the model proposed by Kamp and et al. [Biochemistry 34 (1995) 11928]. Cholesterol incorporation into asolectin membranes eliminates the
PA-induced increase in proton selectivity. In DPhPC and DPhPC/cholesterol membranes, PA does not affect proton selectivity. These results
are discussed in terms of the presence of cardiolipin (CL) in asolectin, cholesterol/PA interactions, and cholesterol order-inducing effects on

acyl-chains.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Black lipid membrane; Palmitic acid; Cholesterol; Proton; Conductance; Permeability

1. Introduction

Evidence of effects of long fatty acids (FA) on proton
translocation across lipid membranes has been provided
mainly by the studies of acidification transients in
unilamellar vesicles (for review see Ref. [2]),in which
acidification is greatly enhanced by FA added to the

Abbreviations: FA, long-chain fatty acids; BLM, black lipid membrane;
DPhPC, diphytanoylphosphatidylcholine; CL, cardiolipin; PA, palmitic
acid; Chol, cholesterol; PD, potential difference; SCC, short circuit current;
R, resistance; V,,, transmembrane voltage, EMF, electromotive force; Gy,
proton conductance; G, unspecific conductance; Gy, total conductance;
Ramper, €lectrometer equivalent resistance; Jy:, proton flux; Py, proton
permeability; F, Faraday’s constant.

* This paper was presented at the XVIIth International Symposium on
Bioelectrochemistry and Bioenergetics, Florence from June 19 to June 24,
2003. A collection of these papers has also been published in a previous
issue of this Journal 63/1-2.

* Corresponding author.
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1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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external medium. The hypothesis put forward to explain
such effect was that FA functions as a shuttle for H',
while being mostly restricted to the intramembrane
ambient.

The plasma membranes of mammalian cells are rich in
cholesterol (e.g., larger than 20 wt.% in plasma mem-
branes). Cholesterol affects the physical and structural
properties of bilayers, modifying the barrier role of mem-
branes. At high proportion, cholesterol could decrease
membrane permeability by introducing ordering of the lipid
chains [3], whereas in low concentration, the membrane
permeability increases dramatically in the phase transition
temperature range [4]. Therefore, it seems possible that
small variations in membrane cholesterol content can pro-
vide for an effective control of membrane permeability.

The aim of the present study was to use electrical
monitoring techniques to investigate possible interactions
among protons, long-chain fatty acids, and cholesterol as
influencing both fatty acid and proton translocation across
planar bilayers.
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2. Experimental
2.1. Materials

Diphytanoylphosphatidylcholine (DPhPC) was obtained
from Avanti Polar Lipids (Birmingham, AL, USA). Soybean
L-a-phosphatidylcholine (asolectin), bovine heart cardioli-
pin (CL), palmitic acid (PA) and Tris-hydroxy-amino-meth-
ane (Tris) were obtained from Sigma (St. Louis, MO, USA).
Cholesterol was obtained from Serva Feinbiochemica (Hei-
delberg, GER) and n-decane, from ICN Pharmaceuticals
(Plainview, NY, USA).

2.2. Methods

Black lipid membranes (BLMs) were formed according
to Mueller et al. [5], across a hole (0.4- to 2.4-mm diameter)
in the wall of a polypropilene vial, coupled with an acrylic
chamber defining two compartments: frans and cis. Bathing
solutions were symmetric in composition (KCl 5 mM +
KH,PO4 5 mM+Tris 5 mM, pH 7.4). Electrically neutral

0.90

BLMs were formed from DPhPC, and negatively charged
BLMs were formed from asolectin (cardiolipin 8.8% [6]).
Membranes without cholesterol were formed from a phos-
pholipid solution 2.5% in n-decane. Membranes with cho-
lesterol or with cardiolipin were formed by adding
cholesterol or cardiolipin to the phospholipid solution
(0.5% cholesterol—cholesterol content ~ 17 wt.% of total
lipids; 0.66% cardiolipin—cardiolipin content=21 wt.% of
total lipids). Potential difference (PD), short circuit current
(SCC) and resistance (R), were measured with a Keithley
616 digital electrometer (input impedance: 2 x 10'* Q), by
means of Ag/AgCl electrodes. Initially, the membranes were
exposed to pH differences (0.4—2.0 unit), adding sulfuric
acid to cis side, and then the PD, SCC and R were
determined. Subsequently, an aliquot of palmitic acid (al-
coholic solution—final ethanol concentration of 140 uM)
was added bilaterally, at a final concentration of 40 to 65
uM, and the same parameters were measured again. Palmitic
acid was added bilaterally in order to provide a more
uniform entry of this fatty acid into the membrane phase
as well as to avoid gradients of fatty acids across the

A

0.75

0.60 4

0.45

PD/Ey

0.304

0.154

0.00

Fig. 1. Effect of palmitic acid and cholesterol on potential difference (PD) and short circuit current (SCC). PD is expressed as a function of £y (Eq. (3)). PD and
SCC were measured on the same membrane under two experimental conditions: (1) after a pH gradient (addition of sulfuric acid to cis side); and (2) after
subsequent PA addition to cis and trans side. (A) PD of asolectin, asolectin plus cholesterol, DPhPC, DPhPC plus cholesterol, and DPhPC plus cardiolipin
membranes before (Asol, Asol+Chol, DPhPC, DPhPC+ Chol, DPhPC +CL) and after (Asol+PA, Asol+ Chol+PA, DPhPC+PA, DPhPC + Chol +PA,
DPhPC +CL +PA) PA addition, respectively. (B) SCC of asolectin, asolectin plus cholesterol, DPhPC, DPhPC plus cholesterol, and DPhPC plus cardiolipin
membranes before (Asol, Asol+Chol, DPhPC, DPhPC + Chol, DPhPC+CL) and after (Asol+PA, Asol+ Chol+PA, DPhPC+PA, DPhPC+ Chol +PA,
DPhPC + CL +PA) PA addition, respectively. Results shown in (A) and (B) are mean + S.E.M. The numbers in parentheses are pH gradient ranges (unit of pH).

Means with different letters are statistically different.
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membrane. Moreover, we tested the effect of ethanol per se
and found no effect. The experiments were performed at
room temperature (23 +£2 °C).

2.3. Data analysis

Results are expressed as mean =+ standard error of the
mean (S.E.M.). Statistical significance, P, was determined
by Student’s #-test.

A membrane inserted in the circuit containing the elec-
trometer—amperimeter can be reduced to a electromotive
force (EMF) E,, in series with a resistance R,,. The current
I, flowing through the membrane is given by:

[m - m/(Rm + Ramper) (1)

where Rynper s the electrometer equivalent internal resis-
tance. Reducing R,mper, the transmembrane voltage, Vy,, can
be made to decrease to below 1 mV (what we consider a
reasonable approach to a short-circuit condition). The
“SCC” is then obtained by:

SCC = Vin/Ramper (2)

A program written in BASIC was used to obtain the derived
electrical parameters from the measured ones. This program
divides the membrane conductive pathway into an unspe-
cific and a proton-selective route. The unspecific current
route has no associated EMF. It comprises all leakage
routes, border sealing included. The proton-permeable path-
way has an EMF given by:

Ey = 0.059ApH (3)
The proton-related SCC is then given by:
SCC = ExGy (4)

where Gy is the proton conductance. The membrane poten-
tial in open-circuit mode is given by:

Vm - (EHGH + EunGun)/(GH + Gun) (5)

where E, and G, are the unspecific EMF and conductance,
respectively. We assume E,,,=0 also

(GH + Gun) = Gmtal (6)

where G 18 the measured membrane conductance. The
computer program is based on the fact that for a given Ey,
there is only one set of Gy and Gy, values that satisfies the
measured PD and SCC and simulates all experimental
conditions under a given pH difference (before and after
adding PA to the bath). The proton permeability, Py, was
obtained from SCC, which was converted into proton flux,
Ju+, given by:

Ju+ = SCC/F = Py+A[H], (7)
thus
Py+ = SCC/FA[H"] (8)

where F is Faraday’s constant and A[H'] is the proton
concentration difference.

3. Results and discussion

The effect of PA on electrical properties of lipid bilayers
was studied in four groups of BLMs: asolectin, DPhPC,
asolectin plus cholesterol, and DPhPC plus cholesterol. All
groups of membranes, under a cis-to-trans pH difference
(pH cis<pH trans), presented a potential difference (PD)
always positive on the side trans (Fig. 1A) and a SCC
directed from cis to trans (Fig. 1B), evidencing a significant
proton permeability.

In asolectin membranes, PA added to the bath promoted a
substantial increase in proton selectivity. This effect mani-
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Fig. 2. Effect of palmitic acid and cholesterol on proton conductance (Gy)
and unspecific conductance (G,,). Using the computer program, Gy and
Gy, were estimated on the same membrane under the two experimental
conditions described in Fig. 1. (A) Gy and G, of asolectin and asolectin
plus cholesterol membranes before (Asol, Asol+Chol) and after
(Asol+PA, Asol+Chol+PA) PA addition, respectively. (B) Gy and G,
of DPhPC, DPhPC plus cholesterol, and DPhPC plus cardiolipin
membranes before (DPhPC, DPhPC+Chol, DPhPC+CL) and after
(DPhPC+PA, DPhPC+ Chol+PA, DPhPC+CL+PA) PA addition, res-
pectively. Results shown in (A) and (B) are mean = S.E.M. Means with
different letters are statistically different.
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fests as an increase in PD (Fig. 1A) and SCC (Fig. 1B),
which reflects an increase of Gy (Fig. 2A) (i.e., enhancement
of a proton-selective pathway) after treatment with PA. The
Piypwas7.6+55x10" "ecms 'and 2.1+ 1.4 x 10" ®cm
s~ ! before and after PA addition, respectively (Fig. 3).

Our results with asolectin substantiate reports on fatty
acids enhancement of proton transfer in unilamellar vesicles,
in which the fatty acid molecule functions as a proton
shuttle, its protonated form having a higher flip-flop rate
[1]. A yet unsolved issue concerns the fate of the fatty acid
anion in the back-flipping leg of the cycle. In natural
membranes, such as in mitochondria, coadjuvant UCPs
have been postulated to explain the uncoupling of ATP
synthesis and oxydative phosphorylation [7].

The presence of cardiolipin in the asolectin lipid [6] may
be important for the development of proton conductance, as
well as for the proton transport by PA. The head group of
cardiolipin could act on the membrane surface-collecting
protons and donating them, via a water shuttle, to the
hydrophobic environment and to transmembrane porters
such as fatty acids [8].

Surprisingly, cardiolipin reduced SCC (Fig. 1B), Gy
(Fig. 2B), and Py (Fig. 3) of pure DPhPC membranes.
Gy, was also reduced by cardiolipin (Fig. 2B), suggesting a
modification into the matrix organization similar to that
induced by cholesterol. The treatment of membranes of
DPhPC and cardiolipin with PA did not increase the proton
selectivity. It thus appears that cardiolipin may not be a
crucial factor per se, but rather has a contributing role when
mixed with other naturally present lipids.

Cholesterol incorporation into asolectin membranes elim-
inates the PA-induced increase in proton selectivity: in
asolectin plus cholesterol membranes, SCC (Fig. 1B), Gy
(Fig. 2A), and Py (Fig. 3) before and after treatment with
PA were not significantly different (1.7 +0.7 x 10~ ¢ and

1.2x10°%

1.8+£0.9% 10" ° cm s~ ', respectively.). It is known that
cholesterol has a preference for saturated chain lipids, which
has been implied in the formation of “rafts” [9]. Since PA is
saturated, cholesterol/PA interactions in membranes with
cholesterol modified by PA are possible; hence, the number
of free PA molecules available to transport protons would be
reduced, as well as the mobility of PA and, consequently, its
flip-flop rate.

PA also failed to increase the proton selectivity of pure
DPhPC and DPhPC plus cholesterol membranes. In such
membranes, PA was not effective to increase PD (Fig. 1A),
SCC (Fig. 1B), and Gy (Fig. 2B). Futhermore, neither PA
nor cholesterol caused a significant change of P} of DPhPC
membranes (Fig. 3). The Py~ of DPhPC membranes before
and after treatment with PA were 3.3 +2.5x 10 © and
44+2.1%x10"°cm s~ ', whereas the Pyy. of DPhPC plus
cholesterol membranes were 6.4 +3.5% 10~ ° and 9.2 +
4.0x 10" °cm s~ ', respectively. It seems that the environ-
ment of the DPhPC hydrophobic matrix, independently of
cholesterol content, is not favorable to H' transport by PA.
Possibly in DPhPC membranes, as well as in asolectin plus
cholesterol membranes, the efficiency of PA in increasing
the proton permeability could be favored by carrier proteins
that would facilitate PA anion translocation.

Fig. 2A and B demonstrates that the most remarkable
effect of cholesterol on asolectin and DPhPC membranes
was the reduction in unspecific conductance, G,,, which
explains the higher level of PD in membranes with choles-
terol (Fig. 1A). Those effects are consistent with findings
that cholesterol greatly reduces the permeability of lipid
membranes to many different substances [10—13], which is
generally attributed to its ability to induce order in lipid
chains. Furthermore, the putative action of cholesterol in
generating an ordered environment is quite general and does
not depend on the particular lipid head group or the nature
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Fig. 3. Effect of palmitic acid and cholesterol on proton permeability (Py-). P+ was calculated (Eq. (7)) under the two experimental conditions described in
Fig. 1. (A) Py- of asolectin and asolectin plus cholesterol membranes before (Asol, Asol+Chol) and after (Asol+PA, Asol+Chol+PA) PA addition,
respectively. (B) Py- of DPhPC, DPhPC plus cholesterol, and DPhPC plus cardiolipin membranes before (DPhPC, DPhPC + Chol, DPhPC + CL) and after
(DPhPC +PA, DPhPC + Chol + PA, DPhPC + CL + PA) PA addition, respectively. Results shown in (A) and (B) are mean + S.E.M. Means with different letters

are statistically different.
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of acyl chains. Cholesterol provides an effective physical
barrier to passive transport of molecules across membranes,
which is important to secure active transport processes.

Together, our results indicate that the transport of H
induced by PA is sensitive to the composition of the lipid
matrix, suggesting that the requisites for PA being able to
function as a proton shuttle are the presence of cardiolipins
and the lack of cholesterol, a condition that resembles that in
mitochondria, where the inner membrane contains cardioli-
pin but not cholesterol and where fatty acids are able to
uncouple oxidative phosphorylation by increasing the pro-
ton conductance [7]. A reasonable scenario would be that
cells make use of altering the membrane cholesterol fraction
in order to control their membrane permeability to H”,
especially in conditions that require a more efficient mem-
brane barrier property. On the other hand, PA would be an
adjunct factor in controlling proton permeability of mem-
branes with low cholesterol content.

+

Acknowledgements

This work was supported by Fundagdo de Amparo a
Pesquisa do Estado de Sao Paulo (FAPESP).

References

[1] F. Kamp, D. Zakim, F. Zhang, N. Noy, J.A. Hamilton, Fatty acid flip-
flop in phospholipid bilayers is extremely fast, Biochemistry 34
(1995) 11928—-11937.

[2] J.A. Hamilton, Fatty acid transport: difficult or easy? J. Lipid Res. 39
(1998) 467—-481.

[3] M. Bloom, E. Evans, O.G. Mouritsen, Physical properties of fluid-
bilayer component of cell membranes: a perspective, Q. Rev. Bio-
phys. 24 (1991) 293-397.

[4] E. Corvera, O.G. Mouritsen, M.A. Singer, M.J. Zuckerman, The per-
meability and the effect of acyl chain length for phospholipid bilayers
containing cholesterol: theory and experiment, Biochim. Biophys.
Acta 1107 (1992) 261-270.

[5] P. Mueller, H.T. Rudin, T. Ten, W.C. Wecott, Methods for formation
of single bimolecular lipid membranes in aqueous solutions, J. Phys.
Chem. 67 (1963) 34-35.

[6] Y. Kagawa, E. Racker, Partial resolution of the enzymes catalyzing

oxydative phosphorylation: IX. Reconstruction of oligomycin-sensi-

tive adenosine triphosphatase, J. Biol. Chem. 241 (1966) 2467—2474.

V.P. Skulachev, Uncoupling: new approaches to an old problem of

bioenergetics, Biochim. Biophys. Acta 1363 (1998) 100—124.

[8] T.H. Haines, N.A. Dencher, Cardiolipin: a proton trap for oxidative
phosphorylation, FEBS Lett. 528 (2002) 35—39.

[9] Y. Barenholz, T.E. Thompson, Sphingomyelin: biophysical aspects,
Chem. Phys. Lipids 102 (1999) 29-34.

[10] G. Szabo, Dual mechanism for the action of cholesterol on membrane

permeability, Nature 252 (1974) 47—49.

R. Bittman, S. Clejan, M.K. Jain, P.W. Deroo, A.F. Rosenthal, Effects

of sterols on permeability and phase transitions of bilayers from

phosphatidylcholines lacking acyl groups, Biochemistry 20 (1981)

2790-2795.

[12] S. Martial, P. Ripoche, An ultra filtration method adapted to the
measurements of water and solute permeability of synthetic, and bi-
ological vesicles, Anal. Biochem. 197 (1991) 296—-304.

[13] Y.X. Xiang, B.D. Anderson, Phospholipid surface density determines
the partitioning and permeability of acetic acid in dmpc: cholesterol
bilayer, J. Membr. Biol. 148 (1995) 157-167.

[7

—

[1

—





		Effects of palmitic acid and cholesterol on proton transport across black lipid membranes

		Introduction

		Experimental

		Materials

		Methods

		Data analysis



		Results and discussion

		Acknowledgements

		References






ELSEVIE

Available online at www.sciencedirect.com

science (g)oineet:

Bioelectrochemistry 65 (2004) 15-22

Bioelectrochemistry

www.elsevier.com/locate/bioelechem

A novel immunosensor based on immobilization of hepatitis B surface
antibody on platinum electrode modified colloidal gold and polyvinyl
butyral as matrices via electrochemical impedance spectroscopy

Dianping Tang, Ruo Yuan™, Yagin Chai, Jianyuan Dai, Xia Zhong, Yan Liu

Chong Qing Key Laboratory of Analytical Chemistry, College of Chemistry and Chemical Engineering, Southwest Normal University,
Chongging 400715, People’s Republic of China

Received 2 February 2004; received in revised form 28 April 2004; accepted 2 May 2004
Available online 28 July 2004

Abstract

Hepatitis B surface antibody (HBsAb) was immobilized to the surface of platinum electrode modified with colloidal gold and polyvinyl
butyral (PVB) as matrices to detect hepatitis B surface antigen (HBsAg) via electrochemical impedance spectroscopy (EIS). The
electrochemical measurements of cyclic voltammetry and impedance spectroscopy showed that K4[Fe(CN)¢]/K5[Fe(CN)g] reactions on the
platinum electrode surface were blocked due to the procedures of self-assembly of HBsAb-Au-PVB. The binding of a specific HBsAb to
HBsAg recognition layer could be detected by measurements of the impedance change. A new strategy was introduced for improving the
sensitivity of impedance measurements via the large specific surface area and high surface free energy of Au nanoparticles and the
encapsulated effect of polyvinyl butyral. The results showed that this strategy caused dramatic improvement of the detection sensitivity of
HBsAg and had good linear response to detect HBsAg in the range of 20— 160 ng-ml~ ' with a detection limit of 7.8 ng-ml~ '. Moreover, the
studied immunosensor exhibited high sensitivity and long-term stability.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Hepatitis B; Electrochemical impedance spectroscopy; Colloidal gold; Polyvinyl butyral

1. Introduction

The extremely high selectivity and affinity of antibody
molecules to their corresponding antigens have widely been
exploited for analytical purposes mainly as radioimmuno-
assays (RIAs) [1] or enzyme-linked immunosorbent assays
(ELISAs) [2—-8]. However, in immunosensors, which rep-
resent the logical further development of immunoassays, the
required transduction of the biological recognition into a
physical signal is in most cases achieved either optically [9]
or electrochemically [10—12]. Immunosensors are of great
interest because of potential utility as specific, simple, label-
free and direct detection techniques and reductions in size,
cost and time of analysis compared with conventional
immunoassay techniques [13]. Recently the immunochem-

* Corresponding author. Tel.: +86-23-68252277; fax: +86-23-
68253195.
E-mail address: yuanruo@swnu.edu.cn (R. Yuan).
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ical interactions may be directly detected by a change in
potentiometric difference [14], current [15], resistance [16],
mass [17], and heat [18].

Among the various transduction techniques, electro-
chemical impedance spectroscopy (EIS) is an effective
method to probe the interfacial properties of modified
electrode and often used for understanding chemical trans-
formations and processes associated with the conductive
supports [19—-21]. Frequency dependence of the impedance
of the electrode double layer yields useful information about
the adsorption kinetic and the dynamics of charge transfer at
electrode interface are strongly influenced by the nature of
the electrode surface and the structure of the electrical
double layer [22,23]. The adsorption or desorption of
insulating materials on conductive supports is anticipated
to alter the interfacial electron-transfer features (capacitance
and resistance) at the electrode surface.

In immunosensors, the redox couple (Fe(CN)g ~/° ) often
serves as a probe for the insulating properties and the density
of the adsorbed layer. In the presence of Fe(CN)g ~/° ~,
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electron transfer is observed and Faradic impedance is
measured. The formation of antigen—antibody will change
the electrochemical impedance because the electrode is
coated with a blocking layer. When antigens bind to the
surface-immobilized antibodies, the access of the redox
couple is hindered to a higher degree than in the absence of
antigens. As the Faradic reaction of a redox couple becomes
increasingly hindered, the electron transfer resistance will
increase and the capacitance will decrease, accordingly.

However, the binding reaction of antigen at the antibody-
immobilized surface is often insufficient to produce a large
signal change for impedance measurements. To overcome
this shortcoming, hepatitis B surface antibody (HBsAb)
molecules were immobilized by the self-assembled technique
on the platinum electrode modified colloidal gold and poly-
vinyl butyral (PVB) as matrices via the large specific surface
area and high surface free energy of Au nanoparticles, and the
entrapped effect of polyvinyl butyral in the present paper. The
self-assembled process of the immunosensors can be char-
acterized by cyclic voltammetry and electrochemical imped-
ance spectroscopy. The results of our experiment indicated
the novel immunosensors exhibited excellent electrochemi-
cal characteristics to hepatitis B surface antigen (HBsAg)
with the substantial improvement in sensitivity, low detection
limit, stability and selectivity. It is hoped that the attractive
properties of the HBsAb-Au-PVB-modified electrodes
would find various practical applications.

2. Experimental
2.1. Reagent and materials

Hepatitis B surface antibody (HBsAb) and hepatitis B
surface antigen (HBsAg) (E.C 1.1.3.4, 1.28 ug-ml~ ") were
purchased from Kehua Bioengineering Company (Shanghai
China). Bovine serum albumin (BSA, 96—99%), gold chlo-
ride and tannic acid were obtained from Sigma Chemical (St.
Louis, MO, USA). Polyvinyl butyral (PVB) was bought
from Shanghai Chemical Reagent (China). All platinum
electrodes were purchased from Yatong Chem. (Chongqing,
China) with 10-mm length and 1-mm diameter. All chem-
icals and solvents used were of analytical grade and were
used as received. Double distilled water was used throughout
this study. The standard HBsAg stock solutions were pre-
pared with phosphate buffer solution (PBS, pH 7.4) and
stored at 4 °C. The HBsAb was stored in the frozen state, and
its standard solutions were prepared daily with PBS solution
as in use. The preparation of phosphate buffer solution of pH
7.4: KH,PO,4 0.2 g, Na,HPO,4-12H,0 2.9 g, NaCl 8.0 g and
KCl1 0.2 g was dissolved in 1000-ml double distilled water.

2.2. Apparatus

Voltanmmetric measurements were carried out with a
CHI 660A electrochemistry work station (Shanghai CH

Instruments, China). A three-compartment electrochemical
cell contained a platinum wire auxiliary electrode, a satu-
rated calomel reference electrode (SCE) and HBsAb-Au-
PVB-modified platinum electrode (P=1 mm) as working
electrode. The size of Au colloid was estimated from
transmission electron microscopy (TEM) (H600, Hitachi
Instrument, Japan). The pH measurements were made with
a pH meter (MP 230, Mettler-Toledo Switzerland) and a
digital ion analyzer (Model PHS-3C, Dazhong Instruments,
Shanghai, China). The AC impedance of the immunoelec-
trode membrane was measured with a Model IM6e (ZAH-
NER Elektrick, Germany).

2.3. Preparation of colloidal gold

All glassware used in the following procedures was
cleaned in a bath of K,Cr,O,—H,SO4 (caution: Piranha
solution reacts violently with almost any organic materials
and should be handled with extreme care!), rinsed thor-
oughly in double distilled water and dried in air. Gold
colloids were prepared according to the literature [24].
Solution A: 1 ml of 1% HAuCl, solution was added to 99
ml water. Solution B: 4 ml of 1% trisodium citrate solution.
The two solutions were heated up to 60 °C, respectively.
During mixing, solution B was added to solution A quickly.
The mixture was heated for 35 min subsequently. The
solution color was claret. The size of the prepared Au
colloid was about 16 nm, which was estimated from
transmission electron microscopy (TEM) (Fig. 1).

2.4. Antibody immobilization

2.4.1. Preparation of the PVB-Au-HBsAb-modified
immunosensor

The working electrode was first polished with 0.6-um
gold sand paper, rinsed thoroughly twice with water, boiled
in nitric acid (1:1) for 10 min, ultrasonicated in acetone and
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Fig. 1. The TEM images of Au colloid particles. The size of the Au colloid
particles is about 16 nm.
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washed in water two times, respectively, then dried in air
before use. A sol—gel method was adopted to prepare the
electrode. An appropriate amount (unless otherwise speci-
fied, 150 pl was used) of hepatitis B surface antibody
solution (1.28 pug ml™") was mixed with 0.3-ml colloidal
gold into a beaker in ice water. Ten minutes later, 3 ml of
polyvinyl butyral ethanol solution (2%, v/v) was added to
the beaker quickly. The mixture was stirred adequately and
deposited upon the surface of the platinum electrode. The
platinum electrode was dipped into the homogeneous mix-
ing solution to a depth of 10 mm for 10 min and then
removed. After being stored for about 24 h at 4 °C, the
modified immunosensor was incubated in 0.25 wt.% BSA
for 60 min at 37 °C in order to block the remaining active
groups. Then the finished immunosensor was stored at 4 °C
when not in use. The schematic diagram of the immuno-
sensors and the structure of the electrode coating are shown
in Fig. 2.

2.4.2. Preparation of the Au-HBsAb-modified
IMmmunosensor

The bare platinum electrode was first made anodic by
using cyclic voltammetry. The clean platinum electrode is
held at a potential of +1.5 V in a 0.1 M NaOH stirred
solution for 2 min followed by + 0.5 V (vs. SCE) for 45 s in
the same medium in order to make it charged positively.
Then the positively charged platinum electrode was dipped
into the homogeneous mixing solution containing HBsAb
and gold nanoparticles via the self-assembly and the oppo-
site-charged adsorption techniques. The immobilized meth-
od may be explained by the fact that the gold nanopartilces
are a highly negatively charged species as a result of the
adsorption of citrate in the fabrication and HBsAb can be
firmly immobilized on the gold nanoparticles surface be-
cause of the strong interactions between gold nanoparticles
and biological macromolecules.

2.4.3. Preparation of the PVB-HBsAb-modified
immunosensor

An appropriate amount (unless otherwise specified, 150
pl was used) of hepatitis B surface antibody solution (1.28
pg ml~ ') was mixed with 3 ml of polyvinyl butyral ethanol
solution (2%, v/v) in a beaker. The mixture was stirred by
the bare platinum electrode adequately and then dipped into

SN Au colloid

T~ HBsAb
1
Mo 7 PVB

Platinum electrode

Fig. 2. A schematic diagram of the immunosensor showing: (1) PVC tube,
(2) cuprum wire, (3) platinum electrode modified with HBsAb-Au-PVB.

the homogeneous mixing solution for 10 min, and then
removed to store at 4 °C.

2.5. Electrochemical measurements

The electrochemical characteristics of the modified elec-
trode were characterized by using cyclic voltammetry during
the self-assembled process. Electrochemical experiments
were performed in a conventional electrochemical cell con-
taining a three-electrode system and swept the potential
between — 0.3 and +0.7 V (vs. SCE) with a sweeping rate
of 0.1 V-s~ ', Impedance measurements and cyclic voltam-
metry measurements were performed in the presence of a 2.5
mM K;[Fe(CN)g]/ K4[Fe(CN)g] (1:1) mixture as a redox
probe in PBS (containing 0.1 M KCI, pH 7.4). Impedance
measurements were performed at the frequency range from
10~ % to 10° Hz at the formal potential of 220 mV, using
alternating voltage of 10 mV. The change of electron-transfer
resistance is calculated as following the equation:

ARet = Rab-ag — Rab

where Rp.a is the value of electron transfer resistance after
HBsAg binding to HBsAb, Ry}, is the value of the immobi-
lized HBsAD.

3. Results and discussion
3.1. Electrochemical characteristics on electrode surface

Electrochemical impedance spectroscopy (EIS) is an
effective method for probing the feature surface-modified
electrode. Fig. 3 shows the results of Faradic impedance
spectroscopy on a bare platinum electrode (curve a), Au-
modified platinum electrode (curve b), Au-PVB-modified
platinum electrode (curve c¢) and the HBsAb-Au-PVB-
modified platinum electrode (curve d) in the presence of
redox probe Fe(CN)¢ ~/° ~ measured at the formal potential.
It can be seen that the bare platinum electrode exhibits an
almost straight line that is characteristic of a diffusional
limiting step of the electrochemical process. When the bare
platinum electrode was dipped into the colloidal gold
solution, we were surprised to find that the EIS of the Au-
modified electrode was similar to that of the bare platinum
electrode. This implied that the conductivity of the Au-
modified platinum electrode was essentially equivalent to a
bulk platinum electrode. After being modified with Au
colloids and PVB, the EIS of the Au-PVB-modified elec-
trode shows a higher interfacial eT resistance, indicating that
the PVB molecules obstructed eT of the electrochemical
probe (Fig. 3¢). When the HBsAb-Au-PVB-modified plat-
inum electrode was finally obtained, the interfacial resis-
tance increased again (Fig. 4d). The impedance change of
the modified process also showed the HBsAb had attached
to the platinum electrode surface.
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Fig. 3. Electrochemical impedance spectroscopy (EIS) in PBS (pH
7.4)+0.1 M KCI+2.5 mM Fe(CN); />~ solution at, (a) a bare platinum
electrode; (b) Au-modified platinum electrode; (c) Au-PVB-modified
platinum electrode; (d) HBsAb-Au-PVB-modified platinum electrode. The
frequency range is at 1 X 10”2~ 1 x 10° Hz at 20 °C (Z’ vs. Z" at 220 mV
vs. SCE).

Cyclic voltammograms (CVs) of the ferricyanide are
valuable and convenient tools to monitor the barrier of the
modified electrode, because the electron transfer between
the solution species and the electrode must occur by
tunneling either through the barrier or through the defects
in the barrier. Therefore, it was chosen as a marker to
investigate the changes of electrode behavior after each
assembly step. Fig. 4 shows cyclic voltammograms of
different modified electrodes in 2.5 mM ferricyanide solu-
tion. When electrode surface has been modified by some
materials, the electron transfer kinetics of Fe(CN)¢ ~/° ~ is
perturbed. Well-defined CVs, characteristic of a diffusion-
limited redox process, are observed at the bare platinum
electrode (Fig. 4a). After the bare platinum electrode was
modified with HBsAb-Au-PVB, an obvious decrease in the

207 a
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Fig. 4. Cyclic voltammograms (CVs) of the different electrodes in a 2.5
mM Fe(CN)§ ~/~ solution (10 mM PBS+0.1 M KCI, pH 7.4), (a) bare
platinum electrode; (b) HBsAb-Au-PVB-modified platinum electrode; (c)
HBsAb-Au-PVB-modified platinum electrode incubated with BSA; (d)
HBsAb-Au-PVB-modified platinum electrode combined with HBsAg. The

scan rate was 100 mV-s~ .

anodic and cathodic peaks was observed (Fig. 4b). The
reason is that the immobilization of HBsAb-Au-PVB insu-
lates the electrode and perturbs the interfacial electron
transfer considerably. After the HBsAb-Au-PVB-modified
electrode was obscured with BSA, the amperometric re-
sponse of the electrode was decreased and increased in the
peak-to-peak separation between the cathodic and anodic
waves of the redox probe (Fig. 4c). This is consistent with
the enhanced electron transfer barriers introduced upon the
assembly of these layers. Especially, after the HBsAg
molecule is coupled onto the antibody molecule, an obvious
disappearance of the anodic and cathodic peaks was
obtained (Fig. 4d). The reason is that the antigen—antibody
complex acts as the inert electron and mass transfer blocking
layer, and it hinders the diffusion of ferricyanide toward the
electrode surface.

In order to further demonstrate whether hepatitis B
surface antibody had been immobilized on the platinum
electrode, hepatitis B surface antibody labeled by horserad-
ish peroxidase (HRP) was used in the preparation of the
immunoelectrode via ELISA. The HBsAb-HRP-Au-PVB-
modified platinum electrode prepared in the same way was
scanned at the potential between — 0.3 and +0.7 V (vs.
SCE) with a scanning rate of 0.1 V-s~' to the different
concentrations of H,O, from 20 mmol-1~ ! to 240 mmol-1~!
in a phosphate buffer solution, pH 7.4. As shown in Fig. 5,
the peak current increased with the increment of H,O,
concentration and started to level off when the concentration
of H,0, was more than 160 mmol-1~'. This indicated that
HBsAb-HRP have been immobilized on the electrode sur-
face. On the basis of the CV, ELISA and EIS results, we can
conclude that HBsADb is successfully immobilized on the
platinum electrode via colloidal gold and polyvinyl butyral
as matrices.

400
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Fig. 5. Cyclic voltammograms of the HBsAb-Au-PVB-modified immuno-
sensor, in which HBsAb was labeled by horseradish peroxidase, to different
H,0, concentrations in a phosphate buffer solution, pH 7.4 at room

temperature under N, protected conditions. Scan rate, 50 mV-s~ .
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3.2. Optimization of analytical conditions

Fig. 6a shows the effect of temperature on AC impedance
(Re) for 60 ng-ml~ ' HBsAg at the range from 10 to 50 °C
in a 2.5 mM Fe(CN)¢ /° ~ solution (10 mM PBS+0.1 M
KCI, pH 7.4). Various incubation temperatures were
reported in the different literatures, ranging from 25 to 37
°C. As shown in Fig. 6a, the eT value increased with the
increasing temperature up to 35 °C, and then it decreased at
higher temperature. However, temperatures over 40 °C
caused irreversible behavior involved in the process. As is
well known, an optimal temperature of immunoreaction
would be 37 °C, which supports this observation at this
temperature, so the temperature of 35 °C was selected as a
compromise.

The effect of pH on AC impedance R, was shown in
Fig. 6b. The influence of pH was studied between 5.5 and
8.5 for the same concentration of HBsAg in a 2.5 mM
Fe(CN)¢ ~/~ solution (10 mM PBS+0.1 M KCI). The
immunosensor response decreases with increasing pH val-
ue from 5.5 to 7.5 and then increases as the pH increases
further. It is well known that it is facile to electron transfer
at the optimal pH value, so the electron transfer resistance
is the smallest. The experimental results show that most
immunoreactions exhibit optimal binding at this pH [25].
Therefore, a pH 7.4 of PBS was used as the medium for
the immunoreaction.

The influence of the immunochemical incubation (i.e.
when the antigen—antibody reaction occurs) time on

[
]
%
]
T

response signals was also investigated. The HBsAb-mod-
ified electrode was used to study the effect on the
sensitivity of the immunosensor to HBsAg. In the incu-
bating solution, when the analyte antigens reach the anti-
bodies at the electrode surface of the immunosensor, it
takes some time for the contacting species to form
immunocomplexes. Fig. 6¢ displays the effect of incuba-
tion time on the immunoassay. The incubation times were
10, 20, 30, 40 and 50 min, using the same HBsAg
concentrations. The eT value obtained in this study
increases with the incubation time rapidly up to 30 min
and after that the variation leaves off. So 30 min was
chosen for the subsequent study to evaluate the analytical
performance of the immunosensor.

3.3. Amplified immunoassay of HBsAg by AC impedance
spectroscopy

Although AC impedance could change upon interaction
of HBsAb with HBsAg, the signal is small in some extent.
In this paper, a new amplification strategy was introduced
for improving the sensitivity of impedance measurements
using colloidal gold and polyvinyl butyral as matrices. The
reason is that the gold nanoparticles are a negatively charged
species as a result of the adsorption of citrate in the
fabrication process, which can enhance the connection
between gold nanoparticles and HBsAb, and at the same
time the network complex of polyvinyl butyral is introduced
to enhance the stability of immobilized HBsAb. A substan-
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Fig. 6. The influence of (a) temperature; (b) pH value, and (c) incubation time on the impedance response of the immunosensor in a 2.5 mM Fe(CN); ~/° ~

solution at 1 x 10~ 2~1 x 10° Hz at 25 °C (Z' vs. Z" at 220 mV vs. SCE).
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tial increase in the diameter of the semicircle could be
observed when the HBsAb-Au-PVB-modified platinum
electrode was interacted with HBsAg. In this method, a
higher electron transfer resistance was achieved, which
meant that probe accessed to the surface of electrode very
difficultly.

In EIS, the total impedance was determined by several
parameters: (1) electrolyte resistance, Rg; (2) the lipid
bilayer capacitance, Cy; (3) charge transfer resistance, R
(4) Warburg element, Z,, The complex impedance can be
presented as the sum of the real, Z., and imaginary, Z;,
components that originate mainly from the resistance and
capacitance of the cell. For the sake of giving more detailed
information about the impedance of the modified electrode,
a modified Randles equivalent circuit (Fig. 7) was chosen to
fit the measured results. The two components of the scheme,
Ry and Z,, represent bulk properties of the electrolyte
solution and diffusion of the applied redox probe, respec-
tively. Thus, they are not affected by chemical transforma-
tions occurring at the electrode interface. The other two
components of the circuit, Cq; and R, depend on the
dielectric and insulating features at the electrode/electrolyte
interface. In electrochemical impedance spectroscopy (EIS),
the semicircle diameter of EIS equals the electron transfer
resistance, R.. This resistance controls the electron transfer
kinetics of the redox-probe at electrode interface, which is
relative to the concentration of antigen. In order to view the
procedure of antibody immobilization and amplified immu-
noassay clearly, we only considered the relation between R
and the concentration of HBsAg.

Fig. 8 shows the derived calibration plot that corresponds
to the electron transfer resistance (R) at the HBsAb-Au-
modified platinum electrode (curve a), the HBsAb-PVB-
modified platinum electrode (curve b) and the HBsAb-Au-
PVB-modified platinum electrode (curve c) with different
concentrations of the analyte HBsAg. From the experimen-
tal data the modified electrode with gold colloids and PVB
took on the most sensitive change to R, value and the
immunosensor calibration curves are sigmoidal with HBsAg
concentration, however, the immunosensor exhibits a linear
dependence on the standard positive serum concentration
ranging from 20 to 160 ng-ml~ ' with a detection limit of
6.3 ng-ml~'. The linear regression equation was AR =
360.7+14.9 [HBsAg], with a correlation coefficient of

Ca

Fig. 7. Equivalent circuit used to model impedance data in a 2.5 mM
Fe(CN)¢ /2~ solution (10 mM PBS+0.1 M KCI, pH 7.4).
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Fig. 8. The changes of electron transfer resistance (AR.) of the different
immunosensors after reaction with the different concentrations of HBsAg in
a 2.5 mM Fe(CN)¢ ~/ ~ solution (10 mM PBS+0.1 M KClI, pH 7.4): (a)
HBsAb-Au-modified platinum electrode; (b) HBsAb-PVB-modified plati-
num electrode; (c) HBsAb-Au-PVB-modified platinum electrode.

0.9962 (Fig. 8c). According to the linear regression equa-
tion, we can detect HBsAg concentration in the sample
quantitatively.

3.4. Regeneration and reproducibility of the immunosensors

Regeneration of immunosensors is of interest to the
immunoanalysts. Although the antibody—antigen linkage
can be broken under drastic conditions (e.g. in alkalinic or
acidic solutions or with chaotropic agents), the immobilized
immunoreagents could also suffer from the functional dam-
age or even be released from the immunosorbents [26]. In
this experiment, 0.2 M, glycine-hydrochloric acid (Gly-
HCI) buffer solution (pH 2.8) was chosen to break the
binding between antibody and antigen. After detecting 60
ng-ml~ ' HBsAg, the immunosensor was immersed in a
stirring 0.2 M, pH 2.8 glycine-hydrochloric acid (Gly-HCI)
buffer solution for 5 min and removed to detect the same
HBsAg concentration, repeated 20 times continuously. As
shown in Fig. 9a, the immunosensor kept 93.1% of the
original potentiometric value in the initial 13 times, the
relative standard deviation (RSD) was 3.1% for 13 succes-
sive assays, because the extreme conditions degraded or
chemically deactivated the antigen surface [27]. Good
reproducibility may be explained by the fact that Au nano-
particles and PVB have little effect on immunoprotein
activity and HBsAb-Au-PVB is firmly attached on the
surface of the platinum electrode. The electrode-to-electrode
reproducibility was estimated from the response to 60
ng-ml~ ' HBsAg at eight different immunosensors. The
results showed the AC impedance characteristics of eight
different immunosensors which were prepared in the differ-
ent times and batches in the presence of 60 ng-ml™ '
HBsAg. The relative standard deviation (RSD) was between
3.15% and 2.12%.
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Fig. 9. The reproducibility (a) and lifetime (b) of the immunosensor to 60
ng-ml~ ' HBsAg.

3.5. Selectivity and lifetime of the immunosensor

The effect of substances that might interfere with the
response of the immunosensor was studied. The relative
standard deviation (RSD) of inhibition impedance obtained
for each interfering substance such as diphtheria antigen and
bovine serum albumin was between 2.31% and 3.57%.

The long-time stability of the immunosensor was inves-
tigated on a 180-day period. When the immunosensor was
stored dry at 4 °C and measured intermittently (every 3—5
days), no apparent change in the same HBsAg concentration
was found over 120 days (Fig. 9b). However, when the Au
nanoparticles or PVB was absent, the immunosensor
retained ~ 27.6% of its initial sensitivity to HBsAg after
3 weeks. Good long-term stability can be attributed to the
strong interactions between the Au nanoparticles and
HBsAb.

3.6. Application of the immunosensors in human serum
Eighty shares college students’ serum samples from our

university hospital were determined by using the immuno-
sensors that had been calibrated. The serum samples were

diluted to different concentrations with phosphate buffer
solution (pH 7.4), then R value was determined by EIS.
The results for human serum samples obtained from the
immunosensors were compared with those from an estab-
lished ELISA technique. More than 93.3% of the results of
the human serum samples obtained by this method were in
agreement with those obtained by enzyme-linked immuno-
sorbent assays (ELISAs). A good correlation was found
between the results for the two methods.

4. Conclusion

EIS was applied to investigate the immune reaction in the
presence of redox couple Fe(CN)¢ ~/° ~. In order to enhance
the response signal of antibody—antigen interaction, a new
method was developed to amplify the response of imped-
ance via the large specific surface area and high surface free
energy of Au nanoparticles. The values of electron-transfer
resistance obtained by impedance spectroscopy confirmed
the procedure of this amplified immunoassay. The method
can be generally applicable to amplified assay of other
biomolecules and other transduction means, such as poten-
tiometric or amperometric immunosensors.
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Abstract

Polyamidoamine (PAMAM) dendrimers impact on activity of acetylcholinesterase was studied. It has been shown that dendrimers induce
a biphasic effect: depending on their concentrations they increase or decrease enzyme activity. It may be due to two types of interactions:
direct—between dendrimers and the enzyme; indirect—via a modification of the physical state of membrane phospholipids affecting the

acetylcholinesterase.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dendrimers are a new class of polymers which have
attracted much interest since their first synthesis in the
mid-1980s due to their unique nanoscopic architecture
[1]. Unlike linear polymers, they have well-defined
structure. Dendrimers consist of a central core and
branched monomers. The cyclic manner in which they
are built results in a globular shape and a large number
of end groups on the surface. The more layers of
branched units are attached, the higher generation of
dendrimer is obtained. Polyamidoamine (PAMAM) den-
drimers are based on an ethylenediamine core and
branched units are built from both methyl acrylate and
ethylenediamine.

In current studies, we used the fourth generation (G4) of
two types of polyamidoamine dendrimers, PAMAM G4 and
PAMAM-OH G4 (Fig. 1). PAMAM G4 dendrimers possess
64 amino groups on a surface whereas PAMAM-OH G4
dendrimers have the same number of hydroxyl groups at

* Corresponding author. Tel./fax: +48 42 635 44 74.
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chain-ends. Molecular weight for PAMAM G4 and
PAMAM-OH G4 equals 14,215 and 14,279 Da, respec-
tively. Their diameters are similar and equal to approx-
imately 40 A.

The specific structure makes dendrimers suitable for a
variety of biomedical applications. Among them, the use of
dendrimers as carrier molecules for drugs has been of great
interest. Drug molecules can either be attached to den-
drimers’ end groups, or encapsulated in the macromolecule
interior [2,3]. Both strategies are very promising in a
targeted anti-tumour therapy. To pursue studies on den-
drimers in therapeutic applications, more information about
their biological properties is needed.

We have previously shown that dendrimers interact
with serum albumin and change its conformation [4].
There are articles that postulate haematotoxic and cyto-
toxic actions of some types of dendrimers [5,6]; however,
the detailed molecular mechanism of these actions is still
unknown. Thus, this study was undertaken to reveal more
information about dendrimers impact on an enzyme—
acetylcholinesterase (AChE, EC 3.1.1.7.) and to answer a
question how dendrimers affect its function. Moreover,
changes in AChE activity are a good indicator of
membrane alterations.
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Fig. 1. Scheme of a polyamidoamine dendrimer.

ACHhE is a very efficient protein catalyst that hydrolyses
its physiological substrate acetylcholine at one of the
highest known catalytic rates [7]. It is a key enzyme in
cholinergic neurotransmission and signal transduction.
Located at neuromuscular junctions, it is responsible for
preventing re-excitation after the stimulated cell has
recovered from first action potential [8]. Irreversible
inhibition of AChE induces a constant excitation of the
parasympathetic nervous system and muscle tissues which
leads to death [9]. AChE has also been found on the surface
of mammalian erythrocytes. Its physiological role is still
unknown. Erythrocyte AChE is a hydrophobic integral
membrane enzyme anchored in the outer monolayer via
carboxy-terminal binding domain. AChE may exist as
globular monomers, dimers and oligomers [10]. Dimeric
AChE is the predominant species present in the native
erythrocyte membrane [11]. The dimer is built up of two
identical subunits which have molecular weights of approx-
imately 73,000 Da. The monomers are covalently linked
together by disulfide bonds.

2. Experimental
2.1. Materials
5,5 -dithiobis (2-nitrobenzoic acid) (Ellman reagent) and

acetylthiocholine iodide were purchased from Sigma
(USA). PAMAM and PAMAM-OH dendrimers (both G4)

were obtained from Aldrich (UK). All other chemicals were
of analytical grade. Water used to prepare solutions was
double-distilled.

2.2. Preparation of erythrocyte ghosts

Blood from healthy donors was purchased from the
Central Blood Bank in Lodz. Blood was taken into 3%
sodium citrate. Erythrocytes were separated from plasma
and leukocytes by centrifugation for 10 min at 4 °C at
600xg and washed three times with ice-cold phosphate-
buffered saline (PBS: 0.15 mol/l NaCl, 1.9 mmol/l
NaH,PO,, 8.1 Na,HPO, mmol/l, pH 7.4). The erythrocyte
ghosts were prepared from washed cells according to the
method of Dodge et al. [12] with some modifications. The
erythrocytes were haemolysed with 20 volumes of 10
mmol/l phosphate buffer, pH 7.8, containing 0.1 mmol/l
EDTA and 0.1 mmol/l PMSF (phenylmethylsulphonyl
fluoride) as proteolytic inhibitors and centrifuged for 20
min at 4 °C at 20,000xg. Then the ghosts were
resuspended in ice-cold 5 mmol/l phosphate buffer, pH
7.4, and centrifuged again. The process was continued until
the ghosts were free of residual haemoglobin. The protein
content in the erythrocyte ghosts was determined by the
method of Lowry et al. [13], using bovine serum albumin
as a standard.

2.3. Acetylcholinesterase activity estimation

AChE activity in isolated erythrocyte membranes was
assayed by the method of Ellman et al. [14] in which
acetylthiocholine is used as the substrate and the product,
thiocholine, reacts with Ellman reagent to form a yellow
anion 5-thio-2-nitrobenzoic acid. The formation of this
product is an indicator of AChE activity.

Erythrocyte ghosts suspension was diluted with 10
mmol/l phosphate buffer, pH 8.0, to 0.03 mg/ml protein
concentration. To 1 ml sample of diluted ghosts Ellman
reagent was added (its final concentration in the sample was
100 pmol/l). Then dendrimers in concentration range from
25 to 150 pmol/l were added. The kinetics of acetylthiocho-
line iodide hydrolysis was recorded spectrophotometrically
(Pharmacia LKB-Biochrom 4060, UK) at room temperature
and the rate of the reaction was calculated from the
equation:

0DM2F

B mol acetylthiocholine
¥~ 13, 6001000

)

min‘mg of protein

where O.D.*!? is an increase of absorbance at 412 nm for 1
min, and F is a dilution coefficient in respect to the protein
concentration.

Two parameters were calculated from Lineweaver—
Burke graph: V. which is the maximal rate of the
enzymatic reaction and the Michaelis—Menten constant
(Km), which corresponds to the concentration of the





B. Klajnert et al. / Bioelectrochemistry 65 (2004) 23-26 25

substrate at which the reaction rate equals to the half of its
maximal value.

All results are expressed as a mean valuexS.D. of six
experiments. Statistical significance was assessed using
Student-Fisher test.

3. Results and discussion

In the presence of both types of dendrimers, PAMAM
G4 and PAMAM-OH G4 we observed a biphasic effect on
the activity of membrane-bound AChE (Figs. 2 and 3).
Lower dendrimer concentrations caused a statistically
significant increase of the enzyme activity. For higher
dendrimer concentrations, we observed an inhibition of
AChE. The efficiency of the inhibition was similar for both
types of dendrimers; however, the maximum of activation
occurred at a different range of dendrimer concentration
—25 umol/l for PAMAM-OH G4 and 100 pmol/l for
PAMAM G4.

The biphasic influence of dendrimers on AChE activity
may be a result of an alteration in protein structure but may
also reflect the structural changes in the whole membrane.
It is believed that the measurement of AChE activity gives
valuable information about the structural changes in the
membrane under actions of various factors (e.g., laser
irradiation, oxidative stress). AChE properties depend on,
e.g., membrane fluidity. It has been shown that there is
some correlation between membrane rigidity and the value
of the Michaelis—Menten constant (K,,). The K,, constant
corresponds to the affinity of the enzyme to the substrate.
The greater the membrane rigidity, the smaller the K, [15].
Similar biphasic alteration of AChE activity was observed
upon addition of tetracaine, which was strongly connected
with changes in fluidity of membrane lipid hydrocarbon
chains and charged lipid head groups [16]. It has been
earlier reported that polyamidoamine dendrimers impact on
human red blood cell morphology and membrane integrity
[17], change rotational mobility of fatty acid chains [18],
and disrupt anionic lipid vesicles [19]. On the other hand,
there are proofs that dendrimers interact with proteins and

x —e—PAMAM G4
--@-- PAMAM-OH G4
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Fig. 2. The effect of dendrimers on the maximal rate of the enzymatic
reaction. Results are expressed as means+S.D. of six experiments.
Statistical significance was assessed using Student—Fischer test, *P<0.05,
**P<0.01.
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Fig. 3. The effect of dendrimers on the Michaelis-Menten constant.
Results are expressed as means+S.D. of six experiments. Statistical
significance was assessed using Student—Fischer test, ¥P<0.05, **P<0.01,
***P<0.001.

change their conformation, e.g., they create a layer on the
surface of serum albumin [4]. Especially, the inhibition of
ACHhE activity observed for higher dendrimer concentration
may be a result of direct interactions between dendrimers
and the enzyme. The type of the inhibition was determined
from the Lineweaver—Burke plot. After addition of
dendrimers, the value of the Michaelis—-Menten constant
K., decreased similarly to the value of V.. The
equivalent change in K, and V., indicates an uncompe-
titive inhibition [20]. X-ray diffraction data have revealed
that the active site of AChE is at the bottom of a deep and
narrow gorge [21]. Although the base of the gorge near the
active site is negatively charged [22,23], we did not
observe differences between the AChE behaviour upon
cationic PAMAM G4 and neutral PAMAM-OH G4. This
could be due to large dimensions of dendrimer molecules
that do not enable them to reach the active site.

To sum up, changes of AChE activity upon addition
of dendrimers are a consequence of both direct inter-
actions between dendrimers and the enzyme and indirect
via membrane condition modifications (Fig. 4). It is
highly possible that two effects play an equally signifi-
cant role.

o
A

Fig. 4. Scheme of dendrimer interactions with an enzyme and a membrane.
(A) Partial dendrimer incorporation into a lipid bilayer; (B) simultaneous
dendrimer interactions with an enzyme and a lipid bilayer; (C) dendrimer
interactions with an enzyme; (D) pulling out the outer monolayer by a
dendrimer molecule.
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Abstract

The electroporative effect on the stratum corneum (SC) is highly localized. However, the fractional area for the transport of small ions and
larger ionic species differs considerably during and after high voltage (HV) application. Electroporation of SC creates new aqueous pathways,
accessible for small ions, such as C1~ and Na* ions. The pores are distributed across the skin surface yielding a fractional area for current flow
during electroporation of up to 0.1%. An increased permeability after high voltage application persists within a fractional area on the order of
10~ *%. The permeabilization of SC for larger, charged molecules (A>200 g/mol) involves Joule heating and a phase transition of the long
chain sphingolipids within local transport regions (LTR). The transport area for these molecules ( = 10~ %) changes only negligibly after

high voltage application.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Transdermal drug delivery; Fractional area; Molecular transport; Stratum corneum; Electroporation

1. Introduction

The development of new drugs for medical applications
faces major problems in oral or parenteral delivery. For
instance, denaturation of the drug in the stomach and
intestine requires major effort like encapsulation for oral
delivery. The requirement of frequent delivery makes drugs
unsuitable for parenteral delivery.

Transdermal drug delivery is usually limited to small,
favorably lipophilic, molecules [1]. Additional driving forces
like ultrasound or electric field are necessary to allow the
efficient passage of larger and charged molecules [2]. Spe-
cifically, the method of skin electroporation, which creates
aqueous pathways by short high electric field pulses [3],
showed a transport enhancement of charged molecules like
calcein (M =623 g/mol) [4] by up to four orders of magni-
tude. It was also estimated [5] that the surface area involved
in small ion current flow was only about 0.1%. This was by
two orders of magnitude larger than the area for transport of

* Corresponding author. Tel.: +49-521-106-6261.
E-mail address: uwe.pliquett@uni-bielefeld.de (U. Pliquett).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.05.005

larger molecules. These estimates, however, were derived
from the net transport of two fluorescent molecules and their
transference numbers.

The use of fluorescence microscopy revealed that the
molecular transport was highly localized [6—8]. Specifically,
the transport was concentrated in circularly shaped regions
with a radius in the range 50 <7 (um) <300. These localized
transport regions (LTR) did not coincide with appendages or
other visible defects within the structure of the stratum
corneum (SC).

An increase in pulse voltage increased the density of the
LTR but not their size, while longer lasting pulses produced
larger LTR with negligibly small changes in the LTR-density
[8]. If the pulse duration of the pulse was less than 10 ps, no
LTR structures appear and the flux of calcein (M=623,
z=—4) or sulphorhodamine (M =607, z=— 1) was negligi-
bly small when compared to the same total pulsing time by
increasing the number of pulses [9].

By using water-soluble molecules (e.g. calcein) as polar
tracers, LTR appeared in a characteristic way. The interior
became dim when the SC was washed with buffer solution
after pulse application. A bright fluorescing ring (calcein)
remained, indicating a low permeability in the vicinity of the
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highly permeable LTR. The transport of small ions could be
visualized only indirectly for CI™ ions. A polished silver
plate, serving as the anode placed behind the stratum
corneum, revealed current flow by the deposition of AgCl-
precipitate, seen under the microscope as gray plaque [6,10].

2. Material and methods

Human stratum corneum, either heat stripped or trypsi-
nated, was used throughout the experiments. All the mea-
surement methods were described previously [10,11]. The
main features are as follows.

2.1. Determination of the transport area, A,

The net transport of small ions across the SC was
estimated from the electric current during and after the pulse
application. A four-electrode system was used. At the outer
electrode set a current or voltage was applied (ramp pulse or
rectangular pulse) while the voltage between the inner
electrodes (Ujnner) and the total current (/) was measured.
The voltage drop within the saline between the inner electro-
des was used to calculate the voltage across the SC by
Usc = Uinner — IRsatine Where Rgujine 1S the resistance of the
saline. The control of the current rather than the voltage
enables compensation for the contributions of the chemical
reactions at the pulse electrodes. The apparent resistance
(Rsc — Usc/I) was used to calculate the surface area (4;,)
involved in the ionic fluxes:

I p(T)dsc
in P( ) SC US RSC ( )

where dgc is the thickness of the SC and p(7) the temperature
dependent resistivity of the saline.

It was found that Rgc decreases during high voltage
application (HV-application, Usc <150 V, 0.01 <ty
(ms)<100). This suggested an expansion of pathways and
Joule heating due to the high current density influencing A;,,.
In order to circumvent this, the values Ugc (100 ps) and 1
(100 ps), 100 ps after the beginning of a pulse, were used to
calculate 4;,. It was determined that within 100 ps the
heating of the entire stratum corneum was negligible.

The SC impedance between 1 and 50 kHz before and
after HV-application was measured with a time resolution of
1 ms using a time domain based arrangement [12]. A current
square wave was applied to the outer electrodes and the
voltage between the inner electrodes was measured. Since
the current during the impedance measurements was small
and the resistance of the stratum corneum was large com-
pared to that of the saline, the voltage drop across the saline
was neglected. The deformed signal was analyzed in terms
of five elements, one parallel resistor and two RC-combi-
nations, of an electric equivalent circuit [13]. Only the
parallel resistor (Rgi,) involved ionic net transport. There-

fore, the post pulse A4;, was calculated similarly to Eq. (1)
but using Ry, instead of Rgc. Because the temperature
during the impedance measurements remained constant, the
calculation was simplified to

~ pdsc

Ain -
Rskin

2)
where p is temperature independent.

2.2. Flux measurements and analysis

The fluxes, J=(dn,)/(Adf), of two medium sized fluores-
cent molecules (calcein and sulphorhodamine) were deter-
mined during 60 pulses with 1 min interpulse spacing
followed by 1 h without pulsing. Even with a time resolution
of 10 s, it was impossible to measure the flux during a pulse
of 1 ms. For the calculation of 4;, after the pulse Fick’s first
law was applied for the passive diffusion of molecules. The
diffusion coefficient for calcein in water D=4 x 10~ '* m?*/s
was estimated for 25 °C by the Stokes—Einstein equation
with a radius of the hydrated molecule of 0.45 nm [14]. From
the recovery phase of the flux after the pulsing, 4;, was
derived by fitting an exponentially decaying function. For
the time during and between pulsing, the flux data were fitted
to the Nernst—Planck equation [15]. The time-varying frac-
tional area A(f)/A for calcein is given by:

A()  Ja(ORT dsc
Atotal DO(RT+anFUsc(I)) Cea

3)

where RT is the thermal energy, z., is the charge number
calcein, F'is the Faraday constant and c., is the concentration
of calcein at the donor side (see Appendix A). Note, that for
membrane electroporation, the degree of electroporation is
defined as f, = A(#)/Arotal.

The flux experiments were carried out with calcein or
sulphorhodamine, both were negatively charged molecules.
Therefore, the anode was placed in the receiver compartment
of the chamber, so that the electric field drove the molecules
electrophoretically to the anode side. Macroscopically, the
pathway through the SC was assumed to be homogeneous.
Until a steady state is reached, the concentration (cgonor) Of
the molecules within the transport pathways results from the
higher influx than efflux of fluorophores within the stratum
corneum [14]. For the value of Ugc two cases were distin-
guished: one during and another between HV-application.
Assuming zero electric field within the stratum corneum
between the HV-applications, Usc=0 V. During HV-appli-
cation, Ugc was obtained from the electrical measurements.

2.3. Qualitative measurements by imaging studies

The sites of current flow were visualized by AgCl-
deposition at a polished silver anode behind the skin [6].
For the transport sites of fluorescent molecules, a special
microscope chamber was used allowing the passage of the





U. Pliquett, C. Gusbeth / Bioelectrochemistry 65 (2004) 27-32 29

4.6

44 o

fractional area
8
o
o
o
o
o
o
8

4.2

0 0.5 1
t/h

Fig. 1. Fractional surface area for the transport of small ions during the
application of high voltage pulses. The surface area was determined 100 ps
after the onset of the pulse using Eq. (1).

molecules to be observed during pulsing. Moreover, after the
pulse protocol the skin specimen was washed and observed
under the fluorescence microscope for the retained fluoro-
phores. After several hours, the resistance distribution within
the stratum corneum was again checked with the silver plate.

The temperature distribution of the skin during HV-
application was visualized using temperature sensitive lig-
uid crystals (Licristal ™, Hallcrest, UK), painted directly
onto the skin surface. The color was converted into tem-
perature using a calibration between blue and red. The
Licristal specifications used in these studies were designed
for a temperature range between 40 and 60 °C.

2.4. Experimental results

The results show for a specific skin specimen how the
surface area changed for unhindered transport of small ions
and larger charged species. The specific results presented
here are within the average of our experiments (about 200
similar experiments were done) and do not show any unique
behavior. Since the visualization of transport could not be
performed in parallel, data from experiments with the same
pulse protocol but with imaged transport of either small or
larger ionic species are also presented. This permits a
qualitative comparison of the experimental results to facili-
tate the development of the proper conclusions. The mean
values of transdermal transport and passive electrical behav-
ior have been published [5,12,16].

With the onset of electroporation the apparent resistance
(Uskin/) of the skin dropped by several orders of magnitude
which reflected the creation of aqueous pathways. From the
apparent resistance 100 ps after the onset of each pulse for a
60-pulse protocol we calculated the fractional surface area
(Eq. (1)) for the transport of small ions (Fig. 1), assuming a
constant geometry of these pathways through the skin. The

voltage across the skin was 95 V and the time constant of the
exponentially decaying pulses was 1.1 ms.

Using the image at the silver plate exposed during the
pulse, an involvement of the whole skin surface in current
flow was found (Fig. 2). This however, does not mean, that
the current density was the same throughout the skin. The
temperature distribution [17] at the skin during HV-applica-
tion revealed localized increased current density. Moreover,
it was proven by parallel application of fluorescent dye that
only the regions with temperature achieving 60 °C or more
became an LTR.

The skin resistance recovered partially between pulses and
continued recovery after the pulse protocol has finished.
Because of the convolution between the molecular flux and
the flow through the measurement apparatus, a deconvolution
of the raw data was necessary [18]. Since the pulses were
short (1 ms) compared to the sampling time (1 s) Dirac
functions were used as modeling tools. With the use of the
corrected time function for the flux, it was possible to employ
Eq. (3) to calculate the fractional area for molecular transport.

As seen in Fig. 3 (upper line), there was a significant
decrease of the surface area permeable to small ions after each
single pulse. However, there was only negligible recovery in
the fractional area involved in transport of calcein. If pores
were responsible for the increased permeability, their shrink-
age caused the decrease in the fractional area involved in
ionic transport. This should be the same for big and small
molecules. At least one would expect an effect in both cases.
However, from the local distribution of the permeability after
the pulse as revealed by the AgCl deposition at a silver plate
(Fig. 4), we knew that the stratum corneum exhibits regions

Fig. 2. Silver plate exposed during high voltage pulses (60 X 100 V, 1 ms).
Only the right part of the plate was exposed, the rest is shown for better
clarity. The dimension of the photo is 3.5 X 4.5 mm. Besides some local
differences, a complete involvement of the entire skin surface in current
flow was evident. The stratum corneum side was pressed against the silver.
No broadening of the field lines was responsible for the AgCl-deposition
throughout the silver plate. This was extra tested using a polycarbonate
membrane with 8 pm holes (Nuclepore ™ filter). Here the AgCl-deposition
had an average diameter of about 12 pm, which means that the influence
radius for AgCl-deposition around a pore was only 2 pm.
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Fig. 3. Fractional area of the stratum corneum involved in transport of small
ions (upper curve) and calcein (M =623 g/mol, z=—4, lower curve).

which do not recover their electrical resistance. It was also
found in earlier studies that the transport of larger molecules
like calcein is highly localized in LTR [6]. By comparison of
the LTR to the sites where the resistance stayed permanently
low, we found a perfect coincidence. Fig. 6 shows the same
piece of skin as it was used for the silver plating in Fig. 5 but
under fluorescent illumination.

Heating alone could dramatically decrease the resistance
of the stratum corneum with the achievement of the phase
transition of the skin lipids. The resistance of untreated
human stratum corneum was usually between 30 and 500
kQ cm?. After heating to 80 °C, the typical resistance was
around 200 Q cm?® By assuming an LTR coverage of
around 10% and using 2 k) cm? as the post pulse resistance

Fig. 4. Silver plate exposed after high voltage pulsing with iontophoretic
current (1 min, 100 pA) through the stratum corneum (silver as anode).
Most of the silver plate was unaffected, while characteristic spots showed a
very high permeability to small ions, indicated by the deposition of silver
chloride.

Fig. 5. Fluorescence micrograph of the specimen used in Fig. 4 for silver
plating. A high coincidence between the sites where the resistance stayed
permanently low and the LTR exists. Moreover, the bright spot above the
two LTR at the left-hand side was identified as a sweat duct and showed a
resistance by far higher than the LTR. This is in contradiction to unpulsed
skin, where sweat ducts and hair follicles were the low resistive pathways
through the skin.

of skin treated with sixty 100 V pulses, the resistance of the
LTR was on the same order of magnitude as the heated skin.
Moreover, high voltage treatment of previously heated skin
lowered the resistance even further by an order of magni-
tude during the presence of the electric field. After the pulse,
however, the resistance went back to the pre-pulse value
within milliseconds.

3. Discussion

Skin electroporation is not necessarily connected to
transdermal molecular transport. Electroporation itself is a
two step phenomenon [19]. First, the membranes charge up.
Once a critical voltage (breakdown voltage) is exceed for a
sufficient time (several microseconds) the creation of aque-
ous pathways takes place by introduction of water into the
lipid bilayer, here the multilamellae of the SC. Macroscopi-
cally observed electroporation appears homogeneously
throughout the skin. However, there are usually regions
with higher energy dissipation, i.e. with a lower resistance
during high voltage application. The surface area involved
in the transport of small ions reaches up to 0.001 of the
entire skin surface. Larger charged molecules, like calcein,
are transported in negligible amounts or not at all. More-
over, if the pulse time is less than 10 ps, an almost complete
and very fast recovery of the skin resistance happens. The
time course of the recovery is comparable to that of BLM.
This means, the purely electrically created pores are not the
pathways for the passage of large charged species.

With proceeding pulse some spots start to heat up. The
number of heated spots is a function of the voltage applied.
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During the pulse, heat propagating from the center of the
spots causes spot expansion. The reason for these expan-
sions is the probability that additional electroporation at the
heated edges of such a spot is higher than the corresponding
probability across the bulk stratum corneum. Additional
electroporation results in a lower resistance and thus higher
energy dissipation at these spots. Heating up the vicinity
forces further electroporation and finally generates a prop-
agating heat front. If the energy dissipation is sufficient to
exceed the phase transition temperature of the skin lipids
(70 °C), then structural changes occur.

The multilamellar lipid system is responsible for the high
electric resistance and can become vesicular leaving large
aqueous pathways behind [20]. When the electric field is still
present, electrophoresis drives charged molecules through
the stratum corneum. The degree of the conformational
changes of the skin lipids depends on the temperature and
the pulse duration. Once the pulse ceases, a fast recovery of
the non-heated regions takes place. Here three characteristic
times could be distinguished: <1 ms, 1 s and 10 s [12]. After
10 s, only the LTR exhibited a low resistance value. Since
water is not favored in a lipid environment, a partial recovery
of the multilamellae could occur. This is the case in the edges
of LTR, where the heating time was short and the temper-
ature less. Molecules present in these regions become
trapped, yielding the bright ring of the LTR. However, the
LTR interior shows a high permeability even for large
molecules for at least 30 min. The permeability stays high
enough, so that the dye within the center of an LTR is washed
away and a dim region remains. As a consequence, elevated
ionic permeability starts at the very beginning of electro-
poration, while the increased permeability to larger, charged
species depends on the heat induced structural changes. This
alteration of structure is greatly enforced, if the phase
transition temperature of the skin lipids is reached. The
tremendous enhancement of the transport of charged species
is due to the electric field by local electrophoresis. Thus,
while the ionic transport sites recovered well, almost no
recovery occurred at the molecular transport sites.

4. Conclusion

From a macroscopic point of view, electroporation of
stratum corneum usually involves the entire surface. For
small ions, the transport surface area for charged species is
orders of magnitude less, i.e. 0.001. It is unlikely that the
pathways initiated by electroporation are the same pathways
for large charged molecule transport. The skin can become
permeable for such large charged species only if a synergistic
effect between electroporation and Joule heating produces an
alteration of the stratum corneum structure. The primary
pathways created by electroporation recover fast, while the
LTR skin lipid phase transition recovery takes much longer.
LTR are the sites of the skin where the phase transition of the
skin lipids is exceeded.
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Appendix A. Fractional area for unhindered
transdermal flow

The time varying fractional transport area A(?) is the area
of unhindered transport with respect to the whole area of the
skin specimen A,

A1)

Ap ="+
Atotal

(A1)

The molar flow [;=dn,;/dt where n; is the amount of trans-
ported molecules of type i and ¢ the time. The flux J;=d/;/d4
is the flow with respect to the transporting surface area A.
For practical purposes, we use the definition

dn;
Ji=
thtotal

(A2)

referring the flow /,(¢) to the total area Ao

The Nernst—Planck equation gives the relationship be-
tween the electrochemical driving force and the flux of the
substance i through A(?) as:

dc;  RTc; 09
J,-(t)D,-(c+ ° "’)

: (A3)
ax ziF 0x

where D; is the diffusion constant for free diffusion in water,
R the gas constant, 7 the absolute temperature, /' is the
Faraday constant, and z; is the charge number of i. The
actual concentration gradient (dc;/dx) within the SC is
unknown. Chizmadzhev [14] has proposed a concentration
profile shown as dashed line in Fig. 6. However, here we

simplify to 35 = W Both compartments, the donor
cA

A
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Fig. 6. Concentration profile (c, dashed line) and the electric potential groﬁle
(¢, solid line) both as a function of the direction x of the flow vector J. The
mean concentration within the stratum corneum is estimated to be cgonor [14].
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and the receiver were recycled. Hence, ¢; gonor 1 considered
as a constant and ¢; receiver = 0. Therefore, Bc‘ = —
The potential gradient is appr0x1mated by —(f’

ox
w.ecmer Pdonor — Ao @

C: donur

= dsc
Usc becomes negatlve by definition £'= Usc/dsc= — @/dsc,
which is opposite to the direction of the flow vector.
Substitution of the differentials into Eq. (A3) yields:

Ji = D (Ci,donor + RTci,donor USC)

dsc ziFdsc
Dc; donor RTUsc
= - 1 A4
dsc < + Z,'F ) ( )

If the flux varies with time, the surface area (A(¢)) with
respect to the total area (Ay,) changes with time.

A(t) Dci,donor <1 +RTUSC)

Ji(t) =
0 Aot dsc ziF

(AS)

yielding Eq. (3) of the text.

Since the transported molecules calcein and sulphorhod-
amine are negatively charged (z.,= —4, zi,= —1) at
pH=7.4, the voltage Us.= @gonor — Preceiver 1S Negative, the
term z;Usc becomes positive driving the molecules along the
electric field (Fig. 6).
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Abstract

A novel strategy for fabricating horseradish peroxidase (HRP)-based H,0O, sensor has been developed by combining the merits of carbon
sol—gel supporting matrix and nano-scaled particulate gold (nano-Au) mediator. The thiol functional group-derived carbon ceramic electrode
(CCE) was first constructed using (3-mercaptopropyl) trimethoxy silane as sol—gel monomer. Then, the stable nano-Au monolayer was
obtained through covalent linkage between nano-Au and thiol group on the surface of CCE. The experimental results showed that nano-Au
monolayer formed not only could steadily immobilize HRP but also efficiently retain its bioactivity. Hydrogen peroxide was detected with
the aid of hydroquinone mediator to transfer electrons between the electrode and HRP. The process parameters for the fabrication of the
enzyme electrode and various experimental variables such as the operating potential, mediator concentration and pH of background
electrolyte were explored for optimum analytical performance of the enzyme electrode. The biosensor had a fast response of less than 8 s with
linear range of 1.22 X 10~ > to 1.10 X 10~ *mol 1" ' and a detection limit of 6.1 x 10~ ®mol 1~ . The sensitivity of the sensor for HO, was
0.29 A 1mol™ ' em™ 2. The activation energy for enzyme reaction was calculated to be 10.1 kJ mol ™ '. The enzyme electrode retained 75% of
its initial activity after 5 weeks storage in phosphate buffer at pH 7.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Amperometric biosensor; Horseradish peroxidase; Nano-Au monolayer; Hydrogen peroxide

1. Introduction

Enzyme-based biosensor is an active research field for
their potential application to a wide range of analytical tasks,
such as clinical diagnosis, food industry, environmental
monitoring and bioassay [1—4]. In the design and fabrication
of biosensors, the development of a simple and reliable
procedure for immobilizing and stabilizing active enzymes
on the sensor surface is a crucial step. Established avenues of
enzymes immobilization include physical adsorption [5],
embedding into electrode matrix [6], entrapment in electro-
polymerized polymer [7] or cast film [8] and covalent cross-

* Corresponding author. Fax: +86-731-8822782.
E-mail address: rqyu@hnu.net.cn (R.-Q. Yu).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.06.002

linking [9]. But there are still several challenges concerning
simplification of fabrication, efficient retention of enzyme
activity and lifetime of biosensors. Therefore, investigation
of new strategies for immobilizing enzymes for the purpose
of improving the performance of sensor is still a prevailing
subject in the design of sensor at present [10—15].

In recent years, there has been an increasing attention
about the electrochemical behavior and application of metal
nanomaterials [16,17]. Especially, nano-scaled particulate
gold (hereafter abbreviated as nano-Au), a well-known
nanomaterial, is now being applied in analytical chemistry
for its size-dependent electronic and chemical characteristics
[18—20]. It has been demonstrated that nano-Au can strongly
adsorb some protein and is a potential mediator to immobi-
lize biospecies to efficiently retain their biological activity
[21-24].
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Since the pioneering work of Pankratov and Lev [25] and
Tsionsky et al. [26], sol—gel technique has been widely used
for the fabrication of amperometric biosensors. The sol—gel-
derived carbon ceramic composite electrodes (CCE) possess
a number of advantages, including tunability of physical
characteristics, mechanical rigidity (surface renewal), chem-
ical inertness, thermal stability, porosity and permeability in
electroanalysis. These attractive features would be further
enhanced by means of chemical modification of CCE or by
the use of bifunctional sol—gel precursors, such as (3-
mercaptopropyl) trimethoxy silane (MPTMOS) and (3-ami-
nopropyl) trimethoxy silane [27,28].

In present work, we reported a novel methodology for
the construction of horseradish peroxidase (HRP)-based
H,0, sensor by combining the merits of carbon sol—gel
supporting matrix and active nano-Au mediator. MPTMOS,
which contains a silane and a functional thiol group, was
utilized as sol—gel precursor to form thiol group-containing
CCE. The thiol group on the surface of CCE could be used
to covalently attach to nano-Au. Thus, a stable nano-Au
monolayer could be formed on the surface of thiol func-
tional group-derived CCE. The nano-Au monolayer formed
provided an ideal mediator for the immobilization of HRP.
Consequently, a simple, efficient and steady immobilization
of HRP was realized. The determination of H,O, was
carried out using hydroquinone as an electron mediator.
The results obtained indicated that the HRP immobilized on
nano-Au, which in turn covalently link with thiol group-
containing CCE, demonstrated an improved catalytic ability
to the reduction of H,O,. The main advantages of this
approach include the simple operation for forming nano-
Au monolayer, the relatively high stability of nano-Au
monolayer resulting from covalent linkage between nano-
Au and -SH, rapid response for H,O, sensing and improved
stability of the biosensor.

2. Experimental
2.1. Reagents and solutions

MPTMOS (98%) and HRP (E.C.1.11.1.7, RZ>3.0,
A>250U/mg) were purchased from Sigma (USA) and used
without purification. High purity graphite powder was the
product of Shanghai Carbon Plant (Shanghai, China). Hy-
drogen peroxide (30%) and HAuCl;-3H,0O were obtained
from Shanghai Chemical Reagents (Shanghai, China). Other
chemicals were of analytical grade and used as received. All
solutions were prepared with the twice-distilled water.

Background electrolytes for electrochemical experiments
were 0.067 mol 1~ ' phosphate buffer solutions containing
0.1 mol 1" ' KCI (PBS), which were prepared by mixing
standard stock solutions of K,HPO, and NaH,PO,. The
solutions were purged with highly pure N, for at least 10
min to remove O,, and a N, atmosphere was kept over the
solutions during measurements. The accurate concentrations

of H,0, solutions were determined by titration with
KMnOy.

2.2. Apparatus

The electrochemical measurements were performed at
room temperature (25°C except in experiments on temper-
ature effects) in a conventional one-compartment cell with a
three-electrode configuration using a PAR 283 potentiostat/
galvanostat (EG & G Princeton Applied Research, Prince-
ton, NJ, USA) linked to PC computer. The experimental
operation was controlled with PAR M270 software. The
working electrode was an enzyme modified CCE, the
auxiliary electrode was a Pt foil and the saturated calomel
electrode (SCE) served as the reference electrode. Cyclic
voltammetric experiments were performed in unstirred sol-
utions. A magnetic stirrer and a stirring bar provided
convective transport during amperometric measurements.
An appropriate amount of analyte (H,O,) was added to
measurement solution after a steady-state background cur-
rent had been first achieved and corresponding amperomet-
ric response was recorded. All potentials were measured and
quoted versus SCE.

2.3. Preparation of colloidal gold sols

The colloidal gold sols were prepared according to the
method reported elsewhere [21,22] with minor modifica-
tions. All glassware used in the preparation procedure
were thoroughly cleaned in aqua regia (3 parts of HCI
plus 1 part of HNOs) and rinsed with twice-distilled
water. Prior to use, HAuCl, and Nas-citrate aqueous
solutions were filtered through a 22-um microporous
membrane filter. In a 100-ml beaker, 1.0 ml of 1%
Najs-citrate was quickly added to a boiling 50 ml solution
of 0.01% HAuCl, with vigorous stirring, giving a color
change from blue to red-violet. The mixture was contin-
ually boiled for an additional 10 min and stirred for
another 10 min after removal of the heater to produce
about 15-nm-diameter colloidal Au particles. The pre-
pared colloidal gold sols were stored in refrigerator.

2.4. Construction of thiol group-containing CCE

The CCE was constructed as follows: 1.0 ml of metha-
nol, 0.5 ml of MPTMOS and 1.0 ml of 0.01 mol 1~ ! HCl
were first mixed in a weighing vial at room temperature and
then sonicated for nearly 20 min. The resultant homogenous
sol was then sufficiently mixed with graphite powder (0.5 g)
for nearly 20 min and the mixture was allowed for gelation
in a desiccator for 4 days at ambient temperature. The thiol
group-containing ceramic-graphite composite produced was
tightly packed into a home-made Teflon tube (with 6 mm
inner diameter and the length of composite material in the
tube was about 0.5 cm) [29] with a copper wire for electric
contact and dried in air.
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2.5. Fabrication of the HRP electrode

The enzyme, HRP, was attached to the surface of above
thiol group-containing CCE with the aid of nano-Au as an
active mediator. The CCE was first polished on a piece of
emery paper, smoothed again on weighing paper and rinsed
with twice-distilled water to yield shiny surface. Subse-
quently, the cleaned CCE was placed in colloidal gold sol
for 6 h, rinsed with twice-distilled water. Finally, the
immobilization of HRP to active nano-Au mediator was
realized by inserting the electrode in 5 mg ml~ ' HRP PBS
(pH 7) for 8 h to fabricate the H,O, sensor. After thoroughly
rinsing the sensor with PBS, it was stored in PBS (pH 7) in
refrigerator when not in use.

3. Results and discussion

3.1. Construction of H,O, sensor by immobilizing HRP to
nano-Au mediator

The thiol group-containing CCE was used as supporting
matrix for the formation of nano-Au monolayer and the
immobilization of enzyme on its surface. It is well known
that sol—gel preparation condition strongly influences the
quality of the biosensors fabricated. In particular, the ratio of
silicon alkoxide/water in the stock sol—gel solution for the
acid-catalyzed hydrolysis has a profound effect on the
porous nature of CCE and the ratio of graphite to sol
solution greatly affects the conductivity of CCE. The
resistance of CCE prepared according to Section 2.4 was
below 20 ), which implies a nice conductivity. The cyclic
voltammograms of [Fe(CN)s]* ~ on the CCE showed that
well-defined and reproducible shape (the figure not shown),
which indicate the good quality of prepared electrode. The
thiol groups on the surface of CCE could covalently attach
to nano-Au. So a stable monolayer of nano-Au could be
formed on the surface of CCE. The nano-Au monolayer
formed provided active sites ideal for the immobilization of
HRP. In such a way, the HRP was immobilized on the
surface of CCE by means of nano-Au mediator. The
association of HRP to nano-Au is possibly due to strongly
electrostatic interaction between the citrate anion bound to
the surface of the nano-Au particle and protonated amine
residues of the lysine groups of HRP. It is reasonable to
assume that the HRP immobilized on nano-Au could best
retain its active configuration and sustain the rotational
freedom, so maintaining the high biological activity.

3.2. Electrocatalytic behavior of nano-Au mediated HRP
electrode to the reduction of H,0,

Cyclic voltammetry was utilized to test the electrocata-
lytic behavior of HRP modified electrode. Since the pro-
posed HRP electrode did not show the direct electron
communication between the heme group of HRP and the

CCE, hydroquinone was used as the electron mediator. The
cyclic voltammetric behavior of the proposed HRP electrode
in an unstirred deoxygenated PBS (pH 7) containing 4.0
mmol 1™ ' hydroquinone was investigated at a scan rate of
100 mV s~ ' (Fig. 1). In the absence of H,0, (Fig. 1a), only
one pair of oxidation/reduction peak, which represented the
typical electrochemical behavior of hydroquinone was ob-
served. But in the presence of 0.61 mmol 1~ ' H,0, (Fig.
1b), the electrocatalytic behavior appeared with a obvious
increase of the reduction current and a concomitant decrease
of the oxidation current. The result showed the HRP
immobilized on nano-Au possesses improved electrocata-
lytic ability for the H,O, reduction and the hydroquinone
could effectively shuttle electrons from the redox center of
HRP immobilized on nano-Au and the CCE.

3.3. Optimization of measurement variables

The biosensor response to H,O, is mainly influenced by
the concentration of the mediator, the pH of background
electrolyte and the working potential of chronoamperometry.

The effect of hydroquinone concentration on the HRP
electrode response was studied in the presence of 0.22 mmol
1" ' H,O, (PBS pH 7, —0.17 v vs. SCE). The response of
the HRP electrode increased sharply with the increase of the
concentration of hydroquinone from 0.5 to 4.0 mmol 1!
and then leveled off. Such a behavior is typical of a
mediator-based sensor [30]. At low mediator concentration,
the current response will be limited by enzyme-mediator
kinetics. When the mediator concentration is high, the
current response will be limited by enzyme-substrate kinet-
ics. However, a higher concentration of hydroquinone
produced a higher background current. Thus, the concen-
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Fig. 1. Cyclic voltammograms recorded in 4.0 mmol 1~ ' hydroquinone
solution in the absence (a) and presence of 0.61 mmol 1™ "' H,0, at nano-Au
mediated HRP electrode. Supporting electrolyte pH 7. PBS. Scan rate 100
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Fig. 2. The chronoamperometric response of the HRP electrode after
successive additions of 20 (a), 20 (b), 40 (c), 40 (d), 60 (e), 60 (f), 80 (g),
80 (h), 100 (i) and 100 pl (j) of 36.5 mmol 1" ' H,O, into 30 ml of PBS
(pH 7.0) containing 4.0 mmol 1~ ' hydroquinone at applied potential of
— 170 mV.

tration of hydroquinone was fixed at 4.0 mmol 1~ for all
further experiments.

The pH dependence of the biosensor response was
decided by two aspects: one was the activity of HRP, the
other was the peak potential of hydroquinone. Taking
account of the two factors, the effect of pH on H,O, sensor
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response to 0.22 mmol 1™ "' H,0, was investigated over the
pH range 4—9 in PBS containing 4.0 mmol 1~ ' hydroqui-
none and an optimum pH 7 was adopted in following test,
which was in agreement with that observed for soluble
peroxidase [31].

The influence of operating potential on biosensor re-
sponse was tested over the potential range 50 to — 300 mV
with 0.22 mmol 1~ ! H,O, in PBS containing 4.0 mmol 1™ !
hydroquinone at pH 7. The sensitivity of the biosensor
increased steadily with the operating potential decreasing
from 50 to — 170 mV since the enzymatically liberated
benzoquinone species can be more easily reduced at more
negative potential. But when the potential was further
stepped negatively, the response currents actually leveled
off. Therefore, a proper potential of — 170 mV (vs. SCE)
was selected for all subsequent experiments.

3.4. Electrode response characteristics and calibration of
H>0; sensor

The nano-Au monolayer formed on the surface of thiol-
containing CCE by means of covalent bond provided a
stable, active mediator for the immobilization of HRP as
well as can efficiently retain its bioactivity. Fig. 2 displays a
typical current-time response of the HRP biosensor for
successive additions of varying volume H,O, under opti-
mized experimental conditions (4.0 mmol 1~ ' hydroqui-
none, pH 7, operating potential — 170 mV vs. SCE). It is
clear that a rapid and sensitive response to H,O, was
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Fig. 3. Calibration curve of the HRP enzyme electrode to H,O, concentrations in PBS at optimal experimental conditions.
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achieved. The time to reach 95% of the steady-state current
is within 8 s, which is attributed to the high bioactivity of
HRP immobilized on nano-Au as well as the fast diffusion
of the electron mediator to the prosthetic groups of HRP.

The proposed H,O, sensor exhibited a linear calibration
range from 1.22 X 10 ° to 1.10 X 10~ *mol 1" ' with a detec-
tion limit of 6.1 x 10~ ®mol 1™ ! at a signal-to-noise ratio of 3
under the optimized experimental conditions (Fig. 3). The
regression equation is / (uA)=2.26+80.92 C (mmol 1~ ')
with a correlation coefficient of 0.996 (n = 14). The response
was saturated at the concentration of H,O, higher than 1.10
x 1073 mol 17 !, which can be attributed to the saturation
of the enzyme-substrate or enzyme-mediator kinetics. In
addition, the sensitivity of the biosensor to H,O, can also be
calculated to be 0.29 A 1 mol~ ' em™ . This value is higher
than that reported in the literatures [8,32,33], e.g., 0.19 A
1 mol™ " cm™ 2 based on immobilization of HRP in chitosan
film [8], 0.06 A 1 mol~ ' cm™? at a pyrolytic graphitic
electrode with HRP adsorption [32], 0.15 A 1 mol™ ! cm™?
using silica sol—gel/chitosan film as immobilization of HRP
[33]. The high sensitivity of the sensor reflects the high
efficiency of the immobilization strategy in which the nature
of immobilized HRP on nano-Au is essentially identical
with that of native HRP.

3.5. Repeatability, reproducibility and stability of the HRP
enzyme electrode

The measurement repeatability of the HRP enzyme
electrode was examined at a H,O, concentration of 0.22
mmol 1~ ! with the same enzyme electrode and the relative
standard deviation (RSD) was 4.1% for eight successive
assays. The fabrication reproducibility for four HRP electro-
des gave RSD 4.9% for the amperometric determination at
0.22 mmol 1~ ' H,0,.

The long-term stability of the biosensor was investigated
by measuring the current response of 0.22 mmol 17 ' of
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Fig. 4. log i vs. T~ ' plot for the HRP electrode in PBS containing 0.22
mmol 1~ ' H,0, at optimal experimental conditions.

Table 1
Measurement of H,O, concentrations (g ml~ ') in disinfecting preparations

Sample Proposed H,0, KMnOy titration
biosensor™® method®

1 0.12+£0.011 0.119

2 0.21 £0.015 0.209

3 0.26 + 0.016 0.262

# Samples were diluted 2000 times.
® Mean + SD of four measurements.
¢ Samples were diluted 200 times.

H,0, every other day over 5 weeks. The results showed that
the response decreased about 8% of its initial current after 2
weeks and retained about 75% of its original response after
S-week usage. This good long-term stability was attributed
to covalent linkage of nano-Au with thiol group on the
surface of CCE, strongly interaction between HRP and
nano-Au as well as the favorable biologically microenvi-
ronment for HRP provided by nano-Au.

3.6. Effect of temperature and activation energy

The effect of temperature on HRP electrode response was
studied in the temperature range of 283—318 K in the PBS
containing 0.22 mmol 1™ ' H,0, under optimum conditions.
The response current, which correspond the activity of the
immobilized HRP, increased with increasing temperature
from 283 to 308K and then went down as the temperature
going up further, which indicated that the enzyme began
denaturation. The temperature effect can be described by the
Arrhenius equation [34].

E

logi = logip — =—=———

2.303RT
where iy is the pre-exponential term, R is the gas constant, 7
is the temperature in Kelvin degrees and E, is the activation
energy. The activation energy for enzymatic reaction was
determined by analysis of the slope in the appropriate region
of temperature for the plot of the logarithm of the current
versus the reciprocal of Kelvin temperature (Fig. 4). The E,
value obtained was 10.1 kJ mol™ 1, which was small than
that (13.8 kJ mol ™ ') reported by Yang and Mu [35] for HRP
immobilized in the polyaniline films. The lower activation

Table 2
Results of interfering experiment

Interferents Current ratio®
Glocose 1.00
Ethanol 1.00
Acetic acid 1.00
Citric acid 1.01
Oxalic acid 1.02
Acetaminophenol 1.02
Ascorbic acid 0.76
S% (0.2 mmol 1" ) 0.23

 Ratio of currents for mixtures of 1.0 mmol 17! interferents and 0.22
mmol 1~ H,0, compared to that for 0.22 mmol 1"! H,0, alone.
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energy indicates the immobilized HRP via nano-Au as
interface possesses higher enzymatic activity. Though
higher sensitivity could be obtained at higher temperatures,
long-term stability of the sensors is compromised because of
protein unfolding with temperature rising. Therefore, an
appropriate temperature of 25 °C was adopted through the
experimental work.

3.7. Preliminary application and selectivity against inter-
ferences

We evaluated the real analytical usefulness of the pro-
posed biosensors by determining H,O, concentration in
disinfecting preparations. Results are shown in Table I.
The results obtained by proposed HRP biosensor were
compared to those determined by the classical KMnOy
titration method.

Eight potential interfering substances were examined to
evaluate the selectivity of the proposed HRP sensor. The
interference experiments were performed in PBS at optimal
conditions by comparing the response current of 0.22 mmol
1" ' H,0, plus 1.0 mmol 1~ ' each interfering substance with
the 0.22 mmol I~ ' H,0, alone. The results of the interfer-
ence study are listed in Table 2. Glucose, ethanol, acetic
acid, citric acid, oxalic acid and acetaminophenol do not
cause any interference, within 2% under the determining
conditions. Only sulfite and ascorbic acid interfered seri-
ously with the H,O, detection. The reasons of interference
originate from that sulfide directly inhibit the activity of
HRP [36] and ascorbic acid can reduce benzoquinone (the
oxidation form of mediator), which destroyed the circulation
of mediator.

4. Conclusions

A sol—gel technology was utilized to prepare a thiol
group-containing carbon ceramic electrode using MPTMOS
as a bifunctional sol—gel precursor. The stable nano-Au
monolayer can be formed on the surface of CCE owing to
the covalent linkage between nano-Au and the thiol group.
The nano-Au monolayer formed on CCE provided a desir-
able mediator for the immobilization of HRP to fabricate a
H,0, sensor. The experimental results clearly exhibited that
the immobilized HRP possesses excellent catalytic ability
and well-retained activity. The developed biosensor showed
high sensitivity, fast response and good stability.
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Abstract

4-Amino-2-mercaptopyrimidine self-assembled monolayer (AMP SAMs/Au) was prepared on a gold electrode. The AMP SAMs/Au was
characterized by using attenuated total reflection-fourier transform infrared (ATR-FTIR) and A.C. Impedance. The electrochemical behavior
of brucine on AMP SAMs/Au was studied by cyclic voltammetry (CV) and square wave adsorptive stripping voltammetry (SWASV). The
modified electrode showed an excellent electrocatalytic activity for the redox of brucine. The catalytic current increased linearly with the
concentration of brucine in the range of 4.0 X 10~ 7 to 2.0 X 10~ * mol 1~ ! by square wave voltammetry response. The detection limit was

6.0 <10~ * mol 1" .
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Brucine mainly exists in the seed of Strychnos nux-
vomica. Its structure is shown in Fig. 1. As an alkaloid, it
can be adsorbed by the human body and enter into the
blood stream. It has the efficacy of stimulating central
nervous system. It is often used as an anti-inflammatory
and analgesic drug to relieve arthritic and traumatic pains
[1]. Generally, the concentration of brucine in blood is low
after metabolization. Thus, the establishment of highly
sensitive methods for the determination of brucine is of
pharmacological importance. Presently, the determination
of brucine is carried out by using UV Spectrophotometry
[2], TLC scanning [3] and HPLC [4]. Some electrochem-
ical methods have also been reported for its determination
[5—7]. These electrochemical determinations require to
pre-oxidize brucine with nitric acid to an ortho-quinone,
which can then be reversibly electro- reduced to the
corresponding quinol [6,7]. These processes are obviously
complex, which will affect the accuracy of determination.

* Corresponding author.
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The self-assembled monolayer technique has received
much interest in the field of electrochemistry and electro-
analytical chemistry during the last decade [8]. In particular,
the self-assembly of organosulfur compound on gold sur-
face have been extensively studied. These modified surfaces
exhibit new electrochemical and physical properties [9—12].

The aim of this work is to use the short-chain thiol—
4-amino-2-mercaptopyrimidine (shown in Fig. 2) to modify
the gold electrode. The AMP SAMs/Au was characterized
by using attenuated total reflection-fourier transform infra-
red (ATR-FTIR) and A.C. Impedance. The electrochemical
behaviors of brucine at AMP SAMs/Au were investigated.
Based on its voltammetric behavior, a square wave adsorp-
tive stripping voltammetry (SWASV) method for the direct
determination of brucine was developed. By this method, a
detection limit of 8 X 10~ ®* mol 1" ' was achieved for the
determination of brucine.

2. Experimental

2.1. Apparatus

Electrochemical measurements were carried out with a
model CHI660A electrochemical analyzer (CH Instrumen-
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Fig. 1. Chemical structure of brucine.

tal, USA) controlled by a personal computer. A three-
electrode system was used in the measurements, with a bare
gold electrode (diameter 2 mm) or 4-amino-2-mercapto-
pyrimidine (AMP) self-assembled monolayer modified gold
electrode (i.e., AMP SAMs/Au) as the working electrode, a
saturated calomel electrode (SCE) as the reference electrode
and a platinum wire as the auxiliary electrode. Spectrum
One FTIR spectrophotometer (Perkin-Elmer, USA) was
used to achieve the ATR-FTIR spectra of AMP SAMs/Au
at a resolution of 4 cm™ ' over the 4000—600 cm ™~ ' spectral
region.

2.2. Chemicals

4-Amino-2-mercapto-pyrimidine was purchased from
Aldrich (USA). Brucine was purchased from Sigma
(USA). All other chemicals were of analytical-reagent
grade. All solutions were prepared with pure water. Brucine
is dissolved by K,SO, solution. Then use H,SO, to adjust
pH value to 1.0.

2.3. Preparation of the AMP SAMs/Au

Bare gold electrodes were prepared and treated according
to Refs. [13,14]. The freshly pretreated electrode was im-
mersed in 10 mmol 1! of 4-amino-2-mercapto-pyrimidine
solution for 24 h. The electrodes were ready for use after they
were rinsed with pure water and dried under nitrogen
atmosphere at room temperature.

3. Results and discussion
3.1. ATR-FTIR characterization of AMP/Au SAMs

Fig. 3 shows the ATR-FTIR spectra of AMP (a) and
AMP/Au SAMs (b). Comparing the two spectra, the most
important difference is that the stretching vibration band at
2590 cm~ ! of —SH in Fig. 3a disappeared in Fig. 3b. It is
attributed to the cleavage of S—H bond and the formation of
a new bond, i.e., S—Au bond. This phenomenon proves that
AMP has been assembled on the gold electrode. Further-
more, the vibration bands of —NH,, C—H appeared to exist
clearly both in Fig. 3a and Fig. 3b. These facts indicate that
the bond of S—Au is strong; other groups in the AMP
molecule do not affect its assembling.

3.2. Impedance analysis in the presence of Fe(CN); '~

The A.C. Impedance method is based upon a measure-
ment of the response of the electrochemical cell to a small-
amplitude alternating potential. The response is often shown
in the complex-impedance presentation, and the result can
be interpreted in terms of an equivalent electrical circuit.
The surface changes of the electrode must cause a change in
the A.C. Impedance response; this change can be under-
stood according to Randles’ equivalent circuit [15], and can
be used to estimate the electrode coverage and some kinetic
parameter, such as the charge-transfer rate constant, and the
dielectric constant of the monolayer film.

In terms of the Randles’ equivalent circuit, two frequen-
cy regions, as at high and low, can be distinguished to
understand the change in faradaic impedance. Our attention
is focused on the more interesting part of the spectrum at a
high frequency where the electrode reaction is purely
kinetically controlled, and the heterogeneous charge-transfer
resistance is expected to increase due to inhibition of the
electron transfer by the monolayer on the electrode surface
[16]. The electrode coverage (0) is a key factor, which can
be used to estimate the surface state of the electrode, and the
charge-transfer resistance is also related to it. Assuming that
all the current is passed by pinholes on the electrode, the
electrode coverage can be calculated by [17]

(1-0) =RY/Re, (1)

where RY is the charge-transfer resistance at bare gold and
R, is the charge-transfer resistance at the monolayer-covered
electrode under the same conditions.

Fig. 4 is complex-impedance plot of AMP SAMs/Au. A
comparison of complex-impedance plots of a bare electrode
and a monolayer-covered gold electrode shows the effect of
the absorbed AMP monolayers on the A.C. Impedance
response. For the monolayer-covered electrode, R, which is
the diameter of the semicircle at high frequency, is clearly
greater than R, due to an inhibition of AMP SAM to electrode
surface. From an analysis of the spectrum shown in Fig. 4, the
charge-transfer resistance is 1210 Q0 cm?®. The electrode
coverage value was estimated to be 99.6%. The charge-transfer
resistance for bare gold was measured to be 4.8 Q) cm?.

3.3. Electrochemical behavior of AMP SAMs/Au

No redox peaks can be observed in cyclic voltammo-
grams of AMP SAMs/Au in the range of 0.7—0.1 V at pH

SH

A

NH, N

Fig. 2. The structure of 4-amino-2-mercaptopyrimidine.
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Fig. 3. ATR-FTIR spectra of AMP (a) and AMP/Au SAMs (b).

1.0 electrolyte solution. Compared with bare gold electrode,
background current decreased greatly, which indicates that
the electrode is efficiently coated by SAMs of AMP and that
the AMP monolayer blocks access of solvent molecules and
electrolyte ions to the gold surface [18].

Some papers have confirmed that there is a strong
affinity between sulfur atom and gold surface, sulfur and
selenium compounds can form monolayer on gold [19,20].
Because of containing —SH in 4-amino-2-mercaptopyrimi-
din molecule, it can be adsorbed on gold electrode naturally,
forming self-assembled monolayer.

3.4. Electrochemical properties of brucine at AMP
SAMs/Au

As shown in Fig. 5, the Cyclic Voltammetry is used to
investigate the mechanism of the redox reaction. The

1800
1500
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[&]
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N 600+ . ©
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O T T T T
0 500 1000 1500 2000 2500
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Fig. 4. A.C. Impedance plots in 0.5 mmol/l [Fe(CN)¢]> ~+0.5 mmol/l
[Fe(CN)g]* ~ +0.5 mol/l KNO, with frequency of 0.05—10° Hz for bare gold
electrode (a) and AMP SAMs/Au-modified electrode (b).

initiative potential is 0.7 V and the scanning potential is
between — 0.1 and 1.1 V. At the first cathodic scanning,
there is no reductive peak. Then at the inverse scanning,
only an oxidative peak at the potential of 1.04 V appeared
(Fig. 5, Ip,). And in the subsequent scanning, a new
oxidative peak and a new reductive peak were found, at
the potential of 0.517 V (Fig. 5, II,,,) and 0.395 V (Fig. 5,
II,,.), respectively. The currents of II,, and IL,. increased
with the increase of scanning circles, while the first oxida-
tive peak at 1.04 V (Fig. 5, I,,) tends to decrease.

Fig. 6 shows the SWASV of 1.0x10"° mol 17!
brucine on AMP SAMs/Au (a) and the bare gold

24

i/ uA
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T T
0.6 0.4 0.2
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Fig. 5. Cyclic voltammograms of AMP SAMs/Au in 1.0 X 10~ * mol 1~
brucine (pH=1.0) at scan rate of 100 mV/s.
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Fig. 6. The SWASV of 1.0 x 10~ > mol 1~ ' brucine on AMP SAMs/Au (a)
and on the bare gold electrode (b) at 0.1 mol 1~ ' H,SO, solution.

electrode (b) at 0.1 mol 1' H,SO, solution. The
reduction peak current of brucine on AMP SAMs/Au
was higher than that on bare electrode. The SWASV
response of the AMP SAMs/Au electrode to brucine
should be ascribed to the interaction between the SAMs
of AMP and brucine. The interaction included the
electrostatic action [21], which caused the brucine to
easily access the surface of AMP SAMs/Au electrode
and might result in much faster kinetics of brucine redox
[22].
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Fig. 8. SWASV of brucine on AMP SAMs/Au at different concentrations
(bottom to top): 1.0x 107°, 4.0x 107, 6.0 x 10~ 8.0x 10~ °, 2.0 x
107°,40x 107> 6.0x 107> mol I ".

There was a shift in the peak potential when the pH was
changed. The potential shifted to lower value as the pH
(B.R. buffer) increased according to the equation:

Eye = 0.537 = 0.062pH  » = 0.998 (2)

A coulometeric study performed in CHI660A electro-
chemical system showed that the number of the electrons
involved in the process, n, was 2. And thus, the proton
numbers intervening in the reduction process could also be
calculated and found to approximately be 2 from the slope
of Eq. (2) [23]. Therefore, the proposed redox mechanism
for brucine can be written as Fig. 7 [24,25].

] ]
H3CO N HyCO N
H3CO:< IN 4 —_— HSCOI:EN \ | (surface process)
o 0 o 0
d
Brucine sol acs
]
HsCO N o 3 . _
j@ﬁ (irreversible
HsCO N N | +H0 5 N { |+2CHZ0H + 2H*+ 2¢  electro-
o o oxidation)
ads o o ads
(A)
] —
+2e +2H' j@t reversible reaction
0 N A HO N N ( )
o o o o
(B)

Fig. 7. Redox mechanism of brucine.
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Table 1
Determination result of brucine in sample
Sample  Added  Sample+ Found  Recovery  Average
(ng) (ng) Added amount  (ug) (%) recovery
(ng) (%)
9.33 26.50 27.12 106.6
18.66 35.83 36.00 100.9
27.99 45.16 45.12 99.9
17.17 37.32 54.49 54.79 100.8 101.7
46.65 63.82 64.56 101.6
55.98 73.15 72.45 98.7
65.31 82.48 84.62 103.3

Fig. 7 shows the electrocatalytic processes of brucine
on the AMP SAMs/Au modified electrode. Firstly, the
oxidation of brucine proceeded, after it was absorbed
onto AMP SAMs/Au electrode surface. The oxidation
production was dicarbonyl-strychnine (Fig. 7A). And
then in a reversible electrode reaction, the dicarbonyl-
strychnine was reduced to be B.

3.5. Analytical application

The possibility of using the AMP SAMs/Au modified
electrode for the determination of brucine was tested.
SWASV was adopted in the experiments. The cathodic peak
current of 1.0 x 10~ ¢ mol 1~ ! brucine at the AMP SAMs/
Au modified electrode increased markedly with preconcen-
tration time up to 300 s at the accumulation potential of 1.04
V. With longer preconcentration time up to 400 s, the rate of
the current increase obviously diminished. Considering both
sensitivity and time, a time of 300 s was chosen as the
preconcentration time. The SWASV parameters that were
investigated are the frequency, the pulse amplitude and the
pulse increment. These parameters are interrelated and have
a combined effect on the current response. The experiment
showed the frequency of 30 Hz, the pulse amplitude of 25
mV and the pulse increment of 4 mV were the optimum.

Under the optimum condition chosen, the SWASV peak
height was linearly related to the brucine concentration
range from 4.0 X 10~ 7 t0 2.0 x 10~ * mol 1" '. Fig. 8 shows
the SWASV obtained for different concentrations of brucine.
The linear regression equation was ip(HA)=0.1489+
0.424¢ (¢/107° mol 1™ 1), with the correlation coefficient
of 0.9996. The detection limit was up to 8.0 x 10~ % mol
1" '. The relative standard deviation was 1.2% for solution
containing 1.0 X 10~ > mol/l brucine (n=11).

In order to evaluate the validity of the proposed method
for the determination of brucine in sample, the recovery test
was carried out by adding known amounts of brucine
standard to sample. As shown in Table 1, the recoveries
were from 98.7% to 106.6%, indicating that the method is
reliable for the quantification of brucine.

The influence of the interference to 2 x 10~ ® mol 1™
brucine was evaluated. From the experiment, it is can be
conclude that, 500-fold glucose, glutamic acid, uric acid,
K',Na", Ca**, AI’*, NH;, CI, PO3 , SO; ~ and Ac~ did

not interfere the determination of brucine, while S* ~, Fe? ¥,
NO? ~, EP, NE or DA interfered seriously.

4. Conclusion

The performance of the Au electrode coated with a self-
assembled monolayer of AMP has been studied. The ATR-
FTIR and A.C. Impedance results verified that AMP could
be self-assembled spontaneously onto a gold surface
through the formation of a S—Au bond. The electrochem-
ical behaviors of brucine on AMP SAMs/Au were studied
by cyclic voltammetry and square wave adsorptive stripping
voltammetry. The good results obtained in the analysis of
content of brucine in sample suggested that the proposed
method was suitable for the direct determination of brucine
and can be used in routine analysis.
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Abstract

Previous potentiometric attempts to determine the formal potential (E” ) of key intracellular redox buffer glutathione resulted in
contradictory values. We have developed a spectroelectrochemical method using direct reduction on metal oxide electrodes. Disulfide
absorbance at 258 nm was used to titrate glutathione in the thin layer cell reversibly. At conditions close to physiological ((GSH]=0.001—
0.005 mol/l, pH=7.34; 1=0.1 mol/l; 7=298.15 K), we have measured glutathione EY=-022+40.02 V (NHE), corroborating the results of

equilibrium measurements.
Published by Elsevier B.V.

Keywords: Glutathione; Formal potential; Spectroelectrochemistry; Metal oxide electrode; Redox equilibrium

1. Introduction

Glutathione (y-Glutamylcysteinylglycine) is a key endo-
genous tripeptide that provides a large pool of reducing
equivalents, and is considered to be the main intracellular
redox buffer [1]. It is present in millimolar concentrations and
is involved in antioxidant defense, regulation of cell
proliferation, deoxyribonucleotide synthesis, and cell—cell
signaling. Glutathione physiological functions derive from
side chain sulfhydryl residue in cysteine (GSH) which can be
oxidized to disulfide (GSSG) by NADP" in a reaction
catalyzed by glutathione reductase:

2GSH + NADP" = GSSG + NADPH + H" (1)

We are interested in the formal potential E” for the
biochemical redox reaction:

2GSH = GSSG + 2H" 4 2¢~ (2)

Previous attempts to determine E” were based on two
broad methodologies: potentiometric titration [2—4] and
equilibrium constant measurements of the reaction (1) [5-7].

* Tel.: +1 301 975 5056; fax: +1 301 975 5449.
E-mail address: vytas@nist.gov.

1567-5394/$ - see front matter. Published by Elsevier B.V.
doi:10.1016/j.bioelechem.2004.07.003

Early potentiometric titration of GSH [2] using I,
KIO; and K,Cr,O, as GSH oxidants resulted in E”
(pH=7) values ranging from 0.07 to 0.08 V vs. NHE.
Although only oxidative titration was found to be
experimentally feasible the reaction was treated as
reversible [3,4]. Later studies were focused on measuring
the equilibrium constant for the reaction (1) and calculat-
ing glutathione formal potential using various NADP/
NADPH formal potential values (E” =—0.28-0.32 V) [5—
7]. The fact that the position of equilibrium of reaction (1)
lies far to the left makes the equilibrium measurement a
difficult one [7,8]. This resulted in the GSSG/GSH formal
potential values ranging from —0.23 [5] to —0.28 V [7].
These values are on average 0.3 V more negative compared
to potentiometric values that suggests novel approaches to
glutathione formal potential measurements should be
explored. Accurate measurements of E” are critical to
determine the direction of initial electron flow in the various
physiological glutathione-redox partner combinations and,
more generally, provide added insight about the cell redox
environment [1]. We have reexamined the thermodynamic
charge transfer equilibrium of GSSG/GSH using a direct
redox titration in a thin layer spectroelectrochemical cell.
This approach was tested previously with several redox
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Fig. 1. Glutathione absorbance during the reversible redox cycle in a thin
layer spectroelectrochemical cell. Optical path-length—5 mm. Insert shows
absorbance at 258 nm recorded during the 0.1 mV/s cyclic potential scan.
The average absorbance values from the cathodic and anodic scans were
used to estimate glutathione oxidation degree.

proteins [9,10] and allows reliable Nernst titration of the
GSSG/GSH solution while approaching redox equilibrium
from both sides, thereby assuring the thermodynamic
reversibility.

2. Experimental

Both reduced and oxidized glutathione were purchased
from Sigma' (Sigma, St. Louis, MO). Solutions were
prepared in 0.1 M phosphate buffer (0.0998 mol/l
K,HPO4+0.0138 mol/l H;PO,, pH=7.34), which contained
0.001-0.005 mol/l oxidized or reduced glutathione. E” was
quantified by spectroelectrochemical titration using a thin
layer cell and Chem2000 fiber optic spectrometer (Ocean
Optics, Dunedin, F1) [10]. Nano-crystalline Sb-doped tin
oxide electrodes, prepared according to [11], were mounted
to form a 0.2 mm gap and served as a working electrode. A
gel containing 5 nm diameter Sb-doped SnO, nanocrystals
(Alfa, Ward Hill, MA) was spread on conductive In—Sn
oxide covered glass slides (Aldrich, Milwaukee, WI). After
drying in air for 0.5 h, the gel film was fired at 450 °C for 20
h with subsequent cooling to room temperature. These metal
oxide electrodes are resistant to fouling and have sufficient

! Certain commercial equipment, instruments, and materials are
identified in this paper to specify adequately the experimental procedure.
In no case does such identification imply recommendation or endorsement
by the National Institute of Standards and Technology, nor does it imply
that the material or equipment is necessarily the best available for the

purpose.

charge transfer rate to glutathione to maintain redox
equilibrium within the 0.2 mm solution layer. The airtight
quartz cell also contained Pt wire counter electrode, Ag/
AgCl reference (Microelectrodes, Bedford, NH) and provi-
sions for solution and Ar gas delivery. Before titration
solutions were poised at the initial potential at least 2 h
while purging with oxygen-free water saturated Ar gas. A
gas blanket was maintained in the cell headspace during the
potential scans. Solution absorbances were measured along
the electrode gap thus avoiding the strong absorption of
metal oxide electrodes in the UV. In addition, optical path-
length increased to 5 mm, providing significantly higher S/
N ratio, compared to the perpendicular sampling geometry.
Average solution absorbances during the cathodic and
anodic scans were used to calculate reaction (2) quotient.
Both fully reduced and oxidized glutathione were used as
initial states to ensure reaction reversibility.

Cell was calibrated using Phenosafranine as an internal
standard, monitored at 500 nm (E°=—0.252 V vs. NHE at
pH=7) [12].

3. Results and discussion

Both oxidized and reduced glutathione are transparent in
the visible but have a weak 258 nm disulfide absorption
band [13], which partially overlaps the prominent amide
absorption at 220 nm (Fig. 1).

This band varies monotonically between fully oxidized
and fully reduced glutathione states and was used to monitor
the oxidation degree x during the roundtrip potential scans
between 0.2 and —0.4 V at 0.1 mV/s:

_ A — Area

X -

Ao — A

where A—absorbance at 258 nm, 4,.,,—GSH absorbance,
Aox—GSSG absorbance. Glutathione concentrations during

0.6

0.4 1

0.2 1

log Q'

0.0

-0.24

-0.4 4

-0.26 -0.24 -0.22 -0.20 -0.18 -0.16
E, V(SHE)
Fig. 2. Glutathione Nernst plot obtained from the 258 nm absorbance data at

pH=7.34; 7=298.15 K; [GSH]=0.003 mol/l. Apparent formal potential value
E" was obtained as the intersection with abscissa drawn at log Q' =0.
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Table 1

Literature values of E” adjusted to pH=7.34 and T=298.15 K

Method of measurement E, V (SHE) Reference
Potentiometric titration 0.07 2
Potentiometric titration 0.08 3
Reaction with thiolate anions —0.23 5
Reaction with NADP —0.26 6
Reaction with NADP —0.28 7
Spectroelectrochemical titration —-0.22 this study

the redox titration were calculated from x and initial
concentration [GSSG]y:

[GSSG] = x[GSSGJ, and [GSH] = 2(1 — x)[GSSG],

Formal potential £’ ° measurements were based on the
Nernst equation at 7=298.15 K. The prime is used to
indicate pH dependent quantities:

E =E" — (RT/2F)InQ’ (3)
where E’ -applied potential and Q" —reaction (2) quotient:

[GSH]*  4(1 — x)*[GSSG],

o = [GSSG] x )

Note that Q' is dependent on the glutathione concentration.

Absorption spectra were stable for several days at 298.15
K and could be cycled multiple times between fully reduced
and fully oxidized states with small hysteresis at 0.1 mV/s.
Solution absorbance was recorded periodically every 3 mV
during the potential scan, thus obtaining acceptable S/N
rate.

E” values were obtained from the log Q' vs. E plot
intersection with the abscissa drawn at log O’ =0 (Fig. 2).
Plot linearity demonstrates nearly ideal Nernstian behavior
for a two electron transfer with a 29 mV/dec slope. The
reported formal potential value is valid for solution
conditions 7=298.15 K, pH=7.34 and /=0.1 mol/l. Further
study is needed to explore formal potential dependence on
the complex glutathione protonation equilibria.

Although our glutathione E” value is on average 0.3 V
more negative compared to potentiometric titration data, it is
quite consistent with the results, obtained from the
equilibrium measurements (Table 1). Freedman et al. [4]
critically evaluated potentiometric data and concluded that
reversibility conditions were not satisfied. The calculation of
E” from the equilibrium results for reaction (1) relies on a
value of E° for the NADP/NADPH couple, the value of
which also has some uncertainty in it. Given the funda-
mental importance of NADPH/NADH for bioprocesses, it
would be justified to revisit the redox thermodynamics of
NADP, NAD reactions.

4. Conclusion

In this study, using spectroelectrochemistry, we have
shown that glutathione can be directly reduced on metal
oxide electrodes. Reversible glutathione titration has dem-
onstrated almost ideal Nernst behavior for a two-electron
transfer reaction. At conditions close to physiological
([GSH]=0.001-0.005 mol/l, pH=7.34; [=0.1 mol/l;
7=298.15 K), we have measured glutathione E” =—0.22+
0.02 V (NHE), corroborating the results of equilibrium
measurements [7].
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Abstract

Hemoglobin (Hb) and quinhydrone (QHQ) were incorporated in poly(o-aminophenol) [o-AP, POAP] film by electropolymerization of o-
aminophenol in a weak acid solution containing Hb and QHQ. The nonconducting polymer film was found to be nearly rigid by piezoelectric
quartz crystal (PQC) impedance. Therefore, the thickness of the Hb—QHQ-POAP film was estimated as about 104410 nm by quartz crystal
microbalance (QCM). The QHQ mediation effects on the biomacromolecule Hb entrapped in the POAP film were investigated by using
cyclic voltammetry, amperometric technique and kinetic study. Cyclic voltammograms showed that the redox peaks in the H—-QHQ-POAP
film are much more reversible than those in the Hb—POAP film. The response current of the Hh—QHQ-POAP film to H,O, was almost twice
than that of the Hb—POAP film. The Michaelis—Menten constant and the activation energy of Hb in the Hb—QHQ-POAP film are 7.47 mM
and 13.91 kJ/mol, respectively, both are smaller than that in the Hb—POAP film. These results showed that the immobilized Hb in POAP film

exhibited higher catalytic activity to H,O, due to the mediation of QHQ.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Hemoglobin; Poly(o-aminophenol); Quinhydrone; Hydrogen peroxide; Piezoelectric quartz crystal impedance

1. Introduction

Hemoglobin (Hb), containing four-polypeptide chain,
each of which has one electroactive iron heme group, can
store and transport molecular oxygen in mammalian blood.
Although Hb does not play a role as an electron carrier in
biological systems, it has been reported to possess “pseudo-
peroxidase” activity [1,2] due to its close similarity with
peroxidases. The conventional methods to immobilize Hb
include that of electrostatic absorption [3], entrapment in
composite films [4] and polymer film [5].

Although Hb possesses functional groups that can be
easily oxidized or reduced by redox reagents, it is generally
difficult to obtain direct electron transfer between Hb and an
electrode. An appropriate electron donor can mediate the

* Corresponding author. Fax: +86 731 8824525.
E-mail addresses: wenyan_tao@hotmail.com (W. Tao),
szyao@hnu.net.cn (S. Yao).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.06.006

electron transfer between the Hb and an electrode, and
hence, such a mediator is expected to improve the perform-
ance of the pseudo-peroxidase-based hydrogen peroxide
sensor. Ferrocene [6] and quinhydrone (QHQ) [7] have been
reported as mediators for horseradish peroxidase to con-
struct H,O, sensor. Methylene blue [8] has been used as a
mediator for the reduction of Hb in nafion film on
microcylinder carbon fiber electrode.

Since the oscillation of piezoelectric quartz crystal (PQC)
in liquid medium was successfully realized in 1980s, the
quartz crystal microbalance (QCM) technique has been used
in many fields, such as ion-selective electrode and
molecular imprinting polymer technology, etc. However,
the frequency shift was not only affected by the mass
change on the electrode but also by the physicochemical
properties of the liquid around the electrode surface, such as
conductance and viscosity—density. Therefore, piezoelectric
quartz crystal impedance PQCI was introduced. In our lab,
PQCI has been successfully used to monitor the growth of
bacteria [9] and study the viscoelasticity of molecular
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imprinting polymer film [10]. However, the biomacromole-
cules entrapped in poly(o-aminophenol) [0-AP, POAP]
films are still not investigated by PQCI.

Therefore, in this paper, Hb was immobilized simulta-
neously with QHQ, which is used as an electron-transfer
mediator, in POAP film. POAP film was selected because of
its relative cheapness, easy preparation, and successful use
in the development of uric acid, lactate, and hydrogen
peroxide biosensors [6,11,12]. The viscoelasticity and the
thickness of Hb—QHQ-POAP film were estimated by PQCI
and QCM, respectively. Meanwhile, the effects of mediator
QHQ on Hb entrapped in POAP film were investigated by
studying its catalytic activity to H,O,. The effects of
experimental parameters including the scanning number of
electropolymerization, pH of the solution, and the applied
potential were investigated in detail.

2. Experimental
2.1. Reagents

Hemoglobin (bovine red cells) was purchased from
Worthington Biochemical (USA). o-Aminophenol (0-AP)
[99%] and quinhydrone were purchased from Shanghai
Chemical Reagent (China) and used as received. All other
chemicals were of analytical grade. Hydrogen peroxide
solutions were prepared daily and standardized by potas-
sium permanganate titration. Double distilled water was
used throughout.

2.2. Apparatus

AT-cut 9-MHz piezoelectric quartz crystals (diameter:
12.5 mm) with gold electrodes (diameter: 6.0 mm) on both
sides were used. The quartz crystal was fixed to a glass tube
using silicone rubber, and only one side of the crystal was
coated with film and allowed to contact the solution. An HP
4395A network/spectrum/impedance analyzer was
employed to obtain the conductance spectrum.

Electrochemical (EC) measurements were performed at a
CHI 660 Electrochemical Workstation (Shanghai Chenhua
Instrument, China) using a conventional three-electrode cell.
The gold microelectrodes were constructed by sealing gold
wire (diameter: 0.2 mm, >99.99%) in a glass tube with epoxy
resin and used as a working electrode. A platinum wire was
applied as the counterelectrode, and a saturated calomel
electrode (SCE) was used as a reference electrode. All the
potentials in this paper were in respect to SCE. All measure-
ments were carried out at room temperature (18+£2 °C).

2.3. Preparation of the Hb—POAP and the Hh—QHQ—POAP
modified electrode

The Hb—QHQ-POAP modified electrode was prepared
by continuous cyclic scanning from —0.2 to 0.8 V (15

cycles) at a scan rate of 50 mV/s in 0.2 M fresh prepared
acetate buffer solution (pH 5.0) containing 1x10™> M o-
AP, 4x107> M Hb, and 1x10> M QHQ. The Hb-POAP
modified electrode was fabricated in a similar way. The
solution was deaerated with pure nitrogen prior to
electropolymerization. After the polymerization procedure,
the modified electrode was rinsed with pH 5.0 acetate
buffer solution to remove the physically adsorbed species
and kept in the phosphate buffer (pH 7.2) at 4 °C before
use.

2.4. Procedures

Amperometric measurements were performed under
stirred conditions. Aliquots of standard solution of H,O,
were successively added to the buffer solution. Prior to
the experiments, the buffer and sample solutions were
purged with pure nitrogen for at least 15 min to remove
oxygen.

3. Results and discussion

3.1. Characterization and performance of POAP,
Hb—POAP, and Hb—QHQ—-POAP films

The Hb—QHQ-POAP film was electropolymerized in a
0.2 M acetate buffer solution (pH 5.0) containing 1x102
M 0-AP, 4x107°> M Hb, and 1x10"> M QHQ. There was
only one anodic peak at ca. 0.55 V (vs. SCE) on the first
cycle, which was suppressed during the second cycle. This
shows that the polymer film blocks further access of the
monomer to the electrode surface and the film becomes
electro-inactive. Hence, a very thin electropolymerized
membrane is resulted on the electrode surface. The Hb-—
POAP film and the POAP film were prepared in a similar
way.

3.1.1. Viscoelasticity effect of the films

Most redox polymer films behave neither as a rigid
layer nor an ideally viscous (Newtonian) membrane and
therefore have to be treated as viscoelastic polymer films
[13]. The viscoelasticity of the film is evaluated by
measuring the conductance using the PQCI technique
[14]. Therefore, we investigated in detail if there was any
difference in the half bandwidth of the conductance
spectrum between the bare and the modified electrodes.
The conductance (G) at half peak height and half
bandwidth of the conductance spectrum (Afg, ) can be
calculated as [15]:

G:Gmax/2: 1/(2R1) (1)
Af‘Gl/z :fHGl/z _ﬁG1/2 = Rl/anl (2)

where fyG,, and fi6,,, are the higher and lower frequencies
at half peak height (G=G.,/2) in the conductance
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spectrum, respectively; R; and L; are the motional
resistance and the motional inductance, respectively.

Fig. 1 shows the conductance spectrum for the bare and
the modified electrodes. The calculated G,.x and Afgi
values are given in Table 1. As can be seen from Fig. 1A,
curves a and b show the conductance spectrum correspond-
ing to the bare PQC and the POAP modified PQC in the air,
respectively. No appreciable change in both the height of the
peak and the half bandwidth of the conductance spectrum
can be found. It can be concluded that the POAP film is
nearly rigid and viscoelastic effects can be negligible, which
agrees with the report of Ortega [16]. Curves ¢ and d show
the conductance spectrum corresponding to the bare PQC
and the POAP modified PQC in 0.2 M acetate buffer (pH
5.0), respectively. The fact that no significant change in the
half bandwidth may further prove that the POAP is nearly
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Fig. 1. Effect of the presence of the film and pH 5.0 acetate buffer solution
on the conductance spectrum of the quartz crystal. (A) a, c: bare crystal in
air and in buffer, respectively; b, d: POAP film-modified crystal in air and
in buffer, respectively. (B) a, c: bare crystal in air and in buffer, respectively;
b, d: Hb—POAP film-modified crystal in air and in buffer, respectively. (C)
a, ¢: bare crystal in air and in buffer, respectively; b, d: Hh—-QHQ-POAP
film-modified crystal in air and in buffer, respectively.

rigid under the experimental conditions used in this work.
Similar phenomena were observed not only between the
Hb—POAP-modified PQC and the bare PQC but also
between the Hb—QHQ-POAP-modified PQC and the bare
PQC (see Fig. 1B,C). Hence, it is possible to conclude that
Hb-POAP film and Hb—-QHQ-POAP film are nearly rigid
and viscoelastic effects can be negligible. It is worth to note
that the frequency shift changes with respect to their bare
electrode increase in the order of film POAP, Hb-POAP,
and Hb—QHQ-POAP. These changes may have been
resulted from the introduction of the QHQ and Hb in the
polymer when copolymerized.

Usually, the absolute value of Afy/AR; is used to reflect
whether the frequency shift is dominated by mass loading or
by the viscosity—density of the solution near the interface. If
the value is more than 10 Hz/() for the 9 MHz quartz crystal
used in this work [17], the frequency shift is dominated by
mass loading. Otherwise, the frequency shift is dominated
by the viscosity—density of the solution near the interface.
The absolute values of Afo/AR; in this work are also shown
in Table 1. From Table 1, the values are all much greater
than 10 Hz/Q). This indicates that the frequency shift of the
above three films is dominated by the mass loading and that
the viscosity—density effect of the solution near the interface
can be negligible.

3.1.2. Estimation of the film thickness
Because the electropolymerized film is nearly rigid, the
Sauerbrey equation [18] can be applied and rewritten as:

Af = —2.26 x 10%2Am (3)

where Af (Hz) is the frequency shift, / (MHz) is the
fundamental frequency, and Am (g/cm?) is the mass loading
density. The thickness of the films, d (cm), can be expressed
by

d=Am/p, (4)

where p, is the density of the polymer film (g/em?).
Combined with Eq. (3), the relationship between d and Af
would be:

d= — (5485 x 107°)Af/p, (5)

In this work, the density of the polymer films was
assumed to be that of the monomer (p=1.0 g/cm?) [19].

The electrochemical (EC) method was also used to
verify the value calculated from the QCM. According to
the linear relationship between total charge density (Q/4)
and film thickness (d) [20, 21], the film thickness was also
obtained. The results by using these two methods are
shown in Table 2. As can be seen, the thickness of the
polymer film by QCM is similar to that by the EC
method. The thickness of the POAP film is about 4446
and 42+4 nm by QCM and the EC method, respectively.
Compared with that of POAP film, the thickness of Hb—
POAP film is much thicker. The reason may be that the
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Table 1
Comparison of the bare and modified PQC in air and in buffer by PQCI
Electrode no. In air In buffer
Gmax A.fGl/l A.ng/ARl Gmax AfG 1/2 A](OL/ARI

1 Bare 75.04+1.02 238+1 4.994+0.45 4227+2

POAP 73.234+0.98 245+1 109743 4.83+0.40 4440+2 614
2 Bare 54.74+2.00 31043 4.87+0.62 4192+3

Hb-POAP 49.881+0.86 335+2 1040+5 4.24+0.58 4865+3 40+5
3 Bare 51.21+1.82 336+3 4.85+0.74 4309+4

Hb-QHQ-POAP 42.20+1.04 348+4 123717 4.054+0.60 4926+4 51+£8

G max: the conductance, mS; Awa: half bandwidth of the conductance spectrum, Hz.

Afo: the frequency shift in air; Afo,: the frequency shift in buffer.
AR: change in the motional resistance.

Afo/AR: the ratio of the frequency shift to change in the motional resistance, Hz/().

existence of Hb has an effect on the thickness of the
polymer films. It can also be seen that the Hb—QHQ-
POAP film is the thickest among the three polymer films.
The thickness of the Hh—QHQ-POAP film is 104+10 nm,
which is still very thin.

3.1.3. Permeability of POAP films to interferents

Many organic compounds may cause interference with
the H,O, determination, e.g., ascorbic acid and uric acid.
Fig. 2A shows cyclic voltammograms obtained in 0.2 M
acetate buffer (pH 5.0) containing 8x10~* M ascorbic acid
at the bare electrode (curve a), POAP electrode (curve b),
and Hb—QHQ-POAP electrode (curve c¢). Obviously, the
interference of ascorbic acid is completely suppressed at the
two polymer-modified electrodes. The oxidation current of
uric acid is evidently decreased at the two polymer-
modified electrodes (see Fig. 2B). The reason may be that
the POAP film, owing to its low conductivity and small
pore size, does not allow relatively large molecules such as
ascorbic acid and uric acid to access the electrode surface,
just like the case of poly(o-phenylenediamine). Therefore,
the nonconductive POAP films can avoid the above
interferents.

3.2. Comparison of the Hb—POAP film with the Hh—QHQ—
POAP film

3.2.1. Effect of the mediator in the film

Fig. 3A depicts the cyclic voltammograms at the Hb—
POAP (curve a), Hb—QHQ-POAP (curve b), and QHQ-
POAP (curve c) electrodes in 0.2 M acetate buffer solution
(pH 5.0). It can be seen from curve a that a quasi-reversible

Table 2
Comparison of the QCM method with electrochemistry (EC) method for the
calculation of the film thickness

Films Average d/nm

QCM EC
POAP 44+6 42+4
Hb-POAP 91+9 87+9
Hb-QHQ-POAP 104+10 104x10

peak was observed. Compared with curve a in Fig. 3A, curve
b shows that a pair of well-defined and reversible redox
peaks appears at the Hb—QHQ-POAP electrode. The formal
potential (Ey) is —0.2 V while the separation between the
anodic and cathodic peaks is 0.15 V. Additionally, a pair of
redox peaks at about —0.2 V can be observed on the QHQ—
POAP celectrode (curve c¢). So, the pair of redox peaks
located at —0.2 V is attributed to the QHQ redox process.

Fig. 3B shows the cyclic voltammograms of the Hb—
QHQ-POAP eclectrode at different scan rates. The relation-
ship between the peak current and scan rate is shown in Fig.
3C. It can be found that the peak current is linearly related to
the scan rate in the range between 10 and 50 mV/s, indicating
that this is a surface electron transfer process [1].

3.2.2. Amperometric response of Hb—POAP and Hb—QHQ—
POAP films

The mediated catalytic mechanism can be expressed by
the following schemes [3,7]:

\Z
HbFe(lll + H,0, — CompoundI +H,0

Compound I + QHQ(QH,) — Compound I + QHQ(Q)

Compound IT + QHQ(QH,) HbFelz(III) + QHQ(Q) + H,0

QHQ(Q) +2¢ +2H" — QHQ(QH»)

where compound I (oxidation state +5) and compound II
(oxidation state +4) represent the intermediates in the
reactions.

Fig. 4A shows the typical steady-state response current to
the H,O, at the Hb—POAP (curve a) and Hb—QHQ-POAP
(curve b) electrodes under optimum conditions. Standard
H,0, solution was added stepwise (corresponding to a
concentration increment of 6.9x107> M) until a final
concentration of 7.6x10~* M H,0, was reached. From
Fig. 4A, the response current at Hb—-QHQ-POAP electrode
is almost twice than that at the Hb—POAP electrode. This
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Fig. 2. (A) Cyclic voltammograms for the oxidation of 8x10~* M ascorbic
acid in 0.2 M acetate buffer (pH 5.0) at bare electrode (a), POAP electrode
(b), and Hb—QHQ-POAP electrode (c). (B) Cyclic voltammograms for the
oxidation of 5% 107> M uric acid in 0.2 M acetate buffer (pH 5.0) at bare
electrode (a), POAP electrode (b), and Hb—-QHQ-POAP electrode (¢). Scan
rate: 50 mV/s.

indicates that the addition of QHQ results in the increase of
the response current. In addition, the sensitivity of the Hb—
QHQ-POAP electrode to H,O, can also be calculated to be
0.023 A M~' cm ™2, which is higher than that of 0.004 A
M~! em™? obtained at an HRP-incorporated carbon paste
electrode [22].

From the calibration curve b shown in Fig. 4B, the
steady-state reduction current is linear with the H,O,
concentration over the range of 1.4x107> to 5.7x107> M.
The regression equation is iy (nA)=4.35+3.06 [H,O,]
(mM), with a correlation coefficient of 0.9990. Additionally,
the response time was less than 2 s.

3.2.3. Kinetic parameters of Hb—POAP and Hb-QHQ—
POAP films
The maximum reaction rate V., and the apparent
Michaelis—Menten constant K, were determined using the
following Lineweaver—Burk equation [23]:
!
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Fig. 3. (A) Cyclic voltammograms at the (a) Hb-POAP, (b) Hb—-QHQ—
POAP, and (c) QHQ-POAP electrodes in 0.2 M acetate buffer (pH 5.0).
Scan rate: 50 mV/s. (B) Cyclic voltammograms of the Hb—-QHQ-POAP
electrode at scan rates of (a) 15, (b) 20, (c) 25, (d) 30, (e) 35, (f) 40, (g) 45,
and (h) 50 mV/s. (C) The relationship between peak currents and scan rate
for the Hb—QHQ-POAP electrode in pH 5.0 acetate buffer.

where iy is the steady-state current after the addition of
substrate, ¢ is the bulk concentration of substrate, and 7,y
is the maximum current measured under conditions of
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Fig. 4. (A) Amperograms of the Hb—POAP electrode (a) and the Hb—QHQ—
POAP electrode (b) with successive addition of 6.9x107> M H,0, in pH
5.0 acetate buffer at an operation potential of —0.25 V. (B) Calibration
curve for the amperometric determination of H,O, at the Hb—POAP
electrode (a) and the Hb—QHQ-POAP electrode (b).
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substrate saturation. The V,,, and K,, of the Hb—POAP
electrode are 36.34 nA and 8.45 mM, respectively, while
the Vyax and K, of the newly developed Hb—QHQ-
POAP electrode are 48.33 nA and 7.47 mM, respectively
(see Fig. 5). Significant differences were obtained. The
low value of K, indicates that the immobilized Hb retains
its bioactivity and possesses a high biological affinity to
H202.

The activation energy, E,, can be calculated according to
the Arrhenius equation [24]:

E, 1
" logB
2303RT T T °8 ()

log k =
where k is the reaction rate constant, £, is the activation
energy, R is the gas constant, 7" is the absolute temperature,
and B is a constant. Eq. (7) can be rewritten as the following
equation:

2303/ ke -
A

while the concentration of reactant is identical, k»/k; can be
substituted by V,/V; because the reaction rate is in direct
proportion to the reaction rate constant [24]. In this work,
the temperatures were selected as 22 and 32 °C. So, the
calculated values of E, at the Hb—POAP and Hb—QHQ-
POAP electrodes are 30.80 and 13.91 kJ/mol (n=3),
respectively. The latter is similar to that reported by
Aydemir and Kuru [25]. The lower value of E, of the
Hb—QHQ-POAP electrode indicates that QHQ indeed
enhances the catalytic activity of Hb to H,O, and increases
the response current.
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Fig. 5. Determination of K,,,: Hb—POAP electrode (a) and H—-QHQ-POAP
electrode (b).
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Fig. 6. Effect of number of cycles on the response current to pH 5.0 acetate
buffers containing 1.7x10~* M H,0,. Operating potential: —0.25 V.

3.3. Optimization of parameters for Hb—QHQ-POAP
electrode

3.3.1. The effect of the scan number in
electropolymerization

In order to explore the influence of the scan number
during electropolymerization on response current, a set of
modified electrodes was prepared with a number of
potential scans ranging from 3 to 25 cycles. The response
current to 1.7x10~% M H,0, in 0.2 M acetate buffer (pH
5.0) is shown in Fig. 6. It can be found that the response
current increases with the increasing scan number and a
maximum can be observed at 15 scans. When the scan
number is less than 15, the amount of Hb entrapped in
the POAP film increases with the increasing scan
number. After the scan number is more than 15, a
decrease in the response current takes place. It may be
explained that the further increase of the polymer
thickness might slow down the electron transfer rate
between the mediator and the surface of the electrode.
So, a scan number of 15 was selected in the following
electropolymerization process.

3.3.2. The effect of pH

Fig. 7 shows the effect of pH on response current to
H,0, at the Hb—QHQ-POAP electrode. The response
current decreases with increasing pH in the pH range from
3.6 to 8.0, then it increases slightly when pH value is
above 8.0. This phenomenon is similar to the result of
Han et al. [2]. Although the peak current is higher at
lower pH solution, such buffer solution should not be
employed due to the poor stability of the Hh—QHQ-POAP
film in such condition. It has been reported that Hb keeps
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Fig. 7. Dependence of the response current on pH at the Hh—-QHQ-POAP
electrode in 0.2 M acetate buffer solution containing 1.7x 10~ M H,0,.
Operating potential: —0.25 V.

its highest bioactivity in the acetate buffer of pH 5.5 [26].
Therefore, the pH value of 5.0 was adopted in the
experiment.

3.3.3. The effect of applied potential

In order to optimize the applied potential for the H,O,
determination, the effect of applied potential on the response
current has been studied. The relationship between steady-
state current and applied potential in pH 5.0 acetate buffer is
shown in Fig. 8. The response current gradually increases

75 @@
o
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45—

A/ NA

0.0 —

-0.6 -0.4 -0.2 0.0
E/V (vs. SCE)

Fig. 8. Response current of the Hb—-QHQ-POAP electrode related to the
applied potential in pH 5.0 acetate buffer containing 6.9%10~% M H,0,.

Table 3

The reproducibility of the Hb—-QHQ-POAP electrode

Electrode no. Aig/nA Means R.S.D.
1 0.4777+0.0064

2 0.4863+0.0065

3 0.4687+0.0071 0.4781+0.0097 +2.0%
4 0.4893+0.0085

5 0.4683+0.0097

Ai: the change of the steady-state current after the injection of 1.7x10~*
M HzOZ.
R.S.D: relative standard deviation (n=5).

with the applied potential from 0 to —0.45 V and changes
slowly below —0.45 V. This indicates that a negative
applied potential facilitates the reduction of the oxidized
state of QHQ. This means that the electron transfer rate
between compound I and compound II is accelerated (see
the scheme in Section 3.2.2). Considering the possible
interference from oxygen at a more negative potential and
the operation stability of the electrode, the potential of
—0.25 V was selected for the study.

3.4. Stability and reproducibility of the Hb—QHQ—-POAP
electrode

The stability of the proposed Hb—-QHQ-POAP electrode
was studied by repeatedly recording the response current to
H,0,. Measurements were performed once a day during
the first week and subsequently every 2 days. The modified
electrodes were stored in phosphate buffer solution (pH
7.2) under refrigeration at 4 °C. The modified electrode
retained more than 85% of its initial sensitivity to H,O,
after 2 weeks.

To investigate the reproducibility of the Hb—QHQ-
POAP electrode, the response current to H,O, at five
electrodes prepared in the same way was recorded. The
result is shown in Table 3. The relative standard deviation
(R.S.D.) was 2.0%.

4. Conclusion

In this paper, PQCI showed that the different POAP films
were nearly rigid and that the effect of viscoelasticity could
be ignored. Thus, the thickness of these polymers was
estimated by QCM. The introduction of QHQ enhanced the
catalytic activity of Hb to H,O,, which was confirmed by
cyclic voltammetry, amperometric technique, and kinetic
study. The Hb—QHQ-POAP electrode offered fast response,
good permselectivity, stability, and reproducibility for
hydrogen peroxide detection. The Hb—-QHQ-POAP elec-
trode may be used for the fabrication of other biosensors,
e.g., glucose and xanthine sensors, to avoid interference
from other commonly oxidizable species, such as L-ascorbic
acid and uric acid.
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Abstract

The present study focuses on the effects of gradient magnetic fields on the behavior of yeast, such as its proliferation and mass
distribution, and evaluates the effects of magnetism on materials in the yeast culture system. Yeast, Saccharomyces cerevisiae, was incubated
in a liquid medium under magnetic fields (flux density B=14 T). When yeast in a tube was exposed to 9—14 T magnetic fields with a
maximum flux density gradient of dB/dx=94 T/m, where x is the space coordinate, the rate of yeast proliferation under the magnetic fields
decreased after 16 h of incubation compared to that of the control group. The physical properties of the yeast culture system were investigated
to discover the mechanism responsible for the observed deceleration in yeast proliferation under magnetic fields. Gas pressure inside the
yeast culture flask was compared with and without exposure to a magnetic field. The results suggested that the gas pressure inside a flask
with 6 T, 60 T/m slowly increased in comparison to the pressure inside a control tube. Due to the diamagnetism of water (medium solution)
and yeast, the liquid surface distinctly inclined under gradient magnetic fields, and the hydrostatic force in suspension was strengthened by
the diamagnetic forces. In addition, magnetophoresis of the yeast cells in the medium solution exhibited localization of the yeast
sedimentation pattern. The roles of magnetically changed gas-transport processes, hydrostatic pressures acting on the yeast, and changes in
the distribution of the yeast sedimentation, as well as the possible effects of magnetic fields on yeast respiratory systems in the observed
disturbance of the proliferation are discussed.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Magnetic field; Yeast proliferation; Yeast distribution; Magnetic force; Diamagnetism; Moses effect

1. Introduction netic fields in the horizontal direction generated several

interesting phenomena. The parting of water, or the so

Recent advances in superconducting technology have
provided new methods of studying the application of
strong magnetic fields in biology and soft material sciences
as well as in solid state physics. Diamagnetism is the
induced magnetism of all materials, and strong magnetic
fields at room temperature reveal drastic behaviors of
diamagnetic materials such as water and protein [1—4].
Room temperature bores of superconducting magnets have
given both physicochemists and biologists opportunities to
recognize and explore the importance of the diamagnetism
of biological materials [4—6] as well as that of strong
(ferro-) magnetism in solid state materials. Gradient mag-

* Corresponding author. Tel./fax: +81-3-5841-3601.
E-mail addresses: iwsaka-m@umin.ac.jp,
iwasaka@medes.m.u-tokyo.ac.jp (M. Iwasaka).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.04.002

called “Moses Effect,” a phenomenon in which the surface
of water under magnetic fields of the Tesla order separated,
was observed in our laboratory [2]. The horizontal gradient
magnetic force and the vertical gravitational force generate
a sloping gravity-like field for living creatures [3], in
which the sloping field is believed to be the actual
direction of gravity. In the case of the parting of water,
the water was pushed to lower magnetic fields from higher
fields, and localized in the middle part of the space
forming a “water-wall”.

The present study focuses on the correlation of water-
related magnetic field effects and biological processes. The
biological functions and the genetic information of yeast are
well understood, and it is possible to determine the origin or
mechanism of magnetic field effects on yeast.

In the present study, we investigate the effects of
gradient magnetic fields on yeast behavior, proliferation,
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and distribution of yeast sedimentation. Yeast growth
depends on the physical properties of the surroundings,
such as temperature, dissolved oxygen concentration, and
pressure [7—9] in water, as well as biological parameters.
It is known that strong and high-gradient magnetic fields
have an effect on gas absorption and desorption rates in an
aqueous solution. However, the effects of dissolved gas
concentrations and/or pressures of liquid—gas systems on
cellular growth under magnetic fields have not been
investigated in past studies. Our hypothesis is that the
yeast in a liquid—gas mixture system under gradient
magnetic fields should undergo mechanical effects via
the magnetism of materials.

2. Materials and methods
2.1. Yeast preparation and observation of proliferation

Yeast, Saccharomyces cerevisiae, was pre-cultured on a
YPD agar plate, then moved to a peptone—glucose medium
for a one-night incubation in a water bath with shaking. The
yeast suspension was then diluted with peptone—glucose
medium (0.4 wt.% Peptone (BACTO PEPTONE, DIFCO
Laboratories, Detroit MI 48232-7058, USA) and 2 wt.% D-
Glucose (Wako, Osaka, Japan)), then was homogeneously
divided into eight to ten sample solutions in sterile 15-ml
cylindrical centrifuge tubes (Corning, 430766). Each tube
contained 3 ml of the yeast suspension. The sterile 15-ml
cylindrical tubes containing the yeast suspension in logarith-
mic phase were exposed to magnetic flux densities (B=5—
14 T) with a maximum gradient of 94 T/m (Fig. 1). In order
to expose the tube to a wide range of gradient magnetic
fields, the tube was set at an angle of 15° with reference to a
horizontal line to compare yeast proliferation with magnetic
field exposure to that without magnetic field exposure at
30 °C. The magnetic field exposure system, superconducting
magnet, has a leakage of magnetic fields. The control experi-
ments were conducted at a location about 4 m from the
magnet, where B=0.15 mT.

The density of the yeast suspension was measured after
dispersing the yeast homogeneously throughout the suspen-
sion. Light absorption of the suspension at a wavelength of
600 nm was measured after incubations with and without
the magnetic field exposures. After the yeast was dispersed
in the suspension, the number of cells in suspension was
counted to confirm the dependence of light absorption on
cell density.

2.2. Observation of yeast sedimentation

Yeast sedimentation profiles were observed using an
optical microscopic observation system, which consisted
of a bore scope (Olympus, R080-124-090-50), a lens holder
unit (Kogaku, Osaka, Japan) and a CCD color camera
(Tokyo Electric Industry, CS5720). The bore scope had a
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Fig. 1. Experimental procedures for observing the proliferation of yeast
under magnetic fields. Upper: preparation of yeast before the magnetic field
exposure experiments. Center: configuration of a superconducting magnet
with a maximum magnetic flux density of 14 T and placement of the yeast
culture tube in the magnetic fields. Bottom: using two methods to evaluate
the proliferation of yeast: optical density at wavelength 600 nm and cell
count.

mirror at the edge and introduced a side-view of the sterile
15-ml cylindrical tube, which contained 3 ml of yeast
suspension, to the CCD camera via the lens. We injected a
homogeneously suspended yeast suspension into the tube,
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and used the microscope system to observe the process of
yeast sedimentation under gradient magnetic fields.

2.3. Gas pressure measurements

A differential manometer was used to measure the gas
pressure of the atmosphere above the yeast suspension.
Fig. 2 is a diagram of the manometer with tubing. One
tube was introduced into the yeast suspension inside the
magnet (measurement) and the other was placed into the
yeast suspension outside the magnet (reference). The
manometer, Okano Works, Digital Micro Manometer DP-
10A, detected a difference in pressure between the mea-
surement tube and the reference tube. The tubes were each
3 m long and 10 mm in diameter and made of vinyl
chloride. The terminus of the tubing was connected to the
inlet of the yeast culture flask. During yeast proliferation,
CO, gases were generated and the gas pressure inside the
flask continuously increased. When both yeast culture
flasks were incubated under the same conditions without
exposure to magnetic fields, the gas pressures in the flask
were balanced. It was expected that if the yeast prolifer-
ation under a magnetic field did or did not exceed that of
the control, that the indicated values in the differential

Differential
manometer

= Terminal + Terminal

Superconducting

Control

6T, 60T/m

Flask with
yeast suspension

Fig. 2. Experimental setup for measurement of gas pressure inside yeast
culture flask (NUNC 1 52094). The positive terminal of the differential
manometer was connected by tubing to the inlet of the flask exposed to the
magnetic field and the negative terminal was connected to the inlet of the
control flask. The tubing for the control (T—C) and that for the magnet
(T-M) were each 2.85 m long.

manometer would increase or decrease, respectively. The
yeast culture flask was set in a magnetic field (B=6 T, dB/
dx=60 T/m).

2.4. Centrifugal experiments

Two milliliters of yeast suspension was inserted into a 2-
ml centrifugal tube, and the tubes were set at the rotator or at
the bottom of the compartment of the centrifuge. The
temperature of the compartment was 22 °C, and the centri-
fugation was carried out at 1000 rpm. After 16 h of
incubation with and without centrifugation, the optical
absorbance of the yeast suspension at wavelength 600 nm
was measured.

2.5. Modulation of oxygen supply by tube settings

A 15-ml centrifugal tube with 9 ml of yeast suspension
was set with its long axis parallel or perpendicular to the
earth’s gravity, and the effects of changing the altitude of
the liquid were examined. In addition, the effect of covering
the tube with a cap on yeast proliferation was observed to
determine the effects of oxygen from the atmosphere. We
compared the optical density (wavelength 600 nm) of the
yeast suspensions in a capped tube (closed system) and in a
tube covered with a film (open system) after incubations
with and without magnetic field exposures. The film used
was PARAFILM (American National Can TM, Chicago, IL
60631), which was utilized to prevent water dripping down
the tube and which had more gas permeability than the cap.
The tubes were set at angles of 60° and 15° from
horizontal.

3. Results
3.1. Optical density of yeast suspension

Fig. 3 shows an example of the effects of magnetic fields at
14 T on the yeast suspension. The experiments were con-
ducted using yeast suspensions with an initial optical density
at wavelength 600 nm (OD=0.1 and OD =0.4). The density
of the yeast suspension increased during 14 to 19 h due to
yeast proliferation. After 14 h, the yeast suspension (initial
OD=0.4) showed a decrease under 14 T while no distinct
difference was observed in the suspension (initial OD =0.1).

The effects of the magnetic field on yeast suspension that
were observed were reproducible, as shown in Fig. 4, whose
bottom portion shows the difference of optical density
between the suspension in the presence and absence of the
14-T magnetic fields. The maximum effect of the magnetic
field was observed 16 h after the beginning of both magnetic
field exposure and incubation at 30 °C. The optical density
of the suspension became saturated after 21 h and the effects
of the magnetic field on the optical density diminished in
comparison to the density at 16 h.
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Fig. 3. Effects of magnetic fields of up to 14 T on the optical density of
yeast suspension at wavelength 600 nm. The optical densities of the pair of
sample tubes were measured after static incubation with and without
exposure to magnetic fields. The upper panel shows the configuration of
magnetic force acting on the diamagnetic solution and yeast, the direction
of gravity, and the yeast culture tube. The bottom panel shows an example
of the effects on the optical density of the yeast suspension.

Fig. 5 summarizes a series of measurements of the
optical density of yeast suspension at wavelength 600 nm.
After the individual incubation of a pair of samples with and
without exposure to a magnetic field, the yeast suspensions
were homogenized and their optical densities (ODs) were
measured by a spectrophotometer. The difference in optical
density (AOD600) was obtained by subtracting the OD of
the suspension under the magnetic field from that not
subjected to the magnetic field. The results indicated that
the optical density of the yeast suspension decreased under
the magnetic fields, and also suggested that there was a
deceleration in yeast proliferation. After 20 h of incubation,
there was no difference because of the growth saturation of
the yeast under the restricted condition of O, supplement.
The differences in OD of the yeast with and without the
influence of magnetic fields suggest that a delay in yeast
proliferation occurred under the magnetic field.

In another experiment, to confirm the effect of the
magnetic fields on yeast proliferation, the numbers of yeast
cells with and without magnetic fields were counted on glass
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Fig. 4. Reproducible effects of magnetic fields of up to 14 T on the optical
density of the yeast suspension at wavelength 600 nm. The bottom panel
shows the difference in optical density (OD) between the exposed sample
and the control. The optical density of group-a and group-b at the start was
0.73 and 0.2, respectively.
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Fig. 5. Time dependence of the difference in optical density (OD) between
the sample exposed to a 14-T magnetic field and the control. During 24 h,
12 sets of yeast culture tubes were taken from the incubator and their optical
densities measured.
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Fig. 6. Correlation of optical density of the yeast suspension with and
without exposure to a magnetic field to the number of cells, which was
counted on an optical microscope after 16 h of exposure to a magnetic field
at9to 14 T.

Tube

slides under an optical microscope (Fig. 6). After 16 h of
incubation, the proliferation rate of yeast under a magnetic
field was distinctly less than that of the control group.

3.2. Yeast sedimentation

Sedimentation of yeast particles occurred after 1 h of
static placement. Fig. 7 shows the sedimentation profile of
yeast in a peptone—glucose medium when the tube was set
parallel to the horizontal line and exposed to gradient
magnetic fields of 5 to 6 T. As the culture tube was filled
to 25% with the medium, the medium containing the yeast
was pushed down toward lower magnetic fields. The medi-
um solution that primarily consisted of water showed a
“water-wall”, a declining boundary between the medium
and both air and the yeast sedimentation. The changes of the
density distribution of the yeast in the gradient magnetic

(a)

0 min

40 min

60 min

(b)

Water-air boundary

Gradient
magnetic

fields

Air

Yeast
suspension

Water )
(medium) B

Yeast-rich layer

Fig. 7. Effects of magnetic fields on sedimentation of yeast in a peptone—glucose medium solution. (a) Boundary profiles of medium (water) between air and
yeast sedimentation under magnetic fields of 5 to 6 T with a gradient of 50 T/m; (b) time course of the yeast sedimentation. 0 min: Homogeneously suspended
yeast suspension formed an inclined surface at the upper-right of the photo. 40 min: A boundary between the medium solution (A) and the yeast-rich layer (B)
appeared. 60-min: The yeast sedimentation exhibited a density gradient along the magnetic flux density gradients, which had a lower magnetic field at the left

side of the photos.
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fields are related to the volumetric magnetic susceptibility of
the yeast. The observed changes in the yeast distribution in a
gradient magnetic field resulted from differences between
the volumetric magnetic susceptibility of the medium (K,)
and the yeast (Kg). The difference in altitude (A%) between
the two points (x1, x2) of the boundary between the yeast
sedimentation and the medium is expressed by

A h=h(x2) — h(x1)
= (Ka — K3)(B(x2)" = B(x1)")/2(ps — pp)g. (1)

where B is magnetic flux density, g is gravitational constant,
and K4, K, pa, and pp are volumetric magnetic suscepti-
bilities and densities for medium (A) and for yeast sedi-
mentation (B) [10]. The declining boundaries also indicated
that the combined diamagnetic and gravitational force was
directed normal to the boundary surfaces and that the yeast
was exposed to the highest hydrostatic forces in the system.

Fig. 7(b) shows the time course of yeast sedimentation
during 1 h of gradient magnetic field exposure after placing
a homogeneously dispersed yeast suspension in a 15-ml
tube. The tube was set horizontally along both magnetic
field gradients and the axis of the bore of the superconduct-
ing magnet.

3.3. Gas pressure measurements

One pair of yeast suspensions in a flask was connected to
a differential manometer. The manometer monitored both
gas pressures inside the flask in the presence and absence of
magnetic fields (6 T, 60 T/m). At the beginning of culture at
30 °C, the gas pressures in the flask were balanced and the
differential manometer showed zero mm H,O. During the
first 10 h, the differential pressure gradually decreased,
being accompanied by an intermittent increase by 2 mm
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Fig. 8. Difference in gas pressures between yeast culture flask exposed and
not exposed to the magnetic field. A time course of differential pressure is
shown.
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Fig. 9. Optical absorbance of yeast suspensions, which were incubated for
16 h with and without centrifugation at 1000 rpm.

H,O (Fig. 8). After 1 day of culture, the differential pressure
reached — 20 mm H,O, where the gas pressure inside the
flask with the yeast suspension exposed to the magnetic
field was less than the pressure of the control.

3.4. Centrifugal force and oxygen supply condition

Fig. 9 shows the optical absorbance of the yeast suspen-
sions, which were incubated for 16 h with and without
centrifugation. No distinct difference was observed between
the two cases.

Fig. 10(a) shows the yeast proliferation monitored by the
optical density at wavelength 600 nm which was affected by
both the altitude of the culture medium solution and the size
of the bottom area. The tube (15-ml centrifugal tube), which
was set with its long axis parallel to the horizontal line, had
much greater yeast growth, compared to the tube standing
vertically.

In addition, Fig. 10(b) shows multiples of air supply
conditions and tube angles. Yeast proliferation in the capped
tube (closed tube) was compared with the tube with a para-
film covering (open tube), which has greater ventilation. In
the control experiments (right columns), the absorbance of
tube at 60° versus horizontal was lower than that of tube at
15°.

4. Discussion

The results, which were presented in Figs. 3—6, indi-
cated that the proliferation of the yeast in the gradient
magnetic fields of up to 14 T was slow. After half a day of
incubation, the optical density of the yeast suspension at
wavelength 600 nm was different between those exposed
and those not exposed to magnetic fields. The observed
deceleration of yeast growth by magnetic fields was
reproducible.
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Fig. 10. Effects of tube setting configurations on yeast proliferation. (a) Effects of tube setting directions. Compared to each other, horizontal tubes and vertical
tubes provided yeast with larger bottom areas and higher medium solutions, respectively. (b) Multiple air supply conditions and tube angles. Yeast proliferation
in the capped tube (closed tube) was compared with that in the tube with a film covering (open tube), which has a greater degree of ventilation.

A comparison of gas pressures above the yeast suspen-
sion (Fig. 8) indicated that the gas pressure of the yeast
culture atmosphere under magnetic fields was lower than
that outside the magnetic fields. The experiments suggest
the deceleration of CO, gas production from yeast by strong
magnetic fields on the order of 10 T.

We propose the following mechanisms as being responsible
for the deceleration of yeast proliferation by magnetic fields.

First, during yeast proliferation, the yeast consumed
dissolved oxygen molecules in the suspension and gener-
ated carbon dioxide gas. The concentrations of paramag-
netic oxygen molecules and diamagnetic carbon dioxide
molecules changed during the yeast proliferation. The

total magnetism of the yeast culture system changed
toward diamagnetism. It is considered that a concentration
gradient of oxygen molecules occurs in the solution
because the oxygen concentration beneath the air-solution
boundary is higher than in the bottom part. When the
gradient of magnetic susceptibility is in a vertical line, the
magnetic field gradient in the horizontal direction caused
a convectional flow (Fig. 11, mechanism-1). That induced
convectional flow increased the oxygen concentration
around the yeast, thereby enhancing the proliferation of
the yeast. However, the obtained results indicated that the
gradient magnetic fields decelerated the proliferation of
the yeast.
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Another speculation is that a multiplication of hydrostatic
forces and diamagnetic forces affected the proliferation of
the yeast.

The gradient in the yeast sedimentation, which is shown
in Fig. 7, suggests that the applied magnetic fields indirectly
provided a force with the yeast via diamagnetic water. At the
same time, the diamagnetic forces acted directly on the yeast
and the yeast possibly drifted in the direction of the
horizontal magnetic force.

A magnetic force acting on diamagnetic water molecules
is converted into a hydrostatic force. The parting of water by
magnetic fields changed the altitude of the water by 23 mm
at 8 T [11] and 60 mm at 14 T, increasing the hydrostatic
forces in the water. Due to the additional hydrostatic forces,
the water pressure increased (Ap=0.03 to 0.1 N/ecm?). In
addition, the yeast conversion of paramagnetic oxygen to
diamagnetic carbon dioxide gases decreased the paramag-
netic forces of the oxygen, which directed toward higher
magnetic fields (Fig. 11).

Fermentation by exponentially proliferating yeast gener-
ated the high pressure of the CO, gas, and the diamagnetic
force acting on the condensed CO, gas multiplied the
hydrostatic forces on the yeast sedimentation, as is shown
in Fig. 11(c) (mechanism-2).

This speculation gave us the idea that the second
possible mechanism for the observed delay in the prolif-
eration of the yeast was due to magneto-hydrostatic forces
of the diamagnetic molecules. An experiment with centri-
fugation in the absence of magnetic fields was conducted
to check this second hypothesis. However, the results (Fig.
9) indicated that centrifugal forces of 1000 rpm had no
effect on the proliferation of the yeast. The hydrostatic
pressure of the centrifugation was estimated to be 3.7 N/
cm? at the bottom of centrifugal tube. No distinct effect of
centrifugal force was observed although the generated
centrifugal forces were 30 to 100 times greater than the
hydrostatic force.

The two mechanisms mentioned above did not support
the effects of magnetic fields (~ 14 T) on the proliferation
of yeast, which was suggested by an optical analysis in the
study. We propose a third possible mechanism that depends

Fig. 11. Model and possible mechanisms for magnetic field effects on a
yeast culture system. (a) Paramagnetic force acting on paramagnetic oxygen
molecules directs toward the higher magnetic field, while diamagnetic
forces acting on water, carbon dioxide, and yeast directs toward the lower
magnetic fields (left side of figure). (b) Mechanism-1: The vertical gradient
of magnetic susceptibility and the horizontal magnetic field gradient
possibly enhance a convectional flow in the medium solution. (c)
Mechanism-2: The diamagnetic forces and gravity force produce a
diamagnetic—hydrostatic force. Fermentation by exponentially proliferating
yeast decreases the oxygen concentration and increases the pressure of CO,
gas, modulating the hydrostatic forces on yeast sedimentation. (d)
Mechanism-3: Gradient magnetic force acting on the O,—CO,—H,O
system with a concentration inhomogeneity disturbs gas-transport processes
such as oxygen gas supply (from the right side to left sided of the yeast
sedimentation in the bottom row) and CO, gas dispersion.
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on the behavior of paramagnetic oxygen molecules under a
spatial gradient magnetic field (Fig. 11, mechanism-3), and
that is based on the same principle as the previously
proposed magnetically induced convection. The present
mechanism concerns the effect of gradient magnetic fields
on dynamic behaviors, particularly the transport of gaseous
materials [12—15]. Paramagnetic materials, such as oxygen
molecules, and diamagnetic molecules, such as CO,, receive
a magnetic force directing toward higher and lower mag-
netic fields, respectively. The gas-transport processes of O,
and CO, are affected by gradient magnetic forces, and the
oxygen supply for yeast differs from the oxygen supply
outside the magnetic fields.

The gradient magnetic force acts on oxygen molecules
[12—14]. However, the gradient magnetic fields of a super-
conducting magnet on the order of 10 T have negligible
effects on O, distribution in the equilibrium of dissolved
oxygen concentration under the air with a constant partial
pressure of oxygen gas [13,14].

In the experiments shown in Fig. 10(a), the solution in
the parallel tube had a larger space than it did in the standing
tube for yeast sedimentation, and the sedimenting yeast was
closer to the air. The larger bottom area provided a lower
yeast density at the bottom and enhanced both the diffusion
of the metabolite and O,—CO, gas exchange around the
yeast. The altitude of the medium solution may have had an
effect on the O,—CO, gas exchange.

In the study testing the effect of oxygen permeability
(Fig. 10(b)), the open tube provided an enhancement in
yeast proliferation compared to the closed tube, because the
O, gas was continuously supplied from outside the tube.
Both the magnetic field exposures at 8—14 T and the
standing culture tubes had a similar effect—cell growth
deceleration—for the yeast culture in the centrifugal tubes.
In the closed tube at 8 T, the absorbance of the suspension
increased compared to that of the open tube. This was
probably caused by an enhancement of convection and
subsequent oxygen enrichment in the suspension, as shown
in Fig. 11, mechanism-1.

The results in Fig. 10 suggest that the strong association
of magnetic field exposures with the conditions of both the
oxygen supply and the yeast suspension container. It was
speculated that the yeast in the horizontal tubes had a much
greater supply of oxygen, and thus proliferated faster.

In the centrifugal experiments, shown in Fig. 10, the
centrifugal tube with 2 ml of solution was nearly filled to
100%. The solution had no contact with the air and, as a
result, the oxygen supply had little effect. In addition, it is
expected that both parameters, depth of medium solution
and distribution of sediment, have no distinct effect on the
oxygen gas transfer process when the container has no
supply of additional air.

The most appropriate mechanism for the deceleration of
yeast proliferation by magnetic fields is summarized as
follows. The yeast was localized in the lower magnetic fields,
as shown in Fig. 7, where diamagnetic gases such as carbon

dioxide gathered, and the gradient magnetic force acting on
the O,—CO,—H,0 system with a concentration inhomoge-
neity disturbed the transport of paramagnetic oxygen gases
from higher magnetic fields to lower magnetic fields.

Recently, we reported on the effect of static magnetic
fields of up to 14 T on gene expressions in yeast. A
respiratory gene was up-regulated under exposure to mag-
netic fields of 14 T while no effect was observed under
fields of 5 T [16].

Future studies are needed in order to clarify the relation-
ships between the effects of magnetic fields on the prolif-
eration of yeast and on the respiratory response of yeast to
magnetically modulated O, and CO, gas pressures.

In conclusion, yeast in a liquid—gas mixture system
under gradient magnetic fields (14 T) exhibited decelerated
growth. The spatial gradient magnetic fields whose mag-
netic flux densities B were 5—14 T with a maximum
gradient of 94 T/m, provided magnetic forces on paramag-
netic oxygen gas and on diamagnetic materials (carbon
dioxide, water, etc.) and affect the spatial distribution and/
or transfer processes of elements. In this report, a decrease
in oxygen supply was probably responsible for the observed
deceleration in yeast growth.

We expect that the mechanism, modulation of oxygen
supply by a gradient magnetic field, can also provide
condition where the oxygen supply for yeast is accelerated.
The condition requires that the yeast be located in points of
maximum magnetic flux density. For example, a culture
medium solution whose columetric diamagnetic susceptibil-
ity is larger than yeast will exhibit this condition.
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Abstract

The electrode reaction of glutathione (GSH) at the hanging mercury drop electrode is studied by means of square-wave voltammetry
(SWV). At potentials more positive than — 0.350 V (vs. Ag/AgClI (3 mol/l KCl)) the oxidation of the mercury electrode in the presence of
GSH leads to creation of a sparingly soluble mercury—GSH complex that deposits onto the electrode surface. Under cathodic potential scan,
the deposited complex acts as a reducible reactant, giving raise to a well-defined cathodic stripping reversible SW voltammetric response.
The electrode reaction can be described by the scheme: Hg(SG)z(s)-s-e’+2Hfaq)=Hg(1)+2GSH(aq). Thus, the electrode reaction provides
information on both thermodynamics and kinetics of the chemical interactions of GSH with mercury. An experimental methodology for
measuring the kinetics of the electrode reactions, based on the property known as “quasireversible maximum”, is developed. The standard
redox rate constant is 5.09, 5.75 and 5.22 cm s~ ' in a phosphate buffer at pH 5.6, 7.0 and 8.5, respectively, with a precision of + 10%. The
high rate of the electrode reaction reflects the strong affinity of GSH towards chemical interaction with mercury. The electrode reaction is
particularly sensitive to the presence of heavy metal ions such as Cu®*, Cd**, and Zn®" The rate of the electrode reaction decreases

significantly in the presence of these ions due to simultaneous interactions of GSH with the respective ion and mercury.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Glutathione; Square-wave voltammetry; Redox kinetics; Quasireversible maximum

1. Introduction

Three peptide glutathione (GSH) is of particular impor-
tance for all mammalian cells performing a variety of
physiological and metabolic functions, including the detox-
ification of free radicals, metals, and other electrofilic
compounds [1]. One important detoxification mechanism
involves the binding of GSH to electrophilic chemicals
through SH group to form S-conjugates that are exported
out of the cell. It is well established that GSH binds
endogeneous metal ions, such as copper, selenium, chromi-
um, and zinc, via nonenzymatic reactions. The binding of
GSH to these metal ions serves important roles: (i) it serves
to limit and regulate the reactivity of metal ions, (ii) it
facilitates their membrane transport and elimination from

* Corresponding author.
E-mail address: valentin@iunona.pmf.ukim.edu.mk (V. Mirceski).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.05.007

the cell and organism; and (iii) in some cases, it leads to the
formation of essential biological mediators.

Voltammetric techniques lend themselves as a powerful
tool to study the interactions between metal ions and divers
ligands, including simple monomeric or macromolecular
ligands [2—7]. Particularly appealing are the electrode
reactions of thiol-containing compounds, such as GSH, at
the mercury electrode [§—11]. Over the last several decades
significant scientific efforts have been paid on understand-
ing the electrode mechanisms of these compounds at the
mercury electrode. It is already well established that the
electrochemical activity of the thiol-containing compounds
at the mercury electrode are mainly due to chemical inter-
actions of the thiol with the electrode material, rather than
the redox transformation of the thiol itself. Indeed, the thiol
group has a strong chemical activity towards heavy metal
ions resulting in creation of sparingly soluble complexes
that are deposited onto the electrode surface. Using a single
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mercury drop as a working electrode, the insoluble complex
is formed under anodic polarization of the electrode in the
presence of the reactive thiol. Afterwards, the insoluble
complex plays a role of an electroactive reducible reactant.
Applying a cathodic potential scan, the complex can be
reduced resulting in a stripping off the reactive thiol from
the electrode surface. The electrode reaction can be thus
described by the scheme:

Hg, Lo + 267 + 2H ) = aHg() + 2HL 5 (I)
where a equals either 1 or 2. The redox active centre in the
deposited complex is the mercury ion, whereas the thiol
containing compound L plays a role of a complexing ligand
only. The properties of this specific electrode reaction are of
particular importance since they provide information on
both thermodynamics and kinetics of the chemical interac-
tions of the reactive thiol containing ligand L with heavy
metal such as mercury.

In a series of previous publications, a theoretical basis
has been provided for studying the electrode reactions of the
type (I) by means of square-wave voltammetry (SWV) [12—
15]. The latter technique is one of the most advanced
voltammetric techniques unifying the advantages of cyclic
voltammetry and pulse voltammetric techniques [16]. In
particular, it is a powerful tool for measuring the redox
kinetics of electrode reactions of an immobilized reactant,
such as reaction (I).

In the present paper, an experimental methodology for
redox kinetic measurements of the reaction (I) is presented.
GSH is chosen as a reacting ligand due to its remarkable
physiological significance. The experimental methodology
is based on the property known as “quasireversible maxi-
mum” for which the theoretical basis has been established
in the recent studies [14,17—20]. In addition, the redox
kinetics of the reaction (I) is measured in the presence of
Cu’*, Cd**, and Zn>" ions. It is demonstrated that the
kinetics of the reaction (I) is dramatically sensitive to the
presence of these ions, revealing that the reaction can serve
as a sensitive indicator for the simultaneous interactions of
GSH with mercury and other heavy metal ions.

2. Experimental

All used chemicals where of analytical reagent grade.
GSH is a product of Sigma, whereas all the other chemicals
were purchased from “Merck”. Doubly distilled water was
used in all experiments. The stock solution of GSH was
prepared by dissolving in a doubly distilled water. Phos-
phate buffers (0.10 mol/l), prepared from K3PO,4 and KOH,
were used as supporting electrolytes.

Pure nitrogen was used for purging the electrolyte
solutions for 8 min prior to each measurement. A nitrogen
blanket, over the electrolyte solution, was maintained
thereafter.

All voltammograms were recorded using pAutolab mul-
timode potentiostat/galvanostat (ECO Chemie, Utrecht,
Netherlands), which was connected to the static mercury
drop electrode (SMDE), Model 663 VA, Metrohm (Switzer-
land). A platinum wire was used as an auxiliary electrode
and Ag|AgCl|3 mol/l KClI as the reference electrode.

3. Results and discussion

3.1. General voltammetric properties of GSH at the hanging
mercury drop electrode

A typical SW voltammetric response of GSH at a
mercury electrode, recorded in a phosphate buffer at pH 7,
is represented in Fig. 1. The response consists of a forward
(reduction, curve 1 in Fig. 1) and a backward (oxidation,
curve 2 in Fig. 1) component, indicating that electrode
reaction is chemically reversible. The peak potentials of
the reduction and oxidation components are — 0.441 and
—0.455 V, respectively. Interestingly, the reduction compo-
nent is located at more positive potential than the oxidation
one, which is opposite to the voltammetric behavior of a
common dissolved redox couple. The relative position of
the reduction and oxidation components of the SW voltam-
mogram of GSH is typical for a cathodic stripping electrode
reaction of a completely immobilized reactant [13—15]. The
ratio of the reduction and oxidation peak currents is 1,/
I,,=0.625. The net SW component (curve 3 in Fig. 1),
calculated as a difference between the cathodic and anodic
currents, provides information on both reduction and oxi-
dation half electrode reactions. As can be seen, the net SW
component is a single well developed bell-shaped curve
with a peak potential of £, = — 0.439 and half-peak width of
AE,;=0.118.
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Fig. 1. SW voltammogram of 5 x 10~ ® mol/l GSH solution recorded in 0.1
mol/l phosphate buffer at pH 7. The components of the SW response are:
forward (reduction) (1); backward (oxidation) (2); and net (3) current. The
other experimental conditions were: SW frequency f=150 Hz, SW
amplitude E,, =50 mV, step potential d£=0.45 mV, accumulation potential
E,..=— 0.2V, and accumulation time f,..= 15 s.
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As previously mentioned, the electrochemical activity of
GSH at the mercury electrode is a consequence of its
strong chemical affinity towards the electrode material,
rather than due to redox transformation of GSH itself. In
the course of the accumulation period, a complex is
created between GSH and mercury ions. The mercury
electrode serves as virtually inexhaustible source of mer-
cury ions through the following equilibria: HgySHgqg
+2e, and 2Hg ) SHegyqg *+2e. In the absence of com-
pounds capable to react chemically with mercuric ions, the
position of the latter redox equilibria is predominantly
fixed by the applied potential at the mercury electrode.
However, in the presence of GSH, mercury ions are
bounded through the thiol group to form a sparingly
soluble complex. The formed compound deposits onto
the electrode surface due to its low solubility. As assumed
by Heyrovsky et al. [9], the most hydrophobic part of the
complex is the mercury atom. Thus the complex is
adsorbed predominantly through the mercury atom on the
mercury electrode. Once the complex is adsorbed, the
mercury atom incorporates into the bulk structure of the
mercury electrode. Therefore, after the deposition step, the
mercury electrode surface is covered by a film of GSH
molecules (or more precise GS-ions) chemically bounded
to the mercury, via the sulfur atom.

In the course of the stripping step, the deposited complex
at the electrode surface plays a role of an electrochemically
reducible reactant. Thus, the forward (reduction) component
of the SW response reflects the reduction of the GS—Hg
complex, resulting in stripping off the GS™ ions from the
electrode surface. Accordingly, the backward (oxidation)
component of the SW response reflects the creation of the
GS—Hg complex, which involves an oxidation of the
mercury electrode to mercury ions and bonding the ions
to the GSH molecules. Thus, the overall electrode mecha-
nism can be described by the following scheme:

Hg(SG)y ) +2e™ + 2H(,, SHe () + 2GSHy) (I1)
Note that an analogous reaction scheme could be written
considering the complex of the type Hg,(GS),. However, by
analogy with cysteine [9], we assume that if ever the
complex of the type Hg,(GS), was formed during the
deposition step, it transforms simultaneously into the more
stable form Hg(GS),.

It has to be emphasized that electrode mechanisms of
the type (II) are frequently accompanied by adsorption of
the thiol, i.e. GSH, at potential more negative than the
formal potential of the reaction (II). It means, after
stripping off the deposited complex, the reacting ligand
remains adsorbed on the electrode surface. The theory for
cathodic stripping electrode reaction accompanied by the
adsorption of the reacting ligand has been recently devel-
oped under conditions of SWYV, and simple diagnostic
criteria for recognition of the ligand adsorption have been
established [13].

By analogy with cysteine that adsorbs significantly on
the mercury electrode [9], one can expect a similar effect
in the cathodic stripping electrode mechanism of GSH.
Nevertheless, in the current study it seems that the
adsorption of GSH does not play a significant role under
the selected experimental conditions. This assumption has
been supported by voltammetric experiments in which
GSH was accumulated at potential of E,..=—0.750 V
and the SW voltammograms have been recorded in anodic
direction. In a phosphate buffer at pH=5.6 and GSH
concentration of 1x10~° mol/l, the accumulation of
GSH from 0 to 45 s resulted in a constant net peak
current of /,=9£1.05 nA, and peak potential of
E,=—0.412+0.003 V.

Furthermore, a careful comparison of the shape of the
experimental voltammograms of GSH with the theoretical-
ly calculated voltammograms for the simple cathodic
stripping mechanism [14] and the adsorption coupled
cathodic stripping mechanism [13], does not indicate
significant adsorption of GSH. The overall properties of
the experimental response fit better with the theoretical
response of the simple cathodic stripping reaction [14]. It
is finally worth noting that the SW voltammetric response
of the adsorption coupled cathodic stripping reaction [13]
is attributed with a unique feature under the large ampli-
tude of the potential modulation, i.e. the splitting of the net
SW peak. The splitting, as an intrinsic feature of the latter
mechanism, serves as a qualitative diagnostic criterion for
recognition of the mechanism type as well as for redox
kinetic measurements [15,21]. However, in the case of
GSH, the variation of the amplitude over the wide interval
from 2 to 100 mV, for a series of constant frequencies, did
not result in splitting of the net SW peak, indicating the
absence of significant adsorption of GSH. Accordingly, for
the purpose of this study, the electrode reaction of GSH
will be treated as a simple cathodic stripping mechanism of
the type (ID).

A thermodynamic treatment of the electrode reaction
(II) leads to the following formal potential of the redox
system:

b op RT RT
EY —E —2303°"pH — 2.303 —1 1
303—-p 303 log(aasn) (1)

where EY and E° are the formal and standard potential of
the system, respectively, agsy is the activity of GSH, R is
the gas constant, F' is the Faraday constant, and T is the
thermodynamic temperature. For a reversible electrode
reaction, the peak potential of the net SW response is
equivalent to the formal potential of the redox system. In
the present case, the net peak potential depends linearly on
pH of the phosphate buffers with a slope of (AE,/
ApH)=—54.8 mV, which is close to —59 mV, predicted
by Eq. (1). Moreover, the net SW peak potential is also a
linear function of the logarithm of the GSH concentration
with a slope of AE,/Alog(cgsy)=—24.5 mV, which is
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close to the theoretical value of 29 mV, supporting strongly
the proposed electrode mechanism (II).

As the electrode mechanism involves formation of a
sparingly soluble complex deposited on the electrode
surface, the accumulation time plays a significant role in
the overall electrode reaction. The typical effect observed
at prolonged accumulation time is represented in Fig. 2.
For GSH concentration of 5x 10~ % mol/l, the net SW
peak current is proportional to the accumulation time over
the interval f,.. <5 s, whereas the peak potential and half-
peak width are virtually independent on the accumulation
(see peak I in Fig. 2). Within this accumulation interval,
the increase of the net SW peak is proportional to the
enhancement of the surface concentration of the first
monomolecular deposited layer. However, for f,..> 5 s,
the half-peak width begins to increase, and for #,.. =10 s,
a new SW peak emerges at more positive potential (see
peak II in Fig. 2). The further increasing of the accumu-
lation time causes the new peak II to increase, whereas the
first peak I remains at a constant height. In addition, it was
found that the critical value of the accumulation time,
above which the splitting of the response appears, depends
on the GSH concentration. The higher the GSH concen-
tration, the shorter is the critical accumulation time causing
the splitting. Furthermore, the maximal height of the first
peak I is solely determined by the electrode surface area of
the hanging mercury drop electrode. On the base of these
results we assume that the first peak I is ascribed to the
stripping off the first deposited layer at the electrode
surface. Its height is determined by the surface concentra-
tion, whilst its maximal height corresponds to the complete
saturation of the electrode surface by a monolayer film.
The second peak II, positioned at more positive potential,
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Fig. 2. The effect of the accumulation time on the net SW response of GSH
recorded in a phosphate buffer at pH 5.6. The accumulation time increases
in the direction of the arrow from 0, 2, 4, 6, 8, to 10 s. The frequency of the
potential modulation was /=100 Hz. The other conditions were same as in
the caption of Fig. 1.

is not limited by the electrode surface area, thus it is
ascribed to the reduction of the subsequent higher depos-
ited layers of the insoluble complex. The first deposited
layer is firmly bounded to the electrode surface and its
electrochemical stripping requires higher energy than the
stripping of the higher layers. For these reasons the peak
potential of the first peak is more negative than the second
one. A similar effect of the deposition time was observed
in the electrode reactions of 1-isobutyl-tetrazole-5-thiole
[10] and 1-benzyl-tetrazole-5-thiole [11].

3.2. Redox kinetic measurements

We have recently demonstrated that SWV is particularly
convenient and powerful technique for redox kinetic meas-
urements of electrode reactions of the general type (I)
[14,15]. The methodology for estimation of the standard
redox rate constant of electrode reaction (I) is based on the
property known as ‘“‘quasireversible maximum” [12,14,
15,21]. According to the theory [14], the apparent revers-
ibility of the electrode reaction (I) is determined by the
single complex kinetic parameter defined as

o — ksD’1/4f’3/4r;1/2 )

where ks (cm s~ ') is the standard redox rate constant of
the reaction (II), D (cm? s~ ') is the diffusion coefficient of
the reacting ligand (here it is GSH), f (s~ ') is the
frequency, and =1 cm is an auxiliary constant. The
dimensionless kinetic parameter x, controlling the revers-
ibility of the electrode reaction, unifies all relevant phe-
nomena affecting the electrode reaction, such as diffusion
mass transport, kinetics of the electron transfer, and the
time window of the voltammetric experiment. The ratio of
the net peak current and the frequency of the potential
modulation, /,/f, depends non-linearly on the kinetic pa-
rameter x, forming a well-developed maximum within the
quasireversible kinetic region [14—21]. Hence, this type of
the dependency, typical for electrode reactions of an
immobilized reactant, is called “‘quasireversible maxi-
mum”. The position of the quasireversible maximum is
associated with a strictly defined critical value of the
kinetic parameter k.. The critical kinetic parameter is a
function of the SW amplitude and the electron transfer
coefficient of the electrode reaction. For the electron
transfer coefficient «=0.5 and the SW amplitude of
Eqw=50 mV, the critical parameter is K. =0.47. Thus,
if Kmax 18 theoretically calculated, the frequency associated
with the quasireversible maximum, f..x, experimentally
measured, the standard redox rate constant can be calcu-
lated through the simple formula:
ks = K DV (3)
In the experimental study, one analyze the net SW peak
current as a function of the frequency over the wide
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Fig. 3. Quasireversible maxima of GSH recorded in a phosphate buffer at
pH 5.6 (1); 7(2) and 8.5 (3). The other conditions were same as in the
caption of Fig. 1.

frequency interval, i.e. 8 <f/Hz<2000. Plotting the ratio Z,/f
as a function of f; one obtains a parabola-like dependence.
Note that the variation of the frequency in the experiment
corresponds to the variation of the kinetic parameter « in the
theoretical study. The position of the experimentally con-
structed quasireversible maximum reveals the critical fre-
quency fmax that is used for estimation of the standard redox
rate constant with the aid of Eq. (3).

Fig. 3 depicts the quasireversible maxima of GSH
measured in a phosphate buffer at three pH values. The
pH values are close to that encountered in physiological
fluids. Table 1 summarized the critical frequencies together
with the estimated standard redox rate constants. For these
calculations, the diffusion coefficient of GSH and the
electron transfer coefficient of the electrode reaction were
assumed to be D=5x10"%cm® s~ 1, and o=0.5, respec-
tively. As pointed out in Ref. [14], the accuracy of the
estimated values is + 10%. The high values of & reflect the
high chemical affinity of GSH towards formation of com-
pounds with heavy metal ions such as the mercury ions.

The quasireversible maxima have been measured at
different accumulation times and different concentrations
of GSH. For concentration of ¢(GSH)<5 x 10~ ¢ mol/l and

the accumulation time of #,.. <15 s, the position of the
quasireversible maximum is virtually identical. It points
out that under these conditions the electrode reaction
proceeds without significant interactions between the de-
posited species, which is the main prerequisite for correct
estimation of the standard redox rate constant utilizing the
quasireversible maximum [14].

3.3. Redox kinetic measurements in the presence of Cu’",
Cd**, and Zn*" ions

In order to study the interactions of GSH with Cu? *, Cd**
and Zn®" ions, one can either inspect the voltammetric
response of these ions at different concentrations of GSH,
or alternatively, one can inspect the influence of these ions on
the cathodic stripping response of GSH. The former meth-
odology is virtually inapplicable for Cu®* since its voltam-
metric response is strongly overlapped by the mercury
oxidation current in the presence of GSH. In addition, for
both Cd® " and Zn> ", the voltammetric response is apprecia-
bly complex in the presence of GSH [2—7] and hence
deriving unambiguous conclusions on the type and stability
of the formed complexes is very difficult. This is particularly
true for a medium at physiological pH values (7 <pH <8) due
to the formation of interfering hydroxo complexes.

Cathodic stripping voltammetry appears to be an alter-
native approach to cope with all drawbacks previously
mentioned. Similar to the methodology of self-assembled
monolayer on a gold electrode, in cathodic stripping vol-
tammetry the thiol molecules bounded via the sulfur atom
are well organized on the mercury electrode surface. Al-
though the thiol group is already engaged in the interaction
with the electrode, the rest of the molecule remains free for
additional covalent, or even electrostatic interactions with
other ions present in the electrolyte solution. Furthermore,
once the thiol is stripped off from the electrode surface under
cathodic potential pulses, the kinetics of the reestablishing of
the film under anodic potential pulses will be affected by the
presence of other heavy metal ions that exhibit affinity
towards engaging the thiol group in complexes formation.
Accordingly, it is reasonable to expect that the kinetics of the
overall electrode reaction (II) will be sensitive to the
presence of heavy metal ions affecting either the morphol-
ogy of the film or kinetics of its formation, or both.

Fig. 4 shows the influence of Cu®" ions on the shape of
the SW voltammetric response of GSH. It is evident that both

Table 1
Quasireversible maxima of GSH measured in a phosphate buffer at different pH
pH GSH cu?” cd** Zn*"

Jnax/S~ ! kJem s ! Jrnax/S™ ! kJ/em s~ Jinax/S™ ! kyfem s ! Jnax/S~ ! kJem s !
5.6 1400 5.09 350 1.80 800 3.34 <8 <0.11
7 1650 5.75 200 1.18 850 3.5 <8 <0.11
8.5 1450 5.22 <8 <0.11 1100 4.24 <8 <0.11

The parameters of the excitation potential modulation were: SW amplitude Eg,, =50 mV and step potential d£=0.45 mV. The concentration of GSH, as well as

the concentration of metal ions, was 5 x 10~ ¢ mol/l.
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Fig. 4. SW voltammograms of 5% 10~ ¢ mol/l GSH solution (A) and
5%107% mol/l GSH+4x 10~ ® mol/l Cu>" ions (B) recorded in a
phosphate buffer at pH 5.6. The numbers (1), (2), and (3) refer to the
forward, backward, and net SW components, respectively. The other
conditions were same as in the caption of Fig. 1.

forward and backward components become sharper in the
presence of copper, whereas their peak potential separation
decreases by increasing the content of copper. Being
shifted towards more negative potentials, the net SW peak
enhances in proportion to copper concentration. The shift
of the net SW peak potential with the logarithm of the

copper concentrations is linear (R*=0.9975) with a slope
of AE,/Alog(ccy2+)=—40 mV. At the same time, the half-
peak width decreases by increasing copper content.

Obviously, the electrode reaction (II) is significantly
modified in the presence of copper. The morphology of
the monomolecular deposited film becomes more uniform,
resulting in a sharper forward (reduction) component in the
presence of copper ions. The sharpness of the backward
(oxidation) component is even more evident. Its shape
implies that GS™ ions (or, after protonation, GSH mole-
cules) remain immobilized on the electrode surface soon
after the reduction of the Hg(GS), complex due to addi-
tional interactions with copper ions. All these results indi-
cate strongly that copper creates a stable hydrophobic
complex with GSH that adsorbs to the electrode surface.
Nevertheless, the creation of copper complex does not
prevent the creation of the mercury complex. On contrary,
it seems that a synergetic effect occurs, i.e. copper complex
serves as an additional source for GSH molecules that react
chemically with the electrode surface. This phenomenon
could be possible only by assuming that the thiol group,
which plays a crucial role in the chemical interactions
between GSH and mercury, is still free, i.e. it is not engaged
in coordination of copper ion. This assumption is in accor-
dance with the pronounced affinity of copper towards
nitrogen as a coordinating atom. Thus, on the electrode
surface, the film of GSH molecules is stabilized by lateral
interactions (coordinations) with the copper ions.

The behavior of the present electrochemical system is in
a fairly good correlation with the physiological role of GSH
in the copper metabolism. Namely, it has been assumed that
copper is complexed by GSH soon after entering the living
cell [22]. The complexed metal is than transferred to metal-
lothionien where it is stored. The question is however what
is the driving force transferring the copper complex to the
metallothionien. In our voltammetric experiment an analo-
gous effect was observed. It is the hydrophobicity of the
copper complex that forces it towards the hydrophobic
medium, i.e. the electrode, where the complex adsorbs.
Thus copper ions serve as an additional supplier of the
electrode surface with GSH molecules that are still capable
to react with the electrode surface. For the same reasons, the
copper complex in the living cell is forced towards the
hydrophobic medium, i.e. metallothioniens.

The quasireversible maxima of GSH measured in the
presence of copper were associated with the following
critical frequencies: 350, 200, and <8 Hz, for pH=5.6,
7.0, and 8.5, respectively (see Table 1). Thus, the estimated
standard redox rate constants of the electrode reaction (1) in
the presence of copper are 1.80, 1.18, and <0.11 cm s~ ',
for pH=5.6, 7.0, and 8.5, respectively. The decreased rate
of the reaction (II) reflects the simultaneous interaction of
GSH molecules with mercury and copper ions. The rate of
the electrode reaction decreases by increasing pH. In a basic
medium, the dissociation of the carboxylic group and
deprotonation of the amino groups of GSH occur, enabling
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stronger coordination with copper ions that causes a de-
crease of the electrode reaction rate.

In the presence of Cd*" ions, the shape of the forward
and backward components of the SW response is slightly
modified (see Fig. 5). The morphology of the deposited
film is not changed appreciably. Contrary to the copper
ions, the film is not stabilized by simultaneous interactions
with the mercury electrode and cadmium ions. It is
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Fig. 5. SW voltammograms of 5% 10~ ¢ mol/l GSH solution (A) and
5% 107° mol/l GSH+5x10"°% mol/l Cd*" ions (B) recorded in a
phosphate buffer at pH 5.6. The numbers (1), (2), and (3) refer to the
forward, backward, and net SW components, respectively. The frequency of
the potential modulation was /=100 Hz. The other conditions were same as
in the caption of Fig. 1.
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Fig. 6. The effect of Zn>" ions on the net SW response of GSH recorded in
a phosphate buffer at pH 8.5. The concentration of GSH was 5x 10~ °
mol/l GSH. The concentration of Zn* " ions increases in the direction of
the arrow from 0; 1 X 107 % 3 x 10~ ° to 5 x 10~ ® mol/l. The voltammo-
grams were recorded without accumulation time. The other conditions
were same as in the caption of Fig. 1.

however evident that the backward component decreases
(see Fig. 5), indicating a competition between the mercury
and cadmium ions towards creation of complexes through
the same atomic group, i.e. the thiol group. Bonding the
thiol group, cadmium ions prevent the formation of the
mercury complex and hinder the rate of the electrode
reaction. The redox kinetic measurements of the GSH in
the presence of Cd®>" clearly support these assumptions
showing that the reversibility of the electrode reaction is
significantly decreased (see Table 1).

The influence of Zn>" ions is completely different than
those of Cu” “ and Cd* " ions. The shape of all components is
unaffected by Zn> " ions, as well as the net SW peak potential
remains the same. Only the net SW peak current decreases in
proportion to the concentration of Zn> ", over the concentra-
tion interval 1 X 10~ ®<¢(Zn® ")/mol/I<5 x 10~ ® (see Fig.
6). The overall effect of Zn” * is equivalent to the decreasing
of GSH concentration in the electrolyte solution. Although
the shape of the voltammetric response does not indicate
simultaneous interactions of GSH with the mercury electrode
and zinc ions, the redox kinetic measurements revealed a
dramatic decrease of the rate of the electrode reaction in all
three buffer solutions (see Table 1).

This effect could be rationalized by assuming a creation
of a zinc complex with GSH in which the thiol group is
occupied in the coordination of zinc ion. It has been
recently proposed that Zn®>" ions create a complex with
GSH with a stoichiometry 2:2. Diaz-Cruz et al. [2,3]
assumed that the zinc complex is a binuclear cluster linked
by bridging cysteine thiolate ligands, in which the two
Zn*>" jons are tetrahedrally coordinated by two a-amino
groups and the two glycil carboxylic acids. Therefore, the
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decreased rate of the cathodic stripping reaction of GSH in
the presence of Zn>* ions is most probably a consequence
of the slow dissociation rate of the stable Zn—GSH
complex.
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Abstract

Electrochemical cleavage of DNA in the presence of copper—sulfosalicylic acid [Cu(ssal)3'] complex was studied. The cleavage was
observed in a certain potential region where redox cycling of Cu(ssal)3"/Cu(ssal); took place. Cu(ssal)3” complex mediate generation of
reactive oxygen species from O, by the Fenton reaction, these radicals are capable of damaging DNA. The cleaved DNA fragments were
separated by high-performance liquid chromatography (HPLC). The experimental results indicated that the method for electrochemical

cleavage of DNA by Cu(ssal)s™ complex was simple and efficient.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

DNA cleavage induced by oxygen radicals has been
implicated to be important in ageing, mutagenesis and
carcinogenesis [1—4]. Some metal ions and complexes can
undergo one-electron redox reactions (such as copper, iron
or manganese) producing reactive oxygen species, the
latter then damage DNA, frequently yielding strand breaks
[5]. Copper is recognized as an essential metal element
widely distributed in the biological system such as cells
and body. It is a bioessential element with relevant
oxidation states +1 and +2. Coordination compounds of
copper have been extensively used in metal-mediated DNA
cleavage [6—11].

There are several strategies to induce redox reaction of
copper ion. Copper ion can be reduced in the presence of
reducing agents such as thiols, ascorbate, NADH or phenol
compounds, the reduced copper ion react with hydrogen
peroxide producing hydroxyl radicals in a one-electron
redox reaction. These hydroxyl radicals attack the DNA
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double strands to cause strands cleavage. However, extra
reductant and H,O, are required in the reaction system. It
caused that the conditions of DNA cleavage reaction were
obviously different from physiological conditions. Since
copper ion can react with oxygen producing reactive
oxygen in redox reactions, using electrochemical methods
to cleave DNA has reached much attention. Fojta et al.
[12] studied DNA cleavage by reactive oxygen species
generated via a modulated electrochemically reaction of
copper ions on a hanging mercury drop electrode in the
presence of hydrogen peroxide and/or oxygen. According
to height of DNA peak 3 (E£,=—1.43 V) increasing, the
cleavage of DNA was ascertained. Labuda et al. [13]
studied DNA cleavage using a DNA modified glassy
carbon electrode in the presence of a copper-1,10-
phenanthroline complex by examining oxidative current
of base, the break of DNA strands was observed.
Rodriguez et al. [14] studied nicking of supercoiled (sc)
DNA by oxygen reduction at electrode in the presence of
transition metals, observing potential-modulated DNA
cleavage during electrolysis of aerobic DNA solution. In
these studies, all the reduced metal ions or complexes
reacted with oxygen in solution and active oxygen species
were certainly generated bring about the DNA strand break
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and its system of DNA cleavage reaction is simple and the
oxidation state of the redox-active species at electrode
surface can be modulated.

Here, we chose electrochemical method to induce DNA
cleavage in presence of Cu(ssal);" complex. The influence
of several experimental conditions including electrode
potential, electrolysis time and the concentration of Cu(s-
sal)3" complex on DNA cleavage was studied in detail. The
experimental results revealed that the proposed method for
cleaving DNA is highly efficient.

2. Experimental section
2.1. Apparatus and regents

CHI660A electrochemical analyzer (Shanghai Chenhua
Apparatus, China) and Model 363 potentiostat/galvanostat
(EG&G Pinceton Applied Research) were applied. L-7100
high performance liquid chromatography (Hitachi High
Technologies, Tokyo, Japan) equipped with L-7420 UV-
Vis spectrophotometric detector. The Shim-pack Diol-300
chromatographic column (7.9 mm(jx25 cm) packed with
5-um porous silica microsphere (pore diameter 300 A),
which have a diol-bonded phase, was employed to separate
the cleaved DNA fragments. Calf thymus DNA (CT-DNA)
was purchased from Sigma and used without further
purification. Tris (hydroxymethyl-aminothane) was pur-
chased from Acros. Sulfosalicylic acid and cupric chloride
were of analytical reagent grade purity. The double-distilled
deionized water was used throughout. The experiments were
carried out at room temperature.

2.2. Methods

DNA stock solution was prepared in double-distilled
deionized water and was stored at 4 °C and used not more
than 5 days. Monitoring the absorption spectrum and the
ratio of the absorbance at 260—280 nm checked the purity of
DNA. The ratio being 1.87 indicated that the DNA was fully
free of protein [15]. The concentration of DNA in nucleotide
phosphate was determined at 260 nm using the absorption
coefficient=6600 M~" cm™" [16].

The cyclic voltammetry (CV) was performed an electro-
chemical analyzer. The three-electrode system (with SCE
electrode as a reference, gold disk electrode (diameter 1
mm) as working electrode and platinum as an auxiliary
electrode) was used. 50 mmol/l Tris—HCI buffer (pH 7.2)
were used as a background electrolyte. The solutions were
deoxygenated with nitrogen gas for 15 min prior to
measurement.

Potential-controlled DNA cleavage in presence of Cu(s-
sal)3" complex were performed on a gold disk electrode
(diameter 5 mm) in a thin layer electrochemical cell which
volume was 250 pl. The solution containing 5.0x10~* mol/l
Cu(ssal)s", 2.0x10~* mol/l DNA and 10 mmol/I Tris—HCl

buffer (pH 7.2) was added to the thin layer and electrolyzed
at —0.4 V for 30 min. The test solutions were saturated with
air except when stated otherwise.

The separation of DNA fragments: after electrolysis
being finished, 10 pl electrolyzed solution was taken out by
microinjector for chromatographic analysis. The eluent was
10 mmol/l phosphate buffer (pH 7.2) and the flow rate was
1.0 ml/min. A UV-vis spectrophotometric detector was
used and the detection wavelength was set at 260 nm, which
was the maximum absorption wavelength of DNA. The
reproducibility of the chromatographic system was exam-
ined by infection DNA solution five times sequentially. The
relative standard deviation (RSD) of the DNA chromato-
graph peak height was less than 5.0%.

3. Results and discussion
3.1. Interaction of Cu(ssal); complex with DNA

Typical CV curves for Cu(ssal);" complex in the 50
mmol/l Tris—HCI buffer (pH 7.2), in the absence and in the
presence of CT-DNA are shown in Fig. 1. In the absence of
DNA, Cu(ssal);" complex was reduced to Cu(ssal),
complex at the cathodic peak potential, £,.=—165 mV and
the anodic peak potential, £,, appeared at 104 mV. The
half-peak width of the cathodic peak, W, was 95 mV. The
electrode transfer coefficient () was 0.65 according to the
following equation [17] W}, = %(}’I:l). The separation of
the cathodic and anodic peak potentials, AE,=269 mV,
indicated that the electrochemical reaction of Cu(ssal)s"
complex on the gold electrode was a quasi-reversible redox
process. The peak currents(i) were linear with square root
of scan rate (v?) for v<100 mV/s, indicating that the redox
process was controlled by diffusion. Addition of CT-DNA
to the Cu(ssal)7" complex solution results in a decrease of
the anodic and cathodic peak current. It could be explained
by a reduction in the apparent diffusion coefficient of
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Fig. 1. Cyclic voltammetric curve of 2.0x 10 M Cu(ssal)3" complex (a) in
the absence and (b) in the presence of 2.0X 107> M DNA.
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copper—sulfosalicylic complex at their complexation by the
DNA macromolecules [18] and formed DNA—Cu—sulfosa-
licylic. Those experimental results showed that the
interaction occurred between Cu(ssal)?” complex and
DNA.

3.2. DNA cleavage of electrochemically induced Cu(ssal);*
complex

Shown in Fig. 2 are the separation results of the solution
which contained 5.0x10™* mol/l Cu(ssal); complex,
2.0x10™* mol/l DNA and 10 mmol/l phosphate buffer
(pH 7.2). Fig. 2A is the chromatogram of the solution before
electrolysis. A large and broad peak of DNA appeared on
the chromatogram at a retention time of 4.54 min. After the
solution was electrolyzed 30 min at —0.4 V (vs. Ag/AgCl),
the peak of DNA became small and some new chromato-
graphic peaks were observed in Fig. 2B. The retention time
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Fig. 2. Chromatograms of the solution containing 5.0x10™* M Cu(ssal)3"
complex, 2.0x10~* M DNA and 10 mM Tris—HCI buffer (pH 7.2) before
(A) electrolysis and (B) after 30 min electrolysis at —0.4 V. Conditions: the
eluent 10 mM phosphate buffer (pH 7.2), flow rate 1.0 ml/min.

of these new chromatographic peaks were at 7.86, 8.90,
12.06 min, 13.70 min, respectively. Compared to Fig. 2A,
the changes of DNA chromatograms revealed that the
structure of DNA molecules obviously varied before and
after electrolysis. The long strands of partial DNA
molecule break and form short strands fragments of
DNA molecules. Hence, there are new peaks occurring
on the chromatogram. Under the same experimental
condition, the solution without Cu(ssal);" complex was
electrolyzed. The chromatograms of DNA changed slightly
before and after electrolysis. It revealed that the structure
of a small amount of DNA molecules could be destroyed
after the solution without Cu(ssal);" complex was electro-
lyzed. This is because oxygen was reduced electrochemi-
cally to short-lifetime radical intermediates (superoxide or
hydroxyl) to cause weakly DNA cleavage [14,19]. The
above experimental results illustrated that the reason for
causing the change of DNA structure was not DNA
reacting on the electrode, but electrochemically induced
DNA cleavage by the Cu(ssal) complex. For the Shim-
pack Diol-300 column was attributed to the size-exclusion
chromatographic column, and its separation was based on
the size of the molecules separated. In exclusion chroma-
tography, the shorter strand of DNA is, the longer retention
time of components is [20,21]. For new peaks appearing at
long retention time on the chromatogram, indicating the
structure of DNA molecules was destroyed and the strand
of partial DNA molecules was broken from the longer to
the shorter. The components of retention time at 12.06
and13.70 min were much smaller DNA fragments. The
above experimental results indicated that this method of
electrochemically induced DNA cleavage by Cu(ssal); "™
complex was very efficient. The retention time of new
chromatographic peaks became longer with increasing
electrolysis time. It illustrated that DNA is cleaved into
further shorter strand fragments.

In order to explore the mechanism of electrochemically
induced DNA cleavage by the Cu(ssal);” complex, the
solution with Cu(ssal)3" complex was deoxygenated with
N, before electrolysis. It was not obviously different in the
chromatograms of DNA from before electrolysis to after
electrolysis. This observation indicated that DNA could not
be cleaved by electrochemically induced in the absence of
oxygen in solution with Cu(ssal); " complex. In the absence
of Cu(ssal); " complex, the chromatogram of DNA changed
slightly before and after electrolysis. When hydroxyl radical
scavengers, such as DMSO, glycerol, were added to the
studied solution, the solution was electrolyzed at the same
condition. The results of chromatographic analysis showed
that the chromatogram changed slightly before and after
electrolysis. It indicated that potential-modulated DNA
cleavage by Cu(ssal)*" complex was inhibited by radical
scavengers. According to the above experimental results, the
mechanism of the cleavage was possibly as follows: the
Cu(ssal); " complex was first electrochemically reduced to
form Cu(ssal);" complex on the gold electrode surface.
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Second, the Cu(ssal);” complex was reoxidized to reform
Cu(ssal), complex by the dissolved oxygen, while hydrogen
peroxide was generated in the process. It was just hydrogen
peroxide initiated a series of reaction to form OH radicals.
Third, the formed hydroxyl radical attacked the DNA strand
and resulted in the breakage of DNA strand. The processes
could be expressed as follows:

Cu(ssal)%Jr +e — Cu(ssal)}r (electrode reaction)

2 Cu(ssal)y + 2H" + 03 — 2Cu(ssal)3" + Hy02
and O2+e — [-02] =HxO2
H207+ 2 Cu(ssal)3 —OH "+ *OH "+ 2Cu(ssal)3"

DNA+ ‘OH™ — DNA fragments

3.3. Effect of experimental conditions on DNA cleavage

We examined the peak height of DNA at retention time
4.54 min changing with working potential, in order to reveal
the influence of working potential on the extent of DNA
cleavage. Supporting the peak height of DNA was H and H;
before and after electrolysis, respectively. (H-H;)/H would
be used for indicating the percentage of DNA cleavage. Fig.
3A shows the percentage of DNA cleavage change with
various potentials in the presence of the Cu(ssal); " complex.
In the curve, a sharp change at —0.40 V was obtained, and
the potential at —0.4 V was chosen in our experiment.

The electrolysis time also affected the percentage of
DNA cleavage. The effect of electrolysis time on the
percentage of DNA cleavage was shown in Fig. 3B. It can
be observed that the percentage of DNA cleavage was
enhanced with increasing electrolysis time. The amount of
long strand DNA was lessened. However, this change
trended to slow. The reason was that, after the solution
was electrolyzed for a certain time, the partial long strand
DNA was cleaved to form short strand DNA and the amount
of short strand DNA increased gradually with increasing
electrolysis time. Thus, the probability of long strand DNA
attacked by hydroxyl radical was lessened. That the
retention time of the cleaved DNA fragments lengthened
with increasing electrolysis time indicated these DNA
fragments were further cleaved to form much smaller
components.

The dependence of percentage of DNA cleavage on the
ratio of Cu(ssal)3 " to DNA concentration was shown in Fig.
3C. It can be seen that when the electrolysis time was
controlled for 30 min at —0.4 V, the percentage of DNA
cleavage was enhanced with increasing the ratio of
Cu(ssal)7" complex to DNA concentration. When the ratio
was increased to 0.4, the percentage of DNA cleavage was
biggest. At low Cu(ssal);" complex concentration, the
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Fig. 3. (A) Dependence of DNA cleavage percentage on working potential:
5.0%10* M Cu(ssal)}" complex, 2.0x10~* M DNA and 10 mM Tris-HCl
buffer (pH 7.2). (B) Dependence of DNA cleavage percentage on
electrolysis time. 5.0x10* M Cu(ssal)3” complex, 2.0x10* M DNA
and 10 mM Tris—HCI buffer (pH 7.2). (C) Dependence of DNA cleavage
percentage on the ratio of Cu(ssal)}” complex to DNA concentration.
5.0x107* M Cu(ssal)3" complex, 10 mM Tris—HCI buffer (pH 7.2).

amount of hydroxyl radical generated in the reaction system
was increased with increasing the ratio; the percentage of
DNA cleavage was enhanced. When the ratio was increased
to 0.4, it is optimum ratio, amounts of the generated radicals
depended upon the concentration of dissolved oxygen.
Hence, the percentage of DNA cleavage was not further
increased.
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4. Conclusion

In this paper, we show that DNA can be cleaved
efficiently by electrochemically controlled copper/sulfosali-
cylic-mediated Fenton reaction, as well as radical inter-
mediates of oxygen electroreduction can cleave DNA. The
extent of DNA cleavage is largely dependent on the working
potential, electrolysis time and the concentration of Cu(s-
sal)3" complex. It is possible using this method to simulate
the situation in vivo to cleave DNA.
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Abstract

The “wired” bilirubin oxidase (BOD) bioelectrocatalyst is superior to pure platinum as an electrocatalyst of the four-electron
electroreduction of O, to water. Not only is its overpotential for O, reduction lower, but unlike platinum, it is not affected by organic
compounds like glucose. The “wired” BOD-coated carbon cathode operates for >1 week at 37 °C in a glucose-containing physiological
buffer solution. One of its key applications would be in a glucose—O, biofuel cell, which would operate in living tissues. The cathode is,
however, short-lived in serum, losing its electrocatalytic activity in a few hours. Here we show that the damaging serum component is a
product of the reaction of urate and dissolved oxygen. Exclusion of urate, by application of Nafion™ film on the cathode, improves the

stability in serum.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Bilirubin oxidase; Urate; O,

1. Introduction

A simple biofuel cell, consisting merely of two “wired”
enzyme-coated carbon electrodes, could react with glucose
and O, available in living tissues [1-3]. On the anode,
glucose would be electrooxidized to gluconolactone at a
reducing potential; on the cathode, oxygen would be
electroreduced to water at an oxidizing potential. Such a
cell already operates at 37 °C in a pH 7.2 physiological
buffer solution and in a living plant, a grape. In the buffer, it
loses only about 5% of its power per day. The cell is,
however, unstable in serum, where it loses most of its output
in a few hours.

Blue copper-containing oxidases such as laccase, bilir-
ubin oxidase (BOD), and ascorbate oxidase, catalyze the
reduction of O, to water [4-6], and are components of
cathodic bioelectrocatalysts of biofuel cells [7—15]. Some of
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the reported cells are very simple, consisting merely of two
bioelectrocatalyst-coated carbon fibers. They do not have a
membrane or a case. This is of essence if the cells are to be
implanted in the body, drawing on the glucose and O, of its
organs. The membraneless and caseless cells require that
their anodic and cathodic enzymes, as well as their electron-
shuttling redox mediators, be immobilized. This is feasible
only when the enzymes are immobilized in and are
electrically connected (“wired”) by electron-conducting
hydrogels.

Several O, cathodes have been built by “wiring” blue
copper enzymes. In one, the reaction centers of laccase from
Coriolus hirsutus were “wired” to a hydrophilic carbon
cloth, composed of 10-um-diameter fibers, by the redox
polymer, PVI-Os(tpy)(dme-bpy) [poly-N-vinylimidazole
with one-fifth of the imidazoles complexed with [Os(tpy)
(dme-bpy)]*** (tpy=terpyridine; dme-bpy=4,4'-dimethyl-2,
2/-bipyridine)]. At 37.5 °C, in pH 5 citrate buffer, in the
absence of chloride, O, was electroreduced at a current
density of 5 mA cm % at —0.13 V vs. the reversible potential
of the O,/H,O electrode in the same buffer [10,11]. In a
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second, BOD from Myrothecium verrucaria (Mv) was
“wired” to the carbon cloth by the copolymer of polyacry-
lamide and poly(N-vinylimidazole) complexed with
[Os(4,4'-dichloro-2,2'-bipyridine),CI] ** [14]. O, was elec-
troreduced, now under physiological conditions (pH 7.4,
0.15 M NacCl, 37.5 °C), at a current density of 5 mA cm Zat
—0.18 V vs. the reversible potential of the O,/H,0 electrode
in the same buffer. On a third cathode, made by similarly
“wiring” BOD from Trachyderma tsunodae (Tt), O, was
electroreduced to water under physiological conditions (pH
7.4, 0.15 M NaCl, 37.5 °C), at a current density of 3 mA
cm 2 at —0.14 V vs. the reversible potential of the O,/H,0O
electrode in the same buffer, a much smaller overpotential
than for smooth platinum [15,16]. A miniature biofuel cell,
formed by combining the “wired” 7¢-BOD cathode with a
“wired” glucose oxidase anode, operated in a living plant, a
grape [1,2].

In serum, unlike in the physiological buffer solution, the
“wired” Tt-BOD electrocatalyst lost its activity in a few
hours. Because O, cathodes of fuel cells operate necessa-
rily at oxidizing potentials, damage by an oxidation
product of a serum constituent was suspected [17-19].
The initial experiments pointed at urate [14,15], shown to
oxidatively electropolymerize and precipitate in the electro-
catalytic films of glucose electrooxidizing “wired” glucose
oxidase anodes [20]. In these anodes, the electrooxida-
tively formed polyanionic polymer precipitated as an
electrostatic adduct with the polycationic “wire” of glucose
oxidase [20]. Upon precipitation, the formerly mobile
segments of the “wire” lost their mobility. This reduced the
diffusivity of electrons, which depends on electron-trans-
ferring collisions between the redox functions carried by
the segments of the “wire.” Thus, the urate damaged the
anodic “wired” glucose oxidase film by making it resistive,
not by damaging its enzyme. As will be shown in this
article, urate reacts with oxygen in a reaction catalyzed
both by BOD and its “wire” to form a product that
irreversibly deactivates the BOD of the film.

2. Experimental
2.1. Chemicals and materials

BOD from 7t was purchased from Amano (Lombard,
IL). Poly(ethylene glycol) (400) diglycidyl ether
(PEGDGE) was purchased from Polysciences (Warrington,
PA). The DEAE-Sephacel anion exchanger and the Super-
dex 75 HR 10/30 gel filtration column were purchased
from Amersham Pharmacia Biotech (Piscataway, NJ). Uric
acid and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS) were purchased from Sigma (St. Louis,
MO) and Nafion™ (5 wt.% in a mixture of lower aliphatic
alcohols and water) from Aldrich (Milwaukee, WI). All
were used as received. The BOD was purified by anion
exchange chromatography on the DEAE-Sephacel anion

exchanger and gel filtration chromatography on Superdex
75 HR 10/30 [6]. The purification increased the specific
activity threefold [21,22]. When the purified BOD was
refrigerated, its specific activity decayed in 1 month to the
activity of the unpurified enzyme. For this reason, the
enzyme was used within 2 weeks after its purification.
Purified enzyme was used in the preparation of the
cathodes. For all other purposes, the enzyme was used
as received. The pH-7.4 20 mM phosphate, and the pH-7.4
physiological 20 mM phosphate, 0.15 M NaCl (phosphate-
buffered saline, or PBS) buffers were prepared using
deionized water. The electrochemical measurements were
performed in PBS and the pH-7.4 20 mM phosphate,
without NaCl, was used for dissolving the enzyme and the
redox polymer. The uric acid was dissolved in 1 M KOH,
then the pH was brought to 7.4 using KH,PO, , to yield a
10-mM urate solution. Carbon cloth (Toray TGPH-030)
was received from E-TEK (Somerset, NJ). Glassy carbon
electrodes of 3 mm diameter, mounted in Teflon sleeves,
were used for electrochemical measurements and for
mounting the carbon cloth.

The BOD “wiring” copolymer of polyacrylamide and
poly(N-vinylimidazole) complexed with [Os(4,4’-dichloro-
2,2-bipyridine),CI]"** (PAA-PVI-[Os(4,4'-dichloro-2,2'-
bipyridine),CI]”*") was synthesized as described [14].

2.2. Electrodes

Carbon cloth electrodes (BOD cathodes, area of 0.107
cm®) were made by the reported three-step procedure
[11,14]. The glassy carbon electrode was initially sanded
with 600 and 1200 SiC papers, then polished with a 0.3-
pm alumina slurry and sonicated in deionized water. The
cleaned glassy carbon electrodes showed featureless
voltammograms. The catalytic films were formed of a
mixture of 14.4 pl of 3 mg ml~' redox polymer in water,
1.8 ul of buffer, 3.4 pl of 9 mg ml~' BOD in buffer, and
2.8 pul of 2.1 mg ml~' PEGDGE in deionized water. A 9-
pl aliquot of the mixed solution was pipetted onto the
hydrophilic carbon cloth mounted on the glassy carbon
disc, which was promptly wetted and penetrated by the
solution. The films were cured for at least 18 h at room
temperature before use.

2.3. Instrumentation and cell

The measurements were performed using a Model
CHIB32 potentiostat (CH-Instruments, Austin, TX) con-
trolled through a personal computer. Rotation of the
electrodes was controlled by a Pine Instrument rotator
(Grove, PA). Spectra were measured using an HP 8452A
UV-visible spectrophotometer. The three-electrode cell
used had a commercial Ag/AgCl (3 M NaCl) reference
electrode and an auxiliary platinum wire electrode. The
temperature of the cell was controlled with an isothermal
circulator (Fisher Scientific, Pittsburg, PA).
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2.4. BOD activity assay

BOD was assayed by measuring the time dependence of
the ABTS absorbance at 405 nm [21,22] after addmg the
assayed BOD aliquot, using the reported 35 mM ™
molar absorption coefficient at 22 °C. A unit of enzyme
activity (U) is that generating 1 pmol of oxidized ABTS
min~'; the specific activity is the number of units per mg
(U mg ™).

3. Results and discussion

3.1. Urate destabilizes the “wired” BOD O,-electroreducing
cathode

As seen in Fig. 1A, addition of urate to the oxygenated
buffer solution in which the cathode operates results in the
prompt loss of about one-third of the O, electroreduction
current. The prompt loss, which is observed when O, is
electroreduced at any potential in the 0.1-0.3 V vs. Ag/
AgCl range, increases with the potential at which the
“wired” BOD cathode is poised. (Fig. 1B). While at 0.1 V
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Fig. 1. Time dependence of the fraction of the residual O, electroreduction
current. (Aa) Without urate; (Ab) urate added at =1000 s to produce a 0.5
mM solution. Solution equilibrated with 1 atm O,; electrode poised at 0.1 V
vs. Ag/AgCl and rotating at 200 rpm in PBS (37.5 °C). (B) As in (Ab), with
the electrode poised at 0.10 V (a), 0.25 V (b), and 0.30 V (c).
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Fig. 2. Time dependence of the fraction of the residual O, electroreduction
current. Conditions as in Fig. 1Ab, except that the CI~ concentration was
varied: 0.15 M Cl"™ (a); 0.65 M CI™ (b); and 1 M CI" (c).

vs. Ag/AgCl about one-third of the current was promptly
lost, about half of it was lost at 0.25 V vs. Ag/AgCl and
nearly two-thirds at 0.3 V vs. Ag/AgCl. We note that urate is
electrooxidized at >0.20 V vs. Ag/AgCl [23-25].As a result,
the apparent O, electroreduction current is expected to
decrease, simply because of the additivity of the opposing
currents of urate electrooxidation and O, electroreduction,
the threshold of which is ~0.5 V vs. Ag/AgCl at pH 7.4.
Thus, the loss increment when the potential is raised from
0.1 V vs. Ag/AgCl, where urate is not electrooxidized, to
0.25 V vs. Ag/AgCl, where it is, is attributed to the flow of
the opposing current, which increases at 0.3 V vs. Ag/AgCI.
When the urate electrooxidation current is measured in the
absence of O, and the current is subtracted from the prompt
current loss of Fig. 1B, b or c, then the prompt loss at any of
the three potentials is the same, about one-third of the
current.

Because chloride competes with urate for the cationic
sites of the “wire”, which is a crosslinked anion exchanger, it
was expected that the urate-caused damage would be
reduced at high chloride concentrations. Indeed, the damage
was reduced as the Cl™ concentration was increased (Fig. 2).
At 1 M CI, the prompt loss of O, electroreduction current
upon adding urate was barely noticeable. At 0.65 M CI, it
was about one-fifth of that in PBS.

3.2. Destabilization by urate requires O,

The dependence of the O, electroreduction current on the
potential of the “wired” BOD O, cathodes with different
histories is shown in Fig. 3. Voltammograms of fresh
cathodes are seen in curves 3Aa, 3Ba, and 3Ca. They show
a wave which in the composite of two electroreduction
waves, one of O, and the other of the PAA-PVI-complexed
Os(4,4’ -dichloro-2,2’ -bipyridine),CI]** redox centers, the
formal potential of which is 0.31 V vs. Ag/AgCl. Curve
3Ab shows a cathode after it was disconnected and slowly
rotated, for 1 h, in O,-saturated PBS buffer, which did not
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Fig. 3. Dependence of the O, electroreduction current on the applied
potential for electrodes of different histories. The voltammograms a and b
were obtained, respectively before and after the electrode were immersed in
a phosphate buffer solution, (A) O, bubbled, buffer only; (B) O, bubbled,
0.5 mM urate; (C) 0.5 mM urate, solution under Ar. Immersion: 1 h, no
potential applied, with the electrode rotating at 100 rpm. Measurement:
solution equilibrated with 1 atm O,, 500 rpm, scan rate 2 mV s~ 1. Other
conditions as in Fig 1Ab.

contain urate. The height of the wave was reduced by about
25%. Curve 3BD, obtained after the electrode was similarly
rotated in O,-saturated PBS with 0.5 mM urate, shows
drastic reduction of the wave. Curve 3Cb was obtained after
the electrode was rotated in PBS with 0.5 mM urate, but
without O,. There was little change showing that, in the
absence of O,, urate did not damage the catalyst. Because
the electrode was disconnected in the experiment of Fig. 3B,
the damage by the combination of urate and O, was
chemical, not electrochemical. The massive loss was not
reversed when the electrode was placed in a solution

without urate. Although the loss was large, the damaged
electrode was not totally inactive: some O, electroreduction
persisted, although only at more reducing potentials.

3.3. BOD catalyzes the oxidation of urate

That BOD catalyzes the oxidation of urate is shown in
the experiments of Fig. 4. The figure shows the voltammo-
grams of urate electrooxidation. In the absence of BOD, the
concentration of urate is unaffected by bubbling O, for 80
min (Fig. 4A). Urate is, however, oxidized by O, in the
presence of dissolved BOD (Fig. 4B).

3.4. The “wire” also catalyzes the oxidation of urate

Not only BOD, but also the Os*" centers of the “wire”
oxidize urate. This was observed upon mixing a drop of the
0.5 mM urate solution and the brown solution of the
oxidized “wire.” The color changed to wine red—the color
of the Os*" complex. The two oxidation processes of urate
are shown in Scheme 1.
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Fig. 4. Voltammograms of uncoated vitreous carbon electrodes in 0.5 mM
urate in PBS. (A) Without BOD, before (a, solid line) and after (b, dashed
line) bubbling O, for 80 min. (B) Without BOD, before bubbling O, (a);
with 0.5 mg ml~! BOD, after bubbling O, for 40 min (b); after bubbling O,
for 80 min (c). 500 rpm, scan rate, 2 mV s~ '. Conditions as in Fig. 1Ab.






C. Kang et al. / Bioelectrochemistry 65 (2004) 83-88 87

0, BOD(Red) Oxidized
> < > < product
H,O BOD(Ox) urate
0, BOD(Red) Os(Ox) urate
> < >< > < Oxidized
H,0 BOD(Ox) Os(Red) product
Scheme 1. Urate oxidation catalyzed by the BOD enzyme or the BOD+Os
complex system.

3.5. A reaction product of urate and O, coordinates and
precipitates Cu’" of its tetraimidazole complex

In the oxygen-binding cluster of the copper ions, the
most frequent ligand is histidine [6,26]. In order to assess
the likelihood that an oxidation product of urate could
deactivate the BOD by altering the coordination sphere of
its copper ions, we probed for change in the coordination of
the tetraimidazole complex of copper Cu(im); ~ upon adding
urate or its oxidation products [23-25], allantoin and
allantoic acid, in the presence and absence of O,. Allantoin
and allantoic acid did not react with Cu(im)3" in the absence
of O,. In the presence of O,, a pale green precipitate formed
when urate was added. Thus, it appears likely that the
oxidation product of urate extracts copper from the enzyme.

3.6. A reaction product of urate and O, deactivates BOD

The BOD-catalyzed ABTS oxidation rates were com-
pared for solutions containing no additive, urate, allantoin,
and allantoic acid. The four solutions contained 0.42 mg
ml~' BOD and none or one of the three additives at 0.50
mM concentration. The spectral change was measured after
a 10-pl aliquot was added to 2 ml of 1 mM ABTS. The time
dependence of the specific activities is seen in Fig. 5. Only
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Fig. 5. Time dependence of the activity of a 0.42 mg ml~" solution of T¢-
BOD. Without any additive (a); with 0.50 mM urate (b); with 0.50 mM
allantoin (c); and with 0.50 mM allantoic acid (d).

urate affected the activity, reducing it from 40 to 26 U mg ™'

in 2 h. The results obtained in homogeneous solutions
parallel those obtained with the immobilized bioelectroca-
talyst (Fig. 3). All of the three sets of experiments suggest
that a reaction product of urate with O, causes the damage,
most likely by coordinating one or more of the copper ions
of BOD. They also show that the damaging molecule is
neither allantoin nor allantoic acid.

In a previous study, the damage to a “wired” glucose
oxidase anode was attributed to the electrooxidative
polymerization product of urate, which reduced the con-
ductivity of the bioelectrocatalyst, not the activity of its
enzyme [20]. In the present system, the main cause of the
loss is BOD deactivation by coordination of its Cu®>* by a
urate oxidation product [6,26].

Because Cl™ effectively prevented damage to the activity
of “wired” BOD by competing for the urate-occupied sites of
the anion-exchanging (Fig. 2), we applied a film of cation-
exchanging Nafion™ polymer to reduce the flux of oxidiz-
able urate to the catalyst film. An aliquot of 3 pul of 0.25%
Nafion™ was applied to the “wired” BOD film on the carbon
cloth and was allowed to dry for 1 h. As seen in Fig. 6A, the
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Fig. 6. (A) Time dependence of the fraction of the residual O, electro-
reduction current. Uncoated “wired” BOD cathode (a); Nafion™ -coated
“wired” BOD cathode (b). Conditions as in Fig. 1Ab. (B) Voltammogram of
the uncoated “wired” BOD cathode (a); of the Nafion™ -coated BOD
cathode (b). Equilibrated with 1 atm O,, 500 rpm, scan rate 2 mV s '.
Other conditions as in Fig. 1.
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Nafion™ stabilized the O, electroreduction current. Without
Nafion™, the current declined by 39% in the 9000 s
following the addition of the urate (Fig. 6Aa). With the
Nafion™, the decline was only 8%. (Fig. 6Ab). Application
of the Nafion ™ reduced, however, the activity of the “wired”
BOD electrocatalyst. (Fig. 6B).

4. Conclusions

The current associated with the electrocatalytic reduction
of O, to water on “wired” BOD is reduced when urate is
added. The reversible part of the current loss results in the
electrooxidation of urate. Its dominant irreversible part
results in damage to the BOD of the electrocatalyst,
attributed to coordination of one or more of the four Cu**
ions of BOD by a product of the BOD and redox polymer-
catalyzed reaction of urate with dissolved O,. Exclusion of
urate from the electrocatalytic film, either by adding
chloride, which competes for the cationic sites of the
cation-exchanging “wire”, or by a Nafion™ film applied on
the bioelectrocatalyst, reduces the damage.
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Abstract

Dielectric spectroscopy has been applied to study aspects of the organization of water in selected animal tissues (tendon, bone and horn).
The measurements of the relative permittivity €' and the dielectric loss €” were carried over the frequency range of 10-100 kHz and at
temperatures from 22 to 240 °C. The water content was 10% for bone and horn, and 22% for tendon by mass at room temperature at a relative
humidity of 70%. The temperature dependencies of €’ and €” reveal distinctively the temperature ranges corresponding to the release of water
in temperatures up to about 200 °C for all tissues and the melting of the crystalline structure only for tendon and horn, above this temperature.
The frequency dependencies of € and €” show a remarkable dispersion in the low-frequency at selected temperatures up to 200 °C for all
tissues due to the release of the loosely and strongly bound water. The results were discussed in terms of the interfacial (Maxwell-Wagner)
polarization and polarization mechanism involving hopping charge carriers interacting with the bound water molecules. The information on
the effect of temperature, water content and frequency of the electromagnetic field on the dielectric behaviour of the tissues studied is of

importance in the design and construction of medical diagnostic or therapeutic instruments based on the use of electric signals.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Dielectric properties; Protein—water system; a-dispersion; Hydrogen bonds; Activation energy

1. Introduction

The tissues of the bone, horn and tendon have been
treated as composites of hydroxyapatite—collagen—water,
matrix—keratin—water and collagen—water, respectively.
Thermal properties of these materials have been studied
by differential scanning calorimetry (DSC) [1-3]. The
results performed up to 250 °C revealed the occurrence of
phase transitions related to the release of water and the
melting of the crystalline structure, such as collagen and
keratin. The experimental methods used to recognise the
physicochemical properties of these tissues also include
various dielectric spectroscopy techniques [2-8]. These
studies report investigation of the effects of water, electric
field frequencies and ionising radiation on the dielectric
properties of constituent phases of these tissues.

The main aim of this work was to compare dielectric
relaxation behaviour in three types of tissues, being compo-

* Corresponding author. Tel.: +48 854 6087; fax: +48 852 0455.
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sites of different phase composition, different volume ratio of
the phases and similar way of the phases connection. This
paper extends earlier dielectric studies of solid animal tissues
in the a-dispersion electric field region reported by other
authors. In biological materials, the a-dispersion occurs at
audio frequencies and is manifested by the very large increase
in permittivity up to 10° below 100 Hz, while the conductivity
exhibits small changes [9]. However, as follows from
literature data, determination of the accurate range of
frequencies and the relaxation frequency of the a-dispersion
for biological tissues is difficult because these materials have
inhomogeneous structure and are of different origin. More-
over, the measurements of dielectric properties of tissues at
low frequencies can be masked by the electrode polarization
effects, despite the use of many techniques to overcome them.
So, the available literature gives the results of the dielectric
properties of human and animal tissues in incomplete a-
dispersion region, i.e., starting from 10 Hz [10-16]. More
information on the dielectric behaviour of biological materi-
als in the a-dispersion has been collected for proteins [3,17—
21]. The results collected for proteins indicate that the
dispersion in them is influenced by the water content of the
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samples, which is manifested by a shift of the characteristic
dispersion frequency towards higher frequencies. The authors
of the papers [18-20] have observed the a-dispersion for
proteins is in the range of 10~*~10° Hz, as a result of effective
restriction of the artefacts due to the electrode polarization.

In this paper, analysis of the temperature and frequency
dependencies of the complex permittivity of animal tissues
in the wet and dry states was performed on the basis of
proton transport processes. The proton transfer in hydrogen-
bonded networks in the solid and liquid states has been
earlier discussed by other authors [5,22-24]. In recent years,
the electrical conduction properties of biopolymers are
considered to arise from proton [5,25] and also electron
[26] transport.

The results of this study using the dielectric spectroscopy
over a wide range of temperature provide new information
on molecular interactions in complex biological tissues.
Recognition of the dielectric behaviour of these tissues can
be biomedical helpful because of the use of animal tissues as
medical implants as well as because of the occasional use of
low-intensity electric fields for treatment (e.g., electro-
therapy of bone fractures and osteoporosis).

2. Materials and method

The tissues studied were bovine cortical bone, calf horn
and bovine Achilles’ tendon. Samples from tissues were
obtained as follows: tissues were cleaned mechanically,
immersed in ethyl ether to remove fat, washed in distilled
water and in 0.1 N NaCl solution, dried at room temper-
ature, cut perpendicular to the fiber axis and formed into
rectangular samples of a typical size, 6 X4 X1 mm. Two sets
of samples were studied: air-dried at room temperature of
relative humidity of ~70% termed ‘wet’ and devoid of
loosely bound water at room temperature termed ‘dry’. In
order to obtain the dry state of samples, prior to the
measurements, these samples were kept at temperature
about 120 °C until their dielectric parameters reached
constant values. Then these samples were cooled to room
temperature.

The water content in wet state, determined from the loss
of mass of samples weighed at 200 °C relative to their mass
at room temperature, was 10% for bone and horn, and 22%
for tendon. The water content in dry state, determined from
the loss of mass of samples weighed at 200 °C relative to
their mass at 120 °C, was 4% for bone and horn, and 6% for
tendon.

The experiments were carried out using an AC bridge
method [27] over the frequency range of 10 Hz—100 kHz,
belonging to the a-dispersion electric field region and at
temperatures from 22 to 240 °C. The measurements were
performed in the direction parallel to the tissues fibers. Prior
to the measurements, the two largest surfaces of each sample
were covered with silver paste electrodes. Each sample was
subjected to the cycle of measurements only once. In our

experiments we assumed that electrode polarization effects
are negligible, as the charge that could be collected at the
interfaces between the electrodes and the sample would have
to come from the water in the tissues and the solvent present
in silver paste. The electrode effects have been taken into
account in the materials with very high water contents, whose
conductivity at low frequencies is greater than 10~% (Qcm) ™!
[28]. In this study, the conductivities at room temperature and
at 10 Hz for wet bone, horn and tendon are 2.7x107°,
1.3%107'% and 1.6x107° (Qcm)~', respectively. These
values are lower than 10~® (Qcm) ', so electrode polar-
ization effects from the water in tissues should not occur. To
make sure if the solvent can diffuse in the wet and dry samples
from the moment the electrodes are deposited, we determined
the time in which the resistance of the electrode measured at
different points on its surface reached very small and
comparable values. This time, irrespective of the hydration
state, was nearly 8 min. Thus, we could conclude that, in this
time, the tissues could not have been affected by the solvent,
but the solvent must have evaporated from the paste, which
was favoured by its low thickness.

The dielectric properties of tissues are described by the
measured components of the relative permittivity €’ and the
dielectric loss €”, which are the real and imaginary parts the
complex permittivity €* (e*=€’—je”). The values of € and
€” for each tissue in the whole temperature range are given
as the average from four to six samples. The resulting
standard deviation in both parameters is less than 9%.

3. Results

Figs. 1-3 present the temperature dependencies of the
logarithm of the relative permittivity € and dielectric loss €”
for wet and dry tendon, bone and horn at a chosen frequency
of 1 kHz, respectively. The curves in each figure reveal
distinctively the temperature ranges corresponding to the two

22

20 40 60 80 100 120 140 160 180 200 220 240
T,°C

Fig. 1. Temperature dependencies of €’ (A) and €” (A) for wet tendon and
€' (O) and €” (*) for dry tendon.
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Fig. 2. Temperature dependencies of €’ (A) and €” (A) for wet bone and €’
(O) and €” (*) for dry bone.

molecular processes: the release of water in temperatures up
to 200 °C for all tissues and the melting of the crystalline
structure only for tendon and horn, above this temperature.
The release of water from the tissues is a continuous process
involving breaking up of hydrogen bonds formed by loosely
and strongly bound water and also water diffusion out of the
biological system. The liberation of loosely bound water in
wet tissues is manifested by the €’ and €” maxima occurring
up to 140 °C. For different types of tissues, the maxima
appear at different temperatures, have different amplitude and
shape, which is determined by the water content absorbed by
the substance studied at room temperature before the
measurements. For dry tissues that do not contain loosely
bound water, the peaks in € and €” do not occur in this
temperature range, and these parameters show only small
changes. The temperature range above 200 °C, in which €
and €” increase for tendon and horn, and reach significant
maxima near 240 °C for horn, corresponds to the process of
melting of the collagen and keratin macromolecules. In the
same temperature range, € and €” for bone slowly increase,
which would indicate that, in this tissue, the process of
collagen melting has not started yet. It has been generally
accepted for many years that the melting of the ordered

0.2 T T T T T T T T T T T
20 40 60 80 100 120 140 160 180 200 220 240 260

T,°C

Fig. 3. Temperature dependencies of € (A) and €” (A) for wet horn and €’
(O) and €” (*) for dry horn.

log €'

log "

log f, Hz

Fig. 4. The variation of € (a) and €” (b) vs. frequency for dry (—) and wet
(- - - -) bone at selected temperatures of 40 (*), 60 (O), 80 (A) and 120 °C
©).

crystalline structure includes rupture of hydrogen bonds and a
rearrangement of the triple helix into a random configuration.
The frequency dependencies of € and €” for bone at
selected temperatures up to 120 °C and above this temper-
ature are shown in Fig. 4a and b, and Fig. 5a and b,
respectively. At each temperature, two curves corresponding
to the dry and wet state were recorded. Only the curves for
bone are shown since the character of the dependencies for
all the tissues under study is similar. For the wet tissues, the
plots of € and € up to 120 °C show a remarkable dispersion
in the low frequency as a consequence of the release of
loosely bound water. For the dry tissues, small changes in €’
and €” with increasing frequency at the same temperature
range are observed. Above 120 °C, the curves of both
parameters show a significant dispersion for wet and dry
bones due to the release of the strongly bound water.

4. Discussion

The dielectric results presented in the figures for the
tissues studied are determined probably by the interfacial
(Maxwell-Wagner) polarization which appears on the
border of phases of different dielectric properties and by
the polarization due to protons hoping between neighbour-
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log €'

log "
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Fig. 5. The variation of € (a) and €” (b) vs. frequency for dry (—) and wet
(- - - -) bone at selected temperatures of 140 (*), 160 (O), 180 (A) and 200
°C (D).

ing sites. The appearance of Maxwell-Wagner polarisation
in the bone, tendon and horn is probable, as the high
conductivity phases are composed of water molecules and
the very low conductivity ones are collagen, hydroxyapatite,
keratin and matrix. The difference in the conductivity of the
phases restricts the flow of electric current in these tissues,
on applied voltage. This situation causes charge accumu-
lation at the interface, i.e., Maxwell-Wagner polarization,
which is manifested as an increase in € at low frequencies
(Figs. 4a and 5a). On the other hand, the free motion of the
charge in the conduction phase (water) results in an increase
in € with decreasing frequency (Figs. 4b and 5b). The
interfacial polarization becomes more important with
increasing temperature due to an increasing number of
carriers and their increasing mobility. In the tissues studied,
we considered protons as charge carriers. Recently, H" and
OH" ions were considered as the conducting charge carriers
in natural calcium phosphate hydroxyapatite (Hap) [5],
studied by means of the thermally stimulated depolarisation
current (TSDC) technique in the temperature range of 50—
340 K. In hydrated biological materials, the polarization
mechanisms are a result of not only the accumulation of
protons at the phase interface but also of hopping of protons
between localized sites. In this study, we also include this

second possible mechanism for the observed dielectric
dispersion. Based on our results, changes in € and €’ of
the tissues would depend on the number of jumps performed
by protons (H") between sites formed by water molecules
bound to protein molecules and also to hydroxyapatite and
matrix. Results of these studies and our earlier papers
[29,30] suggest that the influence of hydroxyapatite and
matrix on the mechanisms of polarization and conduction in
bone and horn is negligible in the studied temperature range,
but it arises from protein—water systems. We obtained the
relaxation time of collagen—water and keratin—water sys-
tems for tendon and bone, and horn, respectively, from the
dependence [20]

T =806, /0 (1)

where €, is the permittivity of free space, ¢ is the steady-
state conductivity and the €, is the relative permittivity at
the high-frequency limit of a-dispersion. As the a-disper-
sion is affected by water in the proteins, the high-frequency
limit of a-dispersion can change [19]. To be able to apply
Eq. (1) for our calculations, we have assumed 100 kHz as a
high-frequency limit of a-dispersion.

As seen in Figs. 4a and Sa at this frequency, the relative
permittivity €, which corresponds to €, takes the smallest
value and undergoes small changes with temperature and
hydration. As a steady-state conductivity, we have assumed
the value of conductivity at 10 Hz (low-frequency limit in
this study), taking into regard the fact that the conductivity
in the a-dispersion for biological materials is almost
independent of frequency [9,13], and therefore, this
parameter can be treated as a steady-state conductivity.
The steady-state conductivity was calculated from the
relation

0 =2nfe,e" (2)

for the numerical values of €’ at 10 Hz from the curves
shown in Figs. 4b and 5b. By combining Egs. (1) and (2),
the relaxation time is expressed in the form:

T=¢,/2nf¢" . (3)

Fig. 6 presents the plots of log t against the inverse
temperature 7 for wet and dry tendon, bone and horn. The
numerical values of t for these tissues in the chosen
temperatures are given in Table 1.

The values of 7 for wet and dry states of tissues change
with increasing temperature, depending on the number of
sites among which protons can jump and the mobility of
these protons. In temperatures up to about 160 °C, the
relaxation times are considerably longer for dry than for wet
samples. This suggests that the wet tissues must contain a
greater number of sites available for mobile protons as a
result of the presence of loosely bound water. Above 160
°C, the relaxation times of protons jumping between the
sites made by the released water strongly bound in the
proteins are similar for all tissues.
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Fig. 6. Temperature dependencies of the relaxation time t for dry (—) and wet (- - -

From the slope of the straight lines of the dependencies
shown in Fig. 6, we can obtain the activation energy AH for
water release at appropriate temperature ranges, according
to the Arrhenius temperature law

7 = 1,exp(AH/RT), 4)

where 7, is a constant, and R is the gas constant.

For wet tissues, the activation energy needed for
liberation of loosely bound water is comparable with that
of hydrogen bonds formed among the water molecules or
between water molecules and protein macromolecules. The
occurrence of this process up to 50 °C is supported by
positive values of AH of about 15, 17 and 36 kJ/mol for
tendon, bone and horn, respectively. The greater the amount
of the loosely bound water in a tissue, the lower the energy
needed to its release because water molecules form hydro-
gen bonds mainly among themselves. Above 50 °C, the
Arrhenius plots, except for this curve for horn, show
negative slopes, probably as a result of diffusion of water
out of the wet samples. As a consequence, the number of
sites and jumps performed by protons is expected to
decrease. The rate of diffusion is highest up to 90 and 120
°C for tendon and bone, respectively, and is reflected by
negative values of the activation energy AH of —21 and

Table 1
Relaxation time 7 for wet and dry tendon, bone and horn for chosen
temperatures

T, °C T, ms

Wet Dry

Tendon Bone Horn Tendon Bone Horn
40 0.8 0.3 5 77 143 58
80 1.6 0.3 1.7 56 70 45
100 1.9 0.3 1.8 47 36 28
140 2.7 0.8 1.5 19 7 7
160 1.9 0.9 1.5 14 3
180 1.2 1.0 1.1 7 2 1
200 0.5 1.2 0.6 2 1 1

-) tendon (O), bone (A) and horn (O).

—39 kJ/mol. In the case of wet horn, the low positive value
of the activation energy AH of about 4.4 kJ/mol up to 170
°C suggests that the process of removal of the strongly
bound water, which includes breaking of hydrogen bonds, is
more intensive than the diffusion process. Above 150 and
170 °C, the values of AH for wet tendon and horn are 48
and 59 kJ/mol, respectively. These positive values indicate
that the activation energy is needed to break up the double
and triple hydrogen bonds formed by water inside the
protein molecules. However, the negative value of AH
of—12 kJ/mol for wet bone up to 200 °C suggests that the
process of release of the strongly bound water is masked by
the diffusion of water out of this system.

The Arrhenius plots for dry tissues shown in Fig. 6 differ
in character from those for wet tissues. The activation
energy AH responsible for the water release takes a positive
value for all dry tissues up to 200 °C. Probably, the lack of
the loosely bound water in dry samples is reflected by a low
value of AH of about 0.8 kJ/mol up to near 100 °C. Above
this temperature, high values of AH for all tissues indicate
that the process of liberation of the strongly bound water
already began. Up to 200 °C, the values of AH are about 30,
50 and 56 kJ/mol for tendon, bone and horn, respectively.

5. Conclusions

The data obtained in this paper supported the earlier
dielectric results for various proteins [17-21], which
indicate that water significantly affects the «-dispersion
region. The temperature dependencies of the complex
permittivity of the tissues studied suggest the important
role of water in the stabilisation of the collagen and keratin
macromolecule structure. In fact, the process of water
release includes the breaking up of hydrogen bonds, and
also, diffusion of water out of the biological system
demands a wide temperature range up to 200 °C. The
occurrence of this process for these tissues is supported by
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positive and negative values of the activation energy. The
results of this study suggest that the influence of hydrox-
yapatite and matrix on the dielectric properties of bone and
horn is negligible in the studied temperature range, but it
arises from protein—water systems. Analysis of polarization
and conduction mechanisms for the tissues studied is
interpreted on the basis of proton transport. The polarization
mechanisms are a result of not only the accumulation of
protons at the phase interface (Maxwell-Wagner polar-
ization) but also of the hopping of protons between bound
water molecules. The conduction mechanisms arise from
proton transfer through the intra- and intermolecular hydro-
gen bonds in collagen—water and keratin—water systems for
tendon and bone, and horn, respectively. This paper is an
extension of earlier dielectric studies of complex biological
tissues reported by the literature.
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Abstract

Both osteryoung square wave voltammetry and cyclic voltammetry have been utilized to elucidate and confirm the possible complexation
reaction that occur between the various cephalosporin antibiotics and either the toxic, non-essential metal ion, viz. Cd (II), or the essential but
toxic (when their concentration exceeds certain level in serum) metal ions, viz. Cu (II) and Zn (II).

Voltammetric measurements indicated the existence of 1:1 metal-to-ligand ratio (as in cephalexin and cephapirin complexes), 1:2 ratio
(such as in cefamandole, cefuroxime and cefotaxime complexes) and 2:1 ratio in case of ceftazidime complexes. Adsorption behavior was
evidenced for Cu (II)-cefuroxime or ceftazidime complexes as well as for those for Zn (II)-cephalexin or cephapirin. This phenomenon could
be used for the determination of either the antibiotic or the metal ion using adsorptive stripping voltammetry. Detection limits down to

7x107'° M have been easily achieved.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Cephalosporin antibiotics; Complexes; Cyclic voltammetry; Osteryoung square wave voltammetry

1. Introduction

Cephalosporins are the second major group of B-lactam
antibiotics [1], they are classified into four generations.
The biological activity of these antibiotics is the B-lactam
ring [2]. The possible interaction that may occur between
metal ions and these antibiotics is of importance as this
may affect the drug absorption through the human
membrane [3]. This may help in understanding what is
going in vivo when administrating an antibiotic. Since
metal ions are known to accelerate the rates of chemical
reactions [4], it may also “mask” a nucleophile and thus
prevent an otherwise likely side reaction [4]. Metal ions
also act as Lewis acid catalysts especially the transition
ones like Zn, Fe, Mn and Cu because they have empty d
electron orbitals that can act as electron sinks [5]. The
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E-mail address: nelmaali@yahoo.com (N. Abo El-Maali).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.09.002

functioning of a metal as a Lewis acid requires chelate
formations with a ligand such as that occur with the
enzymes in vivo [5]. Antibiotics also can behave as
ligands [6—11]. Although few reports exist in the literature
concerning this topic area, some are cited either using
voltammetry [6—8] or other methods, e.g. spectrophotom-
etry [9-11].

Various electroanalytical techniques have been used to
study the polarographic activity [12—-17], degradation
products, and the electrode reaction of cephalosporins
[18,19]. The electrochemical behavior of cephalexin has
been studied by Li and Chen [20]. The electrochemical
behaviors of cephalexin and cephapirin have been
determined using differential pulse polarography in
Britton—Robinson buffer (pH 7.3) by Fredrik et al. [21].
Bernacca et al. [22] have investigated a polarographic
behavior of the B-lactam antibiotic cefuroxime and study
of the reduction mechanism in acidic media. The electro-
chemical behavior and analysis of cefotaxime sodium
have been studied by Raghavan et al. [23]. Cathodic
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stripping voltammetric method has been described for
determining cephalosporin antibiotic ceftriaxone by Abo
El Maali et al. [12].

Cefotaxime and cefuroxime in Britton—Robinson or
Clark—Lubs buffer solution as supporting electrolyte have
been examined by d.c., sampled-d.c. and differential pulse
polarography and cyclic voltammetry [24]. Cefotaxime and
cefuroxime each gave two reduction waves (E;,=—0.6-0.8
V vs. Ag—AgCl). Each drug could be determined at weakly
acid pH by Zhang et al. [25] have studied the voltammetric
behavior of cefotaxime sodium and its determination by
single-sweep oscillopolarography. Interference caused by Fe
(ID), Cu (II), Zn (II), and Cd (II) can be avoided by addition
of 0.3 ml of 5% EDTA.

A differential pulse polarographic method has been
described for determining ceftazidime in urine samples
with and without prior extraction [26]. Ceftazidime also

has been determined by cathodic-stripping voltammetry
[27] in a supporting electrode containing 0.45 pg/ml poly-
L-lysine in Britton—Robinson buffer of pH 10. Various
types of electrodes have been utilized [28] for an electro-
chemical study of ceftazidime in aqueous and biological
media.

Few reports are found in the literature concerning the
identification and isolation of the metal ions—cephalosporin
complexes [29]. The aim of the present work is to utilize our
previous publications [30,31] for studying the electro-
chemical behavior of the isolated solid Cu (II), Cd (II)
and Zn (II) cephalosporin antibiotics namely: Cephalexin
(CEX), Cephapirin (CEP), Cefamandole (CML), Cefurox-
ime (CRX), Cefotaxime (CTX) and Ceftazidime (CFZ),
with their use for quantifying either the antibiotic or the
metal ions using the adsorptive stripping voltammetric
method of analysis.

Table 1
Structure, name, generation, and notation of the antibiotics under investigation
Name Generation Notation Structure
Cephalexin First CEX O
N~
COONa
Cephapirin First CEP O HH H
7\ [l S
N CH,—-S—C—N
— S—N_
(0] CH,0COCH;4
COONa
Cefamandole Second CML Il—l ﬂ Il—l H H
S
C—C—N-——’/
| N—N
O—CH J—N_ .~ [|
g (0] CH,—S /N
COONa
CH3
Cefuroxime Second CRX
CON
\ / NOCH3
CH,0CONH,
COONa
Cefotaxime Third CTX (ljl Il{ H H
S
| ]
)l\ J NOCH; N~
H,N S (6} CH,0COCH;
COONa
Ceftazidime Third CFZ O H H H

N | ﬁ—C—N |
)l\ J N — N~ \
HZN S (l) CHz_
COONa
H3C+C00Na

CH,

N
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2. Experimental

All chemicals were of analytical grade, cephalexin
(CID, Assiut, Egypt) and the sodium form of
cephapirin (Bristol-Myers Squibb, New York), cefaman-
dole (Eli Lilly, Italia), cefuroxime (Glaxo Wellcome,
U.K.), cefotaxime (Pharco Pharmaceutical, A.R.E.) and
ceftazidime (Glaxo Wellcome) were used as purchased.

2.1. Apparatus

Voltammetric measurements were recorded using a
BioAnalytical System BAS CV-50 W Voltammetric Ana-

lyzer (USA) electrochemical running under windows ™
software.

Measurements were taken using Static Mercury Elec-
trode (SME) as working electrode, the capillary used is the
standard capillary (MF-2090) having a beveled tip with a
100-um ID. A BAS silver/silver chloride (MF-2063) serves
as reference electrode and a BAS platinum wire (MW-1032)
serves as an auxiliary one. The cell was completely shielded
from any perturbing noises by a faraday cage (EF-1425).

All voltammograms were collected using an hp Hewlett
Packard Laser Jet 4L printer.

The pHs were measured using the Fischer Scientific
Accment pH Meter Model 810 equipped with a combined
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Fig. 1. Osteryoung square wave voltammograms of: (A) Cd—Cefuroxime, (B) Cd—Cefotaxime, (C) Cd—Cephapirin, (a) Cd (II), (b) Cd (II)+Cefuroxime, (c)
solid synthesized complex and (d) Cefuroxime alone, pH 7.34 (1.7 M Ac/NaOH).
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glass electrode, which is calibrated regularly with buffer
solutions (pH 4.00 and 7.00).

For Osteryoung square wave voltammetry (OSWYV), the
experimental parameters used are:

Initial £ (mV)=—1600 (variable), Final £ (mV)=0
(variable) (anodic direction),

Initial £ (mV)=0, Final £ (mV)=—1600 (cathodic
direction),

S.W. amplitude (mV)=25,

Frequency (Hz)=15,

Step E (mV)=4,

Quiet time (s)=0.

For Cyclic Voltammetry (CV), the parameters used are:

Initial £ (mV)=—1600 (variable),
High E (mV)=0 (variable),

Low E (mV)=—1600,

Initial P/N=P,

Scan rate (mV/s)=100,

Sweep Segments=2,

Ampl Int (mV)=1,

Quiet time (s)=0.

V3 series HTL micropipettes (Germany) were used to
pipette microliter volumes of solutions.

2.2. Reagents and solutions

A fresh solution was always prepared daily of each
antibiotics by dissolving the appropriate weight in doubly
distilled water. Antibiotics were used as received without
any further purification.

The supporting electrolyte was 10 ml of acetic acid
(Merck quality), the pH was adjusted to 7.34 using free
carbonate sodium hydroxide solution.

All reagents were of analytical grade quality. All
measurements were carried out at 25+ 1 °C. The solution
was degassed with highly purified nitrogen for 8 min to
remove oxygen.

2.3. Solutions of metal ions

Stock solutions (0.01 M) used in complex formation of
cadmium sulphate (Adwic Prolabo), zinc sulphate pentahy-
drate (Riedel-Dehan Seelze-Hannover) and copper nitrate
(Arabic Laboratory Equipment) were prepared daily. The
solutions were prepared and diluted as required for standard
additions for quantitative analysis.

3. Results and discussion

The possible complex formation reaction between either
the toxic, non-essential metal ions, e.g. Cd (II) or the

essential but toxic metal ions, e.g. Cu (II), Zn (II) with
several cephalosporin antibiotics, is investigated. The
antibiotics under investigation are cited in Table 1. Their
solid complexes with Cu (II), Cd (II) and Zn (II) were
prepared and isolated in our laboratory as mentioned in our
previous publications [30,31].

3.1. Voltammetric behavior of Cd (II)—cephalosporin
antibiotics

Fig. 1(A,B,C) shows the osteryoung square-wave vol-
tammograms of three Cd-antibiotics (one representative for
each generation). Evidence of a complex formation is
established as a result of the decrease of the cadmium peak
current (£}, at ~—0.6 V) such as the case of Cd—cefuroxime
or Cd—cefotaxime complexes (Fig. 1A,B) and/or from the
shift in the £, of the first peak of the complexing agent such

CH,OCONH,

1:2 Complexes[M(CRX,].3H,0

2:1 Complexes [M,Cl,(CFZ)(H,0)].H,0

M= Cu(ll), Zn(ll) or Cd(ll)

Scheme 1. Proposed structures for some representative complexes of the
antibiotics.
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that the case for Cd—cephapirin complex (Fig. 1C, curves d,
e, f) or that shift occurs for the second peak of the
complexing agent, e.g. cefuroxime and cefotaxime (see
Fig. 1A,B, curves d, e, f). It is worthy, here, to mention that
this is further elucidation and confirmation—with the
proceeded results—for involvement of the different sites
of these molecules during the complexation with Cd (II).
(See Scheme 1 for complexation).

Anodic stripping voltammetry has been used to follow
the concentration of unreacted metal titrant during the
titration of organic ligands. After each aliquot of metal is
added to the ligand, stripping analysis on the resulting
solution is carried out. The result for given accumulation
conditions and for mass transfer of the metal to the electrode
by convective diffusion is a stripping current that depends
only on the concentration of unassociated metal ions and an

Current/uA

end point that is an estimate of the total free ligand
concentration. However, the formation constant calculated
from such method is a conditional one (Kyy ) [32,33]. In
addition, a criterion that establishes whether a complex
dissociates during accumulation, i.e. whether or not a
complex is strictly “non labile” is also predicted.

3.2. Cyclic voltammetry of the investigated complexes

The electroreduction of the antibiotics—under investiga-
tion—along with their cadmium complexes solution equi-
librium and those for the prepared solid complexes have
been studied under the same experimental conditions. Fig. 2
shows a cyclic voltammogram for (1:1) Cd-cephalexin
prepared solid complex after solubilization in the blank
solution (acetic acid/NaOH). Two irreversible peaks, due to
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Fig. 2. Comparison between the cyclic voltammograms for 1:1 complex (Cd—Cephapirin) (A), 1:2 complex (Cd—Cefamandole) (B) and 2:1 complex (Cd—

Ceftazidime) (C).
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Fig. 3. Cyclic voltammograms of Cd (II)-Cephapirin, #,..—, a=0, b=30,
¢=120, d=150, e=180 and /=240 s. pH 7.34.

the reduction of the drug and one reversible (at about —0.6
V), which is assumed to be due to the reduction of the
cadmium in the complex. However, the peaks related to the
drug are assumed to be due to two separate sites in the
molecule as when the potential is held constant at a value
between the two peaks, no alteration is seen in the height of
the second peak. This is more confirmed when cyclic
voltammograms are recorded as a function of the pH [19]
where the first reduction process of ceftazidime (as an
example) was attributed to two electron reduction of the
>C=N-double bond in the methylethoxyimino group of the
side chain, followed by the conventional reduction of the A®
double bond in the cephm nucleus, activated by the
pyridinium group (in the case of ceftazidime).

Cyclic voltammograms of cadmium alone, cadmium—
cephapirin in solution, and cadmium—cephapirin prepared
solid complex (pH 7.34) are shown in Fig. 2(A,B,C). It is
worthy to mention that, in agreement with the foregoing
results, evidence of 1:1 complex formation (for Cd—
cephapirin and Cd—cephalexin) and 1:2 (for Cd—cefuroxime,
Cd-cefotaxime and Cd—cefamandole) but 2:1 complex for
Cd-ceftazidime is elucidated as a result of the values
obtained for the cadmium reduction peak in these prepared
complexes (/). In other words, the diffusion coefficient
of cadmium (Fig. 2B, curve b) in Cd-cefamandole
complex (1:2) is one-half that for either Cd—cephapirin
or Cd—ceftazidime (1:1 or 2:1). This is—of course—due
to the bulky structure when one mole of cadmium metal
ion is complexed by two of the ligand (cefamandole,
cefuroxime or cefotaxime in our study). Compare curve b
in Fig. 2(A,B,C).

When stripping voltammetry is applied for such complex
equilibria, adsorption behavior of these complexes is
observed (Fig. 3) as the peak current was found to increase
with increasing the accumulating time up to 300 s. This
phenomenon has been used for quantitation of these drugs.

3.3. Voltammetric behavior of Zn (II)—cephalosporin
antibiotics

Fig. 4 shows comparative voltammograms for (a), blank
solution (1.7 M acetic acid/NaOH), (b) cephalexin alone,
(c) the metal ion alone, then the metal ion and the
complexing agent (cephalexin), curve (d) and that for the
synthesized solid complex, curve (e). As indicated from
the figure, there is an evidence of a complex formation
reaction between Zn (II) and cephalexin. This is obvious
from the appearance of a new peak at about —0.35 V and
another one at —0.45 V.

Cyclic voltammetry of the synthesized complex (Fig.
5A) shows that the reduction of the two peaks—due to
complex formation—occurs via irreversible (peak a), or
reversible manner (peak b). The irreversible one is assumed
to be a pre-peak due to adsorption process; this is confirmed
as a straight line is obtained when 7, is drawn as a function
of the scan rate (Fig. 5B).

Fig. 6 shows such adsorption behavior for Zn—cephapirin
complex. Although an evidence of the complex formation is
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Fig. 4. Osteryoung square wave voltammograms of: a: blank solution (1.7
M Ac/NaOH), b: (a)y+1x10~* M Cephalexin, c: (a)+1x10~* M Zn (II), d:
(a)+(b)+(c) and e: (a)t+solid synthesized complex. All measurements were
taken at pH 7.34. Other experimental parameters are cited in the
experimental part.
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Fig. 5. (A) Cyclic voltammograms of Zn—cephalexin solid complex, pH 7.34, at different scan rates. (B) Effect of the scan rate on the peak height of Zn—
cephalexin, pH 7.4. ipc;: current due to reduction of peak b in (A). pa;: current due to oxidation of peak b in (A). ipc,: current due to reduction of peak ¢ in (A).
ipay: current due to oxidation of peak c in (A). ipcs: current due to reduction of the adsorption peak (pre-peak) a in (A).

clear from the shift in the £, (~—1.18 V) of cephapirin when
tracing either the complex-solution equilibrium or the solid
complex, a new phenomenon is appeared in the potential
range corresponds to the reduction of the metal ion, that is,
an increase in the /,, for Zn is obtained for either the solution
complex or the prepared solid complex (compare peaks c, d,
e, in Fig. 6A). This phenomenon may be attributed to the
fact that Zn—cephapirin complex is adsorbed on the
electrode surface. Further confirmation of this behavior
has been elucidated using adsorptive stripping voltammetric
techniques (Fig. 6B) allowing the drug quantitation down to
2x107? M. A detection limit of 7x10~'" M has been easily
achieved.

When cefotaxime, cefamandole or cefuroxime are
introduced to Zn (II), a complex formation reaction is
assumed to occur as a result of the appearance of a new peak
(Fig. 7) at about (—0.45 V). Besides, a negative shift in the
Zn (II) reduction peak potential is also observed, whereas
that due to the ligand is not altered. This behavior may be
attributed to the fact that as for these complexes of
stoichiometry 1:2 (Refs. [30,31]), Zn atom is restricted by
two moles of the ligand, so energy is required to reduce such
restricted atom in the complex structure, therefore a negative
shift in the Zn (II) peak potential is noticed.

Fig. 8 is the osteryoung square wave voltammograms of
Zn—ceftazidime complexes for the complex formed in
solution (curve d) and that of the prepared solid complex

(curve e). It is obvious from the figure that evidence of the
complex formation due to the appearance of new peak (at
about —1.15 V), the appearance of this new peak at such
potential shows that a new stoichiometry is happened
between Zn (II) and ceftazidime, also the noticeable
decrement in the /, for Zn (II) beside its small shift in
potential. However, as it is elucidated from the previous
study in this work, 2:1 stoichiometry is found for such
complexation. Our voltammetric data agreed with this as the
diffusion current for Zn (the reoxidation peak in Fig. 8) is
much higher than that complexed to the ligand. This proves
that either Zn—ceftazidime complex is not adsorbable at the
electrode surface as it was the case for cephapirin and
cephalexin complexes or due to the fact that the involve-
ment of two metal ions (2:1 stoichiometry) gave rise to
double value for the diffusion coefficient of Zn.

3.4. Voltammetric behavior of Cu (Il)—cephalosporin
antibiotics

The osteryoung square wave voltammograms for Cu
(IT)—cephalexin complex (formed in solution) and that for
the prepared solid complex were traced, appearance of a
new peak at about —0.8 and —0.67 V for the solution and
solid complex, respectively, is an evidence of the complex
formation reaction between Cu (II) and cephalexin. Also, a
shift of the cephalexin reduction peak (in case of solution
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Fig. 6. (A) Osteryoung square wave voltammograms of: a: blank solution
(1.7 M Ac/NaOH), b: (a)+1x10~* M Cephapirin, ¢: (a)+1x10~* M Zn (II)
d: (a)+(b)t(c) and e: (a)tsolid synthesized complex. All measurements
were taken at pH 7.34. (B) Cyclic voltammograms of Zn—cephapirin solid
complex applying different accumulation times, a=0, =30, ¢=60, d=120,
e=180 and /=240 s. pH 7.34.

complex) is observed and almost its disappearance (in case
of the solid complex) confirming a complex formation
reaction.
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Fig. 7. (A) Osteryoung square wave voltammograms of: a: blank solution
(1.7 M Ac/NaOH), b: (a)+2x10~* M Cefamandole, ¢: (a)+1x10~* M Zn
(II) d: (a)+(b)+(c) and e: (a)+solid synthesized complex. All measurements
were taken at pH 7.34. Other experimental parameters are cited in the
experimental part. (B) Osteryoung square wave voltammograms of Zn—
Cefamandole, pH 7.34 at accumulation times, =0, b=30, ¢=60, d=120,
=180, /=240 and g=300 s. Other experimental conditions are cited in the
text.
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Cu (IT)—cephapirin complex formation reaction has been
also tested utilizing cyclic voltammetric technique. Appear-
ance of new peaks at about —0.55 V for both the solid
complex or the solution one while disappearance of the first
one for the ligand (cephapirin in this case) and also decrease
observed in the second ligand peak (at about —1.1 V) are all
together a good evident for a complex formation reaction
between Cu (II) and cephapirin.

Cu (II)-cefamandole complex is also evidenced using
both osteryoung square wave and cyclic voltammetry.
Cyclic voltammetry of the Cu (II)-cefamandole system
shows reversible peak for the reduction of the free Cu (II)
(Fig. 9) another one for the complex formed in solution
(peak b) and (peak c) for the prepared solid complex.

For cefuroxime complexation system with Cu (II),
again an adsorption behavior is observed as that obtained
for Zn-—cephalexin and cephapirin complexes, as the
reduction peak of the ligand (cefuroxime) is enlarged in
presence of Cu (II). The shift in the peak potential for
the reduction peak obtained at about —0.70 V is another
evidence for the complex formation reaction.

Cu (II) could also be complexed by cefotaxime. This
complex formation reaction leads to appearance of a new
peak at about —0.4 V and another one at about —0.7 V.

Ceftazidime shows a reduction peak at about —1.0 V (pH
7.34). In the presence of Cu (II), new peak at about —0.7 V
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Fig. 8. Osteryoung square wave voltammograms of: a: blank solution (1.7
M Ac/NaOH), b: (a)+1x10~* M Ceftazidime, c: (a)+2x10~* M Zn (II) d:
(a)t(b)+(c) and e: (a)t+solid synthesized complex. All measurements were
taken at pH 7.34.
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Fig. 9. Cyclic voltammograms of a: 1x10™* M Cu (II), b: 1x10~* M Cu
(I+2x10~* M Cefamandole, c: prepared Cu—Cefamandole solid complex
(stoichiometry 1:2), pH 7.34.

appeared, its E, is shifted with the increase of the
concentration. Therefore, it is concluded that the Cu (II)-
ceftazidime complex is adsorbed onto the electrode surface.
However, this peak that is due to complex formation
reaction could be successfully used for analytical studies
for the determination of either Cu (II) or ceftazidime.

4. Conclusion

As it is well-known that deficiencies of trace elements
can occur for the same general reasons as vitamin
deficiencies [34], the possible complex formation reaction
that may occur between metal ions and the antibiotics under
investigation may give an image of what will happen when
administrating an antibiotic. For this purpose, both oster-
young square wave voltammetry and cyclic voltammetry
have been utilized to elucidate and confirm the possible
complexation reaction which occur between the various
cephalosporin antibiotics and either the toxic, non-essential
metal ion, viz. Cd (II), or the essential but toxic (when their
concentration exceeds certain level in serum) metal ions,
viz. Cu (IT) and Zn (II).

In a good agreement with the stoichiometries of the
isolated solid complexes [30,31], the voltammetric measure-
ments indicated the existence of 1:1 metal-to-ligand ratio (as
in cephalexin and cephapirin complexes), 1:2 ratio (such as
in cefamandole, cefuroxime and cefotaxime complexes) and
2:1 ratio in case of ceftazidime complexes. Adsorption
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behavior was evidenced for Cu (II)—cefuroxime or ceftazi-
dime complexes as well as for those of Zn (II)-cephalexin
or cephapirin. This phenomenon could be used for the
determination of either the antibiotic or the metal ion using
adsorptive stripping voltammetry.
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Abstract

The aim of this study was to evaluate the effectiveness of electrochemotherapy (ECT) as a function of various combinations of pulse
strength and duration. C57BI mice bearing LLC tumors were injected i.p. with bleomycin (BLM) at doses 5 mg/kg in 0.2 ml of physiological
saline. Thirty minutes later, tumors were positioned between plate electrodes and were pulsed with eight-square wave electric pulses with an
individual pulse strength of 900, 1100, 1300 or 1500 V/cm and duration of 0.1, 0.25, 0.5 or 1 ms. Effectiveness of ECT was estimated by
measuring inhibition of tumor growth and by estimating extent of necrosis in histological slices of the treated tumors. At pulse strength of 900
V/em and duration of 0.1 ms, electrochemotherapy was ineffective. Noticeable inhibition of tumor growth (threshold of ECT) was obtained
when pulse duration at this field strength was increased up to 0.25 ms. Further increase of pulse strength and/or duration resulted in
progressive enhancement of antitumor effects. Using tumor doubling time (DT) as a criteria, we showed that the same efficacy of ECT could
be achieved using various pairs of values for pulse strength and duration. Largest antitumor efficacy of ECT was obtained at pulse strength of
1500 V/cm and duration of 1 ms. These pulse conditions applied alone neither significantly suppressed tumor growth nor induced noticeable
side effects of the surrounding tissues. The results of this study thus suggest that the effectiveness of electrochemotherapy can be enhanced
(in comparison to widely accepted conditions of electrochemotherapy—S8 pulses of 1300 V/cm, 0.1 ms) if 1500-V/cm, 1-ms electric pulses
are used. Our study also implicates that other pulse conditions could be found for this enhanced ECT.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Electroporation; Electropermeabilization; Electrochemotherapy; Tumor treatment; Bleomycin; Lewis lung carcinoma

1. Introduction

When the cell in suspension or in tissue is exposed to
sufficiently strong and long lasting electric field pulse(s) the
permeability of the cell membrane temporarily increases
providing access of exogenous molecules into the cytosol of
the cell. The phenomenon is known as electroporation or
electropermeabilization [1]. It has been successfully
exploited for different biomedical applications in vivo [2].
The most promising between these applications are DNA
electrotransfer into tissues for gene therapy [3-5] and
antitumor electrochemotherapy [6—9]. Antitumor electro-
chemotherapy (ECT) is much more progressed and currently

* Corresponding author. Tel.: +370 37 327906; fax: +370 37 327904.
E-mail address: mive@gmf.vdu.lt (M.S. Venslauskas).
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entered clinical trials. The treatment consists of the injection
of highly cytotoxic drug (like bleomycin or cysplatin)
followed by delivery of high voltage electric pulses to the
tumor. The key point of ECT is that tissue permeabilization
allows local targeting of cytotoxic drugs into the cells of the
tumor exposed to electric field. This enables one to obtain
effective antitumor responses with highly reduced doses of
cytotoxic drugs.

Effectiveness of ECT basically depends on two main
requirements of the treatment: (i) effective distribution of the
highly cytotoxic drug (at appropriate doses) in the tumor and
(i1) permeabilization of the vast majority of the tumor cells.
Since in ECT trials most usually bleomycin, a hydrophilic
drug, is used, it is assumed that the drug injected systemically
or intratumorally prior to delivery of electric pulses distrib-
utes freely in the volume of tumor tissue. To our knowledge,
dynamics and pattern of this distribution in whole tumor are
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still unknown. Nevertheless, effectiveness of ECT is dose
dependent [6,8,10], which clearly shows that appropriate
amounts of the drug are needed for the effective electro-
chemotherapy.

The second requirement has been an object of more
intense studies. In vitro cell permeabilization depends on
many parameters, but all above, on the parameters of electric
pulses, that is: shape, strength, duration, number and
frequency at which the pulses are delivered [11-16]. In vitro,
it was established that high percentage of permeabilized cells,
with minor percentage of killed cells, can be obtained using
eight-square wave pulses with individual pulse strength of
1300 V/em, duration of 0.1 ms [17,18]. These pulses were
also effective in vivo conditions to permeabilize cells in
tumor tissues [6,19,20]. Consequently, already in the first
experiments on in vivo electrochemotherapy, high responses
of the treatment were obtained [6]. These findings suggest
that majority of the tumor cells in tissue were permeabilized
by the pulses and destroyed by bleomycin internalized into
the cells. Therefore, eight square-wave pulses of 1300 V/cm,
0.1 ms were widely accepted in the world and applied for
electrochemotherapy of many tumor models in preclinical as
well as in clinical trials [6-9,21-24].

In spite of these reports, there is a lack of more systemic
studies on the effectiveness of ECT in dependence of
various parameters of electric pulses. This study was thus
designed to investigate the effectiveness of ECT in depend-
ence of various combinations of electric pulse strength and
duration. Along this, we also aimed to determine relation of
pulse strength and pulse duration resulting in the same
efficacy of electrochemotherapy.

2. Materials and methods
2.1. Animals and tumor model

Eight- to twelve-week-old female C57BI mice (Institute
of Immunology, Vilnius, Lithuania) were employed in the
experiments. Animals were maintained at steady room
temperature (22 °C) with natural day-night cycle. To
obtain solid tumors, the tumor tissue was removed from
the mice bearing Lewis Lung carcinoma (LLC) tumors
and minced with a pair of scissors after addition of sterile
0.9% NaCl with ratio 5 ml to 1 g of tumor tissue. Then
0.2 ml of the suspension was injected subcutaneously in
the right hind limb of the experimental mice. When
tumors reached approximately 200-400 mm® in volume,
the mice were divided into experimental groups (at least
six mice in each group) and subjected to specific
treatment.

2.2. Electrochemotherapy

Bleomycin (BLM) (Nippon Kayaky, Japan) in 0.2 ml
was administered by intraperitoneal injection 30 min

before delivery of electric pulses. Treated mice received
5 mg/kg of the drug. Electric pulses were delivered using
distance-adjustable plate (two flat stainless steel plates, 8
mm in width, 20 mm in length) electrodes. The electrodes
were placed at the opposite sides of the tumor and the
distance of the plates was adjusted according the size of
the tumor. To reach good contact between the skin and the
electrodes, the fur was clipped off from the tumor area,
and conductive gel was used. Square-wave electric pulses
were generated by an electroporator constructed and
manufactured in our laboratory. The tumors were pulsed
with eight-square wave electric pulses of variable strength
(900, 1100, 1300 and 1500 V/cm) and duration (0.1, 0.25,
0.5 and 1 ms) delivered at 1 Hz. Shape, voltage and
duration of each individual pulse were controlled by means
of storage oscilloscope (C8-13, Russia). ECT treatment
was performed without anesthesia and was well tolerated
by the mice. Mice were sacrificed either 14 days after the
treatment or 2 days after tumor in mouse doubled in
volume.

2.3. Assessment of response and treatment of the data

The tumor’s longest diameter (a) and the next perpen-
dicularly longest diameter (b) were measured with a caliper
every second day, starting from the experimental day ‘0°.
The tumor volume (V) was calculated by the formula
V=ab*m/6 [25]. From the measurements, tumor doubling
time (DT) was determined for each individual mice. From
the values, the mean and standard errors of the mean of
tumor volume and DT were calculated. Similarly, extent of
tumor necrosis (see bellow) in individual groups was
expressed as a meantstandard error of the mean. To
evaluate statistical difference between experimental groups,
two-tailed Student’s 7-test for paired values was used.
Statistical difference was taken to be significant when
p<0.05.

Experimentally defined DT in dependence of pulse
duration for each pulse strength (900, 1100, 1300 and
1500 V/em) were fitted to a two parameter logarithmic
curve DT(7 )=a+b XIn(t), where 7 is pulse duration, a and
b are parameters that determine shape of the logarithmic
curve. Thereby, four fitted curves exposing tumor dou-
bling time as the functions of pulse duration were
obtained. The line crossing these curves in parallel to t
axis gave us at least four pulse strength—duration values
defining the same tumor doubling time, and consequently
the same efficiency of ECT. By plotting these values on
strength—duration coordinates and fitting them to a three
parameter exponential curve E(t)=a+bxe <" (E is pulse
strength, 7 is pulse duration, a, b and ¢ are parameters
that determine shape of the exponential curve), the set of
strength—duration relations, which define the same DT,
was determined. All fits were obtained by least-squares
nonlinear regression using Sigma Plot 6.10 (SPSS,
Richmond, CA, USA).
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Fig. 1. Lewis Lung Carcinoma growth curves of control tumors (@), of the tumors treated with bleomycin, 5 mg/kg (O), electric pulses (+) and
electrochemotherapy at various parameters of electric pulse strength: 900 V/ecm (A), 1100 V/em (B), 1300 V/em (C), 1500 V/em (D) and pulse duration: 0.1 ms
(v), 0.25 ms (57), 0.5 ms (W), 1 ms (O). Each point in the figure represents the mean=S.E.M.

2.4. Histological analysis

Tumors were excised 3 days after the treatment. Speci-
mens were fixed immediately in 4% buffered neutral formalin
for 24 h. The tissue was processed for dehydration in an
alcohol of rising concentration for 24 h in each. Then the
tumor tissue was immersed in two portions of a clearing agent
for 1.5 h in each followed by immersion in liquid paraffin for
1.5 hin one portion and for 24 h in another. After embedding
the tumor tissue in paraffin, slices of 4 micrones thickness
were prepared using Reichert-Jung microtome (Germany).
The slices were stained by standard hematoxylin and eosin
method. For each experimental condition, four mice were
treated, and from each mouse five tumor slices were prepared.
Histological preparations were examined under microscope
(PZO, Poland) equipped with a digital photo camera (Canon,
NY, USA). From each slice, five images were taken from

Table 1

random places. In overall, extent of tumor necrosis after
specific treatment was determined using 100 photographs.

3. Results

3.1. Evaluation of effectiveness of ECT in dependence of
pulse strength and duration

The main objective of this study was to evaluate
effectiveness of electrochemotherapy on Lewis Lung Carci-
noma tumors in dependence of pulse strength and duration.
To this end, four sets of experiments using various
combinations of strength (900, 1100, 1300 or 1500 V/cm)
and duration (0.1, 0.25, 0.5 or 1 ms) were performed. The
effectiveness of ECT expressed as changes of tumor volume
and doubling times (DT) in dependence on these pulse
parameters are shown in Fig. 1 and Table 1.

Tumor doubling times (DT) resulting from electrochemotherapy using various parameters of electric pulse strength (900, 1100, 1300 and 1500 V/cm) and pulse

duration (0.1, 0.25, 0.5 and 1 ms)

Control Pulse duration and strength (V/cm) 0.1 ms 0.25 ms 0.5 ms 1 ms

3.1x04 900 3.6%0.6 8.31£0.3 11.3£0.4 12.4%0.8
3.4£0.6 1100 6.3%1 13.2%1 12.7£0.7 15£0.5
3.7£0.5 1300 10+1.8 14.4%0.8 16.3+0.8 17.3£0.7
2.9%0.5 1500 9.7%£2 14.7+0.4 17£0.6 19.2£0.8

DT is expressed in days as mean®=S.E.M.
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Fig. 2. Extent of necrosis after treatments with bleomycin (BLM), electric
pulses (EP) and electrochemotherapy using various parameters of electric
pulse strength and duration. Each column in the figure represents the
meantS.E.M. All groups marked with three asterisks are statistically
different (p<0.001; ¢-test) from the controls.

As a positive control to electrochemotherapy groups,
treatment of tumors was performed with bleomycin alone at
a dose of 5 mg/kg (a dose used throughout in our experi-
ments) (Fig. 1, panel A). This treatment did not inhibit tumor
growth as compared with controls (p>0.05): DT at this
condition was 3.7%£0.6 while in control group it was
3.1+£0.4. As another positive control, treatment was per-
formed using electric pulses only. The most intense
conditions of the pulses (strength—1500 V/cm, duration—
1 ms) were tested (Fig. 1, panel D). It was found that this
treatment was also ineffective (p>0.05). DT at this condition
was 2.310.3 while in controls it was 2.910.5.

ECT treatment using lowest parameters of pulse
strength and duration (900 V/cm, 0.1 ms) was also
ineffective (»>0.05). Inhibition of tumor growth by ECT
started to be significant (p<0.05) when, at the same pulse
strength, the pulse duration was increased up to 0.25 ms
(Fig. 1, panel A; Table 1). Further increase in pulse
duration up to 1 ms resulted in progressive increase of
antitumor effects. Similar tendencies were also determined
for pulse strengths of 1100 V/cm (Fig. 1, panel B).
However, at this strength, ECT was effective (p<0.05)
already at 0.1-ms pulse duration with further progressive
increase of the effectiveness at 0.25, 0.5, 1 ms (Table 1). A
clear shift to longer DTs was obtained using 1300-V/cm
pulse strengths (Fig. 1, panel C; Table 1). Additionally, at
1300 V/cm, using longer duration of the pulses (starting
from 0.5 ms), short-term complete responses of the
treatment were observed in several cases. Largest anti-
tumor effects of electrochemotherapy were obtained with
1500-V/cm strength pulses (Fig. 1, panel D; Table 1). At
this strength using 1-ms pulses, 1-week complete
responses were observed in four cases out of six. Overall,
at higher pulse strengths and/or longer pulse duration, a
clear shift to prolonged inhibition of tumor growth was
obtained (Fig. 1, Table 1).

3.2. Extent of necrosis

The extent of tumor necrosis was determined in controls,
in the group treated with bleomycin (5 mg/kg), in the group
treated with electric pulses (1500 V/cm, 1 ms) and in
electrochemotherapy groups using various parameters of
pulse strength and duration (Fig. 2). The treatment with
bleomycin alone or with the electric pulses did not result in
significant increase of tumor necrosis as compared to the
controls. However, in all electrochemotherapy groups, the
extent of necrosis was increased significantly (p<0.05). In
electrochemotherapy groups at 0.1-ms pulse duration, extent
of the necrosis increased from 59% to 81% and 79% for
pulse strength 1100, 1300 and 1500 V/cm, respectively.
Largest extent of tumor necrosis was obtained at 1500-V/cm
and 1-ms pulse conditions. Even though there was no
statistical significance, these pulses compared to widely
accepted pulse conditions (1300 V/em, 0.1 ms) [6-9]
resulted in an increase of tumor necrosis from 81% to
88% (Fig. 2).

3.3. The relation of pulse strength and duration

In order to find out the relation of pulse strength and
duration resulting in the same effectiveness of ECT, tumor
doubling time (DT) as a function of pulse duration was
determined for each pulse strength (Fig 3). The relation of
pulse strength and duration resulting in the same effective-
ness of ECT was evaluated for DT being in the range
between 9 and 12 days (Fig. 4). Finding pulse strength—
duration values for various DTs and fitting them to a three
parameter exponential curve E(t)=a+bxe , we found a
pulse strength—duration curve that crosses the point of
interest: 1300 V/cm and 0.1 ms, i.e. the pair of values for
pulse strength and duration widely used by other authors [6—
9]. The DT at which such pulse strength—duration curve was
obtained was 9.35 days (Fig 4). This allowed us to find out

22
20
18

Tumor doubling time (DT), days
S

0.0 0.1 02 03 04 05 0.6 0.7 0.8 09 1.0 1.1 1.2

Pulse duration, ms

Fig. 3. The dependence of tumor doubling time on electric pulse duration of
electrochemotherapy at various pulse strengths 900 V/em (@), 1100 V/em
(m), 1300 V/em (O), 1500 V/em (O). Each point in the figure represents the
meantS.E.M.
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Fig. 4. The relationship of pulse strength and pulse duration giving the same
effectiveness of electrochemotherapy expressed as the same tumor doubling
time (DT): 9 days (@), 9.35 days (bold line), 10 days (O0), 11 days (m), 12
days (O).

pairs of pulse strength and pulse duration giving the same
antitumor effectiveness of ECT as with the pulse parameters
widely accepted in the world (eight electric pulses with
pulse strength of 1300 V/cm, duration of 0.1 ms and pulse
repetition frequency of 1 Hz). For example, the same
efficacy of ECT as that obtained at 1300 V/cm and 0.1 ms
(DT=9.35) can be obtained using pulse strength—duration
pairs such as: 900 V/ecm and 0.36 ms, 1000 V/cm and 0.25
ms, 1100 V/cm and 0.18 ms, 1200 V/cm 0.14 ms. Similarly,
other pairs of pulse strength and duration resulting in larger
or lower, but the same effectiveness of ECT can be found.

4. Discussion

Effectiveness of ECT directly depends on the number of
tumor cells that were exposed to over-threshold electric field
and consequently destroyed by the bleomycin internalized
into permeabilized cells. In this study, we investigated the
effectiveness of ECT in dependence of various combina-
tions of electric pulse strength and duration.

Using lowest conditions of electric pulses applied in this
study (pulse strength of 900 V/cm and duration 0.1 ms), we
found that ECT treatment was ineffective (Fig. 1, panel A;
Table 1). In terms of electropermeabilization, however, it
does not refer that under these pulse conditions, any tumor
cell was permeabilized. It does only imply that the number
of malignant cells in the tumor that were permeabilized and
destroyed by ECT was not sufficient to detect suppression of
the tumor growth. According to our histological data, this
number is less than 60% (Fig. 2; compare with column 4
when pulses of 1100 V/em, 0.1 ms were used).

In our experiments, tumors started to be significantly
suppressed by ECT when at the same 900-V/cm pulse
strength, the duration was increased up to 0.25 ms (Fig. 1,
panel A). These findings show that, in the range of our
parameters tested, the minimal electrical pulse strength and
duration needed to evoke significant inhibition of tumor

growth by ECT are 900 V/cm and 0.25 ms. Consequently, it
could be concluded that under these electric pulses param-
eters, the number of cells that undergone permeabilization
and internalized bleomycin was sufficient to obtain signifi-
cant (threshold of ECT) antitumor effect. Using stronger or/
and longer pulses inhibition of tumor growth was progres-
sively more pronounced: consequently, larger number of cells
in the tumor was permeabilized and destroyed by ECT (Fig.
1, Table 1). Similar result is also seen from histological data:
increase in pulse strength from 1100 to 1500 V/cm, as well as
increase in pulse duration from 0.1 to 1 ms defined larger
extent of tumor necrosis (Fig. 2).

Several groups have tested effectiveness of ECT in
dependence of pulse strength [6,8,10,19,26]. It was found
that using eight 100-ps duration pulses, long lasting effects
of ECT are obtained when pulses are stronger than 900 V/
cm [6,10,19]. This is in agreement with our data, however,
our results stress that at these pulse conditions (900 V/cm,
0.1 ms), the ECT on LLC tumor is ineffective. Increase of
pulse strength from 1300 to 1500 V/cm resulted in some,
however, insignificant increase of antitumor effects [6,8,26].
This is again in agreement with our results: at any pulse
duration, increase of pulse strength from 1300 to 1500 V/cm
did not result in significant increase of tumour DT (Table 1).
However, at any pulse strength, increase of pulse duration
from 0.1 to 1 ms did result in significantly (p<0.05) larger
DTs (Table 1).

The relation between electric field pulse strength and
duration defining the same effectiveness of ECT is seen in
Fig. 4. Assuming that distribution of bleomycin within the
tumors is similar, Fig. 4 also shows quantitative dependence
of pulse strength and duration needed to permeabilize
approximately the same fraction of tumor cells in the tissue.
For example, in our study using eight-square wave electric
pulses of pulse strength of 1300 V/cm and duration of 0.1
ms, an extent of necrosis after ECT was 81% (Fig. 2).
Approximately the same fraction of cells permeabilized and
destroyed by ECT could also be achieved using other
combinations of pulse strengths and duration: 1200 V/cm
and 0.14 ms, 1100 V/cm and 0.18 ms, 1000 V/cm and 0.25
ms, and 900 V/cm and 0.36 ms (Fig. 4). The choice of the
combination depends on the equipment available as well as
on the intentions tissue permeabilization is to be achieved
for. For example, if larger molecules of the cytotoxic drug
were used in ECT, the combination of pulse strength and
duration would be preferable for longer pulses, as it is
suggested from in vitro studies [13]. Similarly, for smaller
molecules, stronger and shorter pulses would be more
suitable [13]. It was shown that long pulses are preferable if
DNA is to be delivered into tissues [3]. Provided that
permeabilization is achieved, long pulses additionally
facilitate DNA transfer into the cells through electrophoretic
forces [27,28].

The largest antitumor effect of ECT in our study was
obtained with eight pulses of 1500-V/cm strength and 1-ms
duration (Fig. 1, panel D). In four mice out of one, 1-week
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complete responses were obtained. These results suggest
that the vast majority of cells in the tumor was permeabi-
lized and destroyed by ECT. One could assume that most of
the cells were destroyed by the effect of the electric pulses
alone through irreversible permeabilization of the cells.
However, tumor growth in the group that was treated with
eight electric pulses of 1500-V/cm strength and 1-ms
duration in the absence of bleomycin was similar as in
control group (Fig. 1, panel D). In addition, our histological
data show that at these pulse conditions, necrotic areas were
similar as in control tumors (Fig. 2). Therefore, it could be
concluded that even if some cells undergone irreversible
permeabilization using 1500 V/cm pulses, its number was
not sufficient to induce significant tumor inhibition.

The ultimate goal of electrochemotherapy is to destroy
100% of tumor cells or close to it. In ECT, this could be
achieved only if permeabilization of this fraction of cells in
the tumor is achieved (in fact, to achieve permeabilization of
100% of tumor may not be absolutely necessary since
immune system contributes to elimination of some viable
tumor cells unaffected by ECT [6,29]). In vitro using eight
rectangular pulses of 0.1 ms 100% of cells or very close to it
are permeabilized at 1300—1500 V/cm [17,19]. Similar pulse
strength required to permeabilize and destroy 100% of cells is
obtained in vitro studies where cells were exposed to electric
pulses in the presence of the bleomycin [30]. Permeabiliza-
tion of cells in tumor tissue starts at lower pulse strengths than
the permeabilization of the same line of the cells in
suspension [19]. This effect could be mainly associated with
the different arrangement of cells in tissue and in suspension.
Indeed, while cells in suspension are dispersed homoge-
neously leaving enough space for conductive medium
between the cells, the cells in the tumor are of highly irregular
shapes, sizes and are very closely compacted to each other, at
least in case of Lewis Lung carcinoma. Because of these
conditions, the electric field inside the tumor is highly
inhomogeneous and the field strength inside various points of
the tissue is different, irrespectively of the same voltage at the
electrodes placed at the opposite sides of the tumor. From one
side, this implies that some fraction of cells in tumor due to
this inhomogeneity could be permeabilized at lower strength
than the same fraction of the cells in suspension. However, on
the other hand, to obtain permeabilization of 100% of the
cells in the tumor, strengths of the field should be higher, as
was in our case on LLC tumors. Indeed, in vitro it was
established that using eight 1300-V/cm, 0.1-ms pulses in the
presence of bleomycin, approximately 100% of the cells are
killed [30], whereas our results show that ECT at these pulse
conditions resulted in only 81% of tumor necrosis. Using
1500-V/cm, 1-ms pulses extent of necrosis was 88%,
showing that most probably more cells were permeabilized
and destroyed by the bleomycin internalized (Fig. 2).

The recurrences of the tumors after ECT with eight electric
pulses at 1500 V/cm and 1-ms duration may be associated
with a small fraction of surviving cells. Surviving cells in turn
may reflect not only that these cells were unpermeabilized,

but also that bleomycin was not at sufficient amounts around
these cells. Because of the irregularities of tumor tissue,
chaotic vasculature, microcirculation, as well as transvascular
and interstitial transport, the distribution of the drugs in the
tumors may be inhomogeneous [31]. This shows that
homogenous distribution of the cytotoxic drug at sufficient
doses in the tumors is also critical for effective ECT.
Assuming that distribution of bleomycin within the tumor
tissue is more homogenous if the tissue is exposed to the drug
for longer times, we used i.p. injection of bleomycin instead
of i.v. injection. Our preliminary studies (data not shown)
showed that for effective ECT, such route of bleomycin
injection requires higher doses to be used and longer delay
between the injection and the pulse delivery.

It could be assumed that some cells were not killed even
permeabilization of these cells was achieved. In that case,
any method that facilitates distribution of the drug in the
tumor would also enhance efficacy of the treatment. One
may suppose that electric pulses along permeabilization of
the cells may also facilitate distribution of the drug in the
tumor. Similar phenomenon is discussed for DNA electro-
transfer in the murine muscles [28]. If the electric pulses
permeabilize the barriers for the distribution of the bioactive
molecules in tissues, the more intense pulses may do it better.

Increased efficacy of ECT using 1500-V/cm and 1-ms
pulses also could be associated with increased inhibition of
blood perfusion in the tumor after the application of the
pulses [32,33]. These blood perfusion changes are supposed
to occur due to permeabilization of endothelial cells of
blood vessels that may lead to the destruction of those
vessels if the bleomycin is present [34,35]. One may
suppose that the effect of ECT on blood vessels is stronger
if stronger and longer electric pulses (e.g. 1500 V/cm, 1 ms)
are used. Consequently, additional toxic impact through the
infarction of the malignant cells is given that ultimately may
enhance antitumor effect.

In conclusion, a set of pairs of values for electric pulse
strength and duration giving the same tumor growth
inhibition (quantitatively expressed as tumor doubling time)
was determined. These findings show that the same (not
necessary largest) efficacy of ECT could be achieved by using
different combinations of pulse strength and duration. The
largest antitumor efficacy of ECT in our study was obtained
using 1500-V/cm strength pulses of 1-ms duration. These
pulses in the absence of bleomycin neither were toxic to
adjacent tissues nor inhibited tumor growth. The results of
this study thus suggest that the effectiveness of electro-
chemotherapy can be enhanced (in comparison to widely
accepted conditions of electrochemotherapy—eight pulses of
1300 V/ecm, 0.1 ms) if 1500-V/cm, 1-ms electric pulses are
used. Our study also implicates that other pulse conditions
could be found for this enhanced ECT. Further investigations
are needed. Ifthe results are confirmed on other tumor models
as well as by using cisplatin, i.e. another potential drug for
ECT, these results may have direct implications for clinical
ECT trials.
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Abstract

Investigation of the reduction potential and calculation of the partition coefficient n-octanol/water allow the assessment of the potential
suitability of nitropirydine N-oxide compounds in radiotherapy of cancer. Experiments were carried out using cyclic voltammetry with
HMDE as working electrode. The electrode reduction of the investigated compounds is quite irreversible and strongly dependent on pH.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is known that many nitroheterocycles and aromatic
substrates can function as radiosensitizers and as cytotoxins
in hypoxic cells [1]. Hypoxic (oxygen deficient) cells occur
predominantly in tumors and seem to be indicators of a
more aggressive disease [2]. They are virtually absent in
normal tissues thus creating conditions for a selective
bioreductive therapy of tumors. Radiosensitization refers
to an enhancement of radiation damage by compounds,
preferably under oxygen deficient conditions [3]. Hypoxic
toxicity refers to an inherent cytotoxicity in the absence of
O,. The mechanism of action for these two biological
effects involves usually the reduction of a nitro group via
single or multiple reduction steps with one, two, four, or six
electrons [4].

Until now many nitroheterocycles have been examined
with respect to their radiopotentiating properties, and the
most promising compounds proved to be nitrofurans and
nitroimidazoles. Their nitro groups are “electron-affinic” and

* Corresponding author. Tel.: +48 71 375 7201; fax: +48 71 328 2348.
E-mail address: zieba@wchuwr.chem.uni.wroc.pl (A. Zigba-Mizgata).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.10.003

thus may interact with damages on DNA induced by
radiation in a manner analogous to oxygen, hence they are
called oxygen mimetic radiosensitizers or classic radio-
sensitizers [3,5]. Electron transfer from a damaged DNA site
to the NO, group prevents charge recombination and
produces the radical anion (RNO, ). As a consequence,
the subsequent irreversible reactions may lead to a DNA
strand breakage and cause the fixation of the damages [6].

Although in principle the properties which determine
radiosensitization and hypoxic cytotoxicity are dependent
on the reduction potential of the nitroimidazole group, the
final factors evoking the two effects (radiosensitization and
hypoxic toxicity) may not be the same. The selective
toxicity of nitroaromatics toward hypoxic cells is due to the
production of reactive intermediates, such as nitroso and
hydroxylamine derivatives. Their reactivities, and thus
cytotoxicities, are modulated by aromatic ring substituents
as well as by the pH of the medium [7].

The search for new hypoxic cell-specific radiosensitizers
is still focused on nitroimidazole analogues, however, new
findings emerging from structure—activity relationships
(SAR) used to design more efficient or effective agents
are now implemented [8]. In particular, a correlation
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between the polarographic reduction potential and electron
affinity was reported for nitroimidazole derivatives [9],
which also correlates with the radiosensitizing efficiency
[10].

It follows from this correlation that more positive
reduction potentials may cause more effective radiosensiti-
zation. Further SAR studies confirm this assumption and,
moreover, indicate that the electron affinity £, defined as
the negative value of the energy of the lowest unoccupied
molecular orbital (LUMO) obtained with molecular orbital
(MO) calculation, correlates with the radiosensitizing
activity as assessed by the sensitizing enhancement ratio
(SER). SER is usually determined as the ratio of X-ray
doses, which yield a 1% cell survival, applied under
hypoxic conditions in the presence and absence of the drug
[11]. A simple correlation between calculated £ 5 values and
cathodic peak potentials obtained by cyclic voltammetry has
also been noticed [8].

Apart from nitroimidazole, other compounds based on
quinone or nitroaromatic structures were found to have
bioreductive activities (mitomycin C, nitracrine) [12]. More
recently, agents with N-oxide functionality (tirapazamine;
antraquinone derivative AQ4N) were also described [13].

Based on the above considerations we have tried to
evaluate the group of nitropirydine derivatives, including N-
oxides, for electron-affinic (electrophilic) properties, which
would allow us to assess their potential bioreductive
properties with the aim of searching, among these com-
pounds, for new potential hypoxic cells radiosensitizers.

2. Experimental

In present work, the properties of the following
compounds were investigated: 4-nitropyridine N-oxide
(1), 2-methyl-4-nitropyridine N-oxide (2), 3-methyl-4-
nitropyridine N-oxide (3), 2,3-dimethyl-4-nitropyridine
N-oxide (4), 2,5-dimethyl-4-nitropyridine N-oxide (5),

3,5-dimethyl-4-nitropyridine N-oxide (6), 2,6-dimethyl-4-
nitropyridine N-oxide (7), 2,6-dimethyl-4-nitropyridine
(8), 2,3,6-trimethyl-4-nitropyridine N-oxide (9), 2-(V -
methyl-N' -nitroamino)-6-methyl-4-nitropyridine N-oxide
(10), 1-methyl-4-nitroimidazole (11), and I-methyl-5-
nitroimidazole (12). The methyl derivatives of 4-nitro-
pyridine N-oxide used in the study were synthesized by
previously described methods [14-19]. Calculation of
electronic spectra and electronic structure of the studied
compounds were performed within the framework of the
modified all-valence electrons INDO method, utilizing some
of its modifications and including 100 single excited
configurations in the configuration interaction procedure
[20-24]. The ground state geometry of species was
optimized using the ab initio method in the base 3-21GHF.

Voltammetry measurements were performed with Auto-
lab PGSTAT12. A hanging mercury drop with a surface of
1.5 mm?, a Ag/AgCI|KCl (3 M) electrode, and a platinum
wire were used as working electrode, reference electrode,
and auxiliary electrode, respectively. Before each measure-
ment the solution was purged with N, gas. Measurement of
pH was carried out with a Beckman 72 pH Meter.

3. Result and discussion

Electron affinity and hydrophobicity are both indicators
for a radiosensitizing activity. Calculated values of the
partition coefficient n-octanol/water ( P) for the investigated
compounds are listed in Table 1. Introducing a methyl group
into nitropyridine N-oxide increases the partition coeffi-
cient. Both one-methyl derivatives of 4-nitropyridine N-
oxide have P=0.02291. The introduction of a second methyl
group causes a further increase of P to a value of 0.07568.
The introduction of an N-oxide group to 2,6-dimethyl-4-
nitropyridine decreases the partition coefficient. Methyl
nitroimidazolium derivatives have higher P values as
compared to N-oxide nitropyridine derivatives. Compound

Table 1
Physicochemical parameters of 4-nitropyridine derivatives and nitroimidazole compounds
No. Compound Mp/°C P E,/V EAleV Erumo*/eV
(1) 4-nitropyridine N-oxide 161 0.00693 —0.330 1.608 —2.982
2) 2-methyl-4-nitropyridine N-oxide 158 0.02291 —0.300 1.555 —3.128
3) 3-methyl-4-nitropyridine N-oxide 136 0.02291 —0.277 1.532 —3.174
“4) 2,3-dimethyl-4-nitropyridine N-oxide 92 0.07568 —0.285" 1.468 —3.093
(5) 2,5-dimethyl-4-nitropyridine N-oxide 152 0.07568 —0.371 1.477 —3.110
(6) 3,5-dimethyl-4-nitropyridine N-oxide 179 0.07568 —0.411 1.456 —3.051
7 2,6-dimethyl-4-nitropyridine N-oxide 163 0.07568 —0.392 1.502 —3.059
8) 2,6-dimethyl-4-nitropyridine 47 0.76384 —0.301 1.361 —2.178
9) 2,3,6-trimethyl-4-nitropyridine N-oxide 114 0.25003 —0.531 1.417 —3.020
(10) 2-(N' -methyl-N' -nitroamino) 188 0.01079 —0.239 1.766 —3.231
-6-methyl-4-nitropyridine N-oxide
(11) 1-methyl-4-nitroimidazole 137 0.53940 —0.714 0.636 —1.468
(12) 1-methyl-5-nitroimidazole 52 0.66085 —0.506 1.015 —1.959

Mp, melting point; P, partition coefficient n-octanol/water; £, potential of cathodic peak (v=0.050 V s~ ', phosphate buffer pH=6.833); E A, electron affinity

of ground state (Ex=—FErumo); ELumo®, LUMO energy of excited state.
* Potential measured at pH=6.665.
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(10), which has simultaneously a hydrophilic and a methyl
group, has a smaller P value in comparison with the one-
methyl derivative. For compound (12), in which the methyl
and the nitric group are closer to each other, the value of P is
increased in comparison with (11), in which both groups are
more distant. It is known that less lipophilic analogs are
both less neurotoxic and more rapidly excreted [25], hence
nitropyridines N-oxides should be less toxic than nitro-
imidazoles, but this has to be confirmed experimentally.

Nitroimidazoles at a concentration of 1 mM with an E 5
value of more than 0.9 eV and a partition coefficient larger
than 0.021 showed satisfactory enhancement ratios
(Er>1.60) [8]. The molecular diagrams of the investigated
compounds (1), (2), 3), (4), (5), (6), (7), (8), (9), (10), (11),
(12) are shown in Fig. 1. Values of C?, the square of atomic
orbital coefficients (eigenvectors), obtained with LUMO
and the highest occupied molecular orbital (HOMO) are
assigned to the structure. In nitroimidazoles, the minimum
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Fig. 1. The molecular diagram, orbital energy of LUMO (£} ymo) and HOMO (Exomo) of compounds (1), (2), (3), (4), (5), (6), (7), (8), (9), (10), (11), (12).
The squares of atomic orbital coefficients (eigenvectors) C> of LUMO (in italic) and HOMO are shown in the molecular diagram.





116 A. Zigba-Mizgala et al. / Bioelectrochemistry 65 (2005) 113—119

2.
1.5
>
()
<
w
0O o
y = 1.9669x + 2.1755
051 R2=0.779
0 . . . : )
-1 -0.8 -0.6 -0.4 -0.2 0

Epc/V

Fig. 2. Correlation between calculated £ and measured E,,. at scan rate
p=0.05 V s "; pH=6.665. Closed circles represent data from this work,
while open squares correspond to nitroimidazole derivatives described by
Kasai et al. [8].

requirements for biological response modifiers were not
only a high E value but also a localized C* of LUMO on
the electron-deficient heteroaromatic group and C? of
HOMO on a functional group of the side-chain [8].
Nitropyridine N-oxides have two groups, the nitro and N-
oxide group, which can be reduced. The distribution of C?
values of HOMO showed a trend opposite to that of LUMO,
higher C? values of LUMO correspond to a higher
susceptibility to reduction. For most investigated N-oxides
except compound (10) the sum of C? values of LUMO for
the nitro group is larger than that for the N-oxide group,
hence reduction should occur on the nitro group. Compound
(10) should be reduced at the N-oxide group. The sum of C?
values of LUMO for the nitro group in nitroimidazoles is
larger in compound (12) than in (11), hence compound (12)
should be easier to reduce and should have a more positive
reduction potential, as was confirmed by cyclic voltamme-
try. Some authors use the electron affinity determined by
MO calculations to predict the radiosensitizing activity, but
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Fig. 3. Voltammograms of compound (1) ¢=1.00 mM, (2) ¢=1.95 mM, and
(3) ¢=1.78 mM, scan rate v=0.050 V s~ ', pH=6.833.
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Fig. 4. Voltammograms of compounds (4), (5), (6), (7), (8), (9), c=1.37 mM
for all species, scan rate (a) v=0.050 V s~ !, and (b) v=0.500 V s ';
pH=6.786.

the correlation between £, and E,. is weak (see Fig. 2).
Comparing E, and E,. values for the investigated com-
pounds with data in the literature [8] lead us to postulate that
nitropyridine N-oxides should be better radiosensitizers than
nitroimidazole derivatives for which such a property was
described.

The orbital energy of LUMO and HOMO for the
investigated compounds is given in Fig. 1. Most compounds
except (11) have an electron affinity above 0.9 eV. More-
over, it is evident that 4-nitropyridine compounds have
larger electron affinities than nitroimidazole. The correlation
between calculated electron affinities £, and measured
potentials of cathodic peak E, is presented in Fig. 2. The
latter were determined with nitropirydines and nitroimida-
zoles in phosphate buffer at concentrations between 1 and 6
mM. However, the solubility of 2-(N' -methyl-N -nitro-
amine)-6-methyl-4-nitropyridine N-oxide is much less than
1 mM and a saturated solution of this compound was used.
E, values determined at a scan rate of 0.05 V s~ are given
in Table 1.

4-Nitropyridines in phosphate buffer do not exhibit an
anode current peak in return scans even at fast scan rates up
to 50 V s, and some cathodic peaks have not a simple
structure. Voltammograms of compounds (1), (2), (3) and of
compounds (4), (5), (6), (7), (8), (9) recorded in the first
cycle are presented in Figs. 3 and 4, respectively. In
subsequent cycles a decrease of the cathodic peak current is
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Fig. 5. Voltammograms of compounds (11) ¢=5.45 mM and (12) ¢=5.44
mM; scan rate v=0.050 V s~ '; pH=6.833.

observed. As is evident from Fig. 3 the voltammograms of
both one-methyl derivatives at a scan rate of 0.05 V s~
have a similar shape and similar potentials of the reduction
peak. Compounds with more substituents at the same
concentration display different peak heights (Fig. 4). A
complex shape of the peak for compound (7) at higher scan
rates is also visible. Voltammograms of nitroimidazoles at
similar concentrations (5.45 mM for 1-methyl-4-nitroimi-
dazole and 5.44 mM for 1-methyl-5-nitroimidazole) show a
complex cathodic peak and a very low anodic peak in
reverse scan (see Fig. 5). Two minima of the cathodic
current potential can be detected which both depend linearly
on the logarithm of the scan rate (Fig. 6). For 1-methyl-4-
nitroimidazole at low and high scan rates only one minimum
is observed, which indicates that a coupled chemical
reaction of the electroactive species occurs for this
compound. The existence of an anodic peak depends on
the scan rate, thus it was not observed for 1-methyl-5-
nitroimidazole at a scan rate below 0.025 V s~ '. The height
of this peak depends on the square root of the scan rate and

0.4+
o
0.5 B g
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wi A .
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-0.7
t A
A
A 11
'08 T T T (\ ) 1
-2.5 -2 -1.5 -1 -0.5 0
log

Fig. 6. Dependence of E,. on log(v) for nitrolmidazoles. Conditions of
experiment were as described for Fig. 5.
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Fig. 7. Dependence of reduction potentials on pH for compound (8),
concentration of ethanol 1% vol. Voltammograms were measured at
v=0.050 V s~ ! in phosphate buffer.

on the potential range, i.e. if scanning is carried to more
negative potentials its height is less. The ratio ipc/ipa
decreases for larger scan rates, but because of the widening
a peak and its shifting to more positive potentials it is not
possible to obtain voltammograms under reversible or quasi-
reversible conditions. Moreover, 1-methyl-4-nitroimidazole
has a much higher peak current than 1-methyl-5-nitro-
imidazole and the first minimum is smaller than the second.

Since protons participate in the stepwise reduction of
nitro compounds according to

RNO, + ¢~ — RNO; (1)
RNO; + e~ +2H" — RNO + H,0 (2)
RNO + 2¢~ +2H'" — RNHOH (3)
RNHOH + 2¢~ +2H" — RNH; + H,0 (4)

the dependence of E,c on pH in the range between 5.21 and
7.76 (0.1 M phosphate buffer) was determined for com-
pound (8) at a concentration of 1 mM and in the presence of
1% vol. ethanol (Fig. 7). A linear dependence of the
cathodic peak potential on pH was observed, however, its
slope is different from the theoretical value of —0.059 V/pH
unit for an electrochemical reaction involving equal
numbers of electrons and protons. If the ratio of electrons

-0.042
y = 2.023E-3 Log(v) - 0.0467
_ 00441 R2 = 0.9297
s 8
| ]

2 0046 (®)
8
w0048 .
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& 0050 "
™ R2 = 0.9026

-0.052 1 )

-0.054 : : ,

0.001 0.01 0.1 1

v/Vs™!

Fig. 8. Slope of the linear dependence E,.~f(pH) as a function of scan rate
(logarithmic scale) for compounds (7) ¢=0.2 mM and (8) ¢=0.98 mM.
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Fig. 9. Dependence of £, on log(v) for compounds (1), (2), (3), (4), (5),
(6), (7), (8), (9), (10); pH=6.665.

to protons for a sequence of electrochemical reactions varies
between 1 and 2 the corresponding slope should fall in the
interval between —0.059 and —0.030. Hence the value of
—0.047 (at a scan rate 0.01 V s~') observed for compound
(8) indicates such a situation with probably 4 protons being
consumed per 5 electrons during the electrode reduction.
Moreover, this slope was found to depend on scan rate in
that it decreases with increasing rate (Fig. 8). Besides
compound (8) only compound (7) was investigated with
respect to the dependence of the cathodic peak potential on
pH, and a similar behavior was observed, however, the
dependence of the slope on scan rate was somewhat
different (Fig. 8). This may be explained by different rate
constants for the reactions (1)—~(4) and by differences in the
mixed processes.

A linear dependence of E,. on logv was observed for
all compounds (Figs. 6 and 9). However, due to some
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Fig. 10. Dependence of the cathodic peak current on v for compounds (6)
¢=1.58 mM, (8) c=1.38 mM, and (9) ¢=1.29 mM; pH=6.833.
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Fig. 11. Dependence of the peak current on v*> for compound (12), c=5.44
mM, pH=6.833. Anodic and cathodic processes are presented.

reactions involved in the electrode processes, the corre-
sponding currents ipc depend linearly on v*> (see Fig. 10)
for compounds (6) and (8), which have symmetrically
substituted methyl groups, and for the barely visible first
current minimum in the voltammogram of compound (9).
For the other compounds, the dependences of the current on
scan rate are not so simple, and sometimes even a switching
occurs, as shown in Fig. 11 for compound (12). A similar
behavior was observed for compounds (1), (2), and (3). At
higher scan rates, an additional peak can appear very close
to the first peak, and the current of this new peak is larger
than that of the first peak. Generally, voltammograms of
nitropyridine derivatives have similar shapes without any
anodic signals, and no other changes were observed at
higher scan rates up to 50 Vs~ .

4. Conclusion

Some authors use the electron affinity determined by
MO calculations to predict the radiosensitizing activity,
but the correlation between E, and E,. is weak due to
complicated reduction reactions. A comparison of the
obtained reduction potentials of nitropirydines and nitro-
imidazoles, electron affinity (Fig. 2) and hydrophobicity
with data reported earlier [8] allows us to conclude that
in both groups of compounds radiosensitizers could exist.
Compound (12) should be a better radiopotentitator than
compound (11), and nitopyridine N-oxides should be better
radiopotentitators than nitroimidazoles, but this requires
further investigations of the biological activity. The larger
C? LUMO values for nitro than N-oxide groups in most of
the presented N-oxides suggest that reduction should occur
at the nitro group, but this depends also on the side chain for
various analogues. The electrochemical reduction mecha-
nism of the presented compounds is irreversible, involves
protons and hence is pH-dependent.
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Abstract

Muscle contractions present the main source of unpleasant sensations for patients undergoing electrochemotherapy. The contractions are a
consequence of high voltage pulse delivery. Relatively low repetition frequency of these pulses (1 Hz) results in separate muscle contractions
associated with each single pulse that is delivered. It would be possible to reduce the number of unpleasant sensations by increasing the
frequency of electric pulses above the frequency of tetanic contraction, provided that the antitumor efficiency of electrochemotherapy
remains the same. These assumptions were investigated in the present paper by measuring the muscle torque at different pulse repetition
frequencies and at two different pulse amplitudes in rats and studying the antitumor efficiency of electrochemotherapy at different pulse
repetition frequencies on tumors in mice. Measurements of muscle torque confirmed that pulse frequencies above the frequency of tetanic
contraction (>100 Hz) reduce the number of individual contractions to a single muscle contraction. Regardless of the pulse amplitude, with
increasing pulse frequency muscle torque increases up to the frequency of 100 or 200 Hz and then decreases to a value similar to that after
application of a 1 Hz pulse train. Electrochemotherapy in vivo with higher repetition frequencies inhibits tumor growth and is efficient at all
pulse frequencies examined (1 Hz—5 kHz). These results suggest that there is a considerable potential for clinical use of high frequency pulses
in electrochemotherapy.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Electrochemotherapy; Pulse frequency; Muscle torque; Pain; Strain gauge

1. Introduction

Electrochemotherapy is an efficient local treatment of
tumors, which combines the delivery of nonpermeant,
cytotoxic chemotherapeutic agent (e.g. bleomycin, cispla-
tin) and short, high voltage electric pulses. At the
appropriate pulse parameters (amplitude, duration and
number of pulses) the permeability of tumor cell mem-
branes increases transiently, thereby allowing the chemo-
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E-mail address: damijan@svarun.fe.uni-lj.si (D. Miklavcic).
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therapeutic agent to enter the cells, and to exert its
cytotoxic action.

Electrochemotherapy was found to be efficient in
preclinical studies in mice and rats mostly for the treatment
of cutaneous and subcutaneous tumors. Due to the promis-
ing results, electrochemotherapy has soon found its way
from the laboratory to the clinic. The first clinical trial was
performed by Mir and coworkers in Villejuif (France) in
1991 [1] and was soon followed by several clinical trials by
other research groups, mostly from USA (Tampa [2,3]),
France (besides Villejuif also Toulouse and Reims [4]) and
Slovenia (Ljubljana [5]). The tumors under investigation
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were head and neck squamous cell carcinoma, basal cell
carcinoma, melanoma, and adenocarcinomas. Combined
therapy of application of electric pulses to the tumor
following intravenous or intratumoral drug injection
resulted in objective response rates of the tumors ranging
from 62% to 100% [4], while tumors that were exposed only
to electric pulses or to a chemotherapeutic drug did not
respond. The chemotherapeutic drug administered in the
first clinical trials was bleomycin. Bleomycin is a highly
cytotoxic drug, which cannot permeate the intact cell
membranes, or only in extremely small quantities [6,7].
Concomitant electric pulses that permeabilize tumor cell
membranes significantly increase its cytotoxicity. In later
clinical trials, another chemotherapeutic drug cisplatin was
introduced, which was also demonstrated to be efficient in
electrochemotherapy [8—10]. Detailed information on results
of clinical application of electrochemotherapy can be found
in the latest reviews [11,12].

Despite the success of the therapy, some side effects
were reported. They include slight oedema or erythema in
the treatment sites, which usually disappeared in less than
24 h after the treatment. In some cases, marks from the
electrodes (usually two flat, parallel, stainless steel, plate
electrodes with rounded corners) were visible several weeks
after treatment, which most probably resulted from the very
high local current density that can produce local burns.
However, these post-pulse phenomena are not a cause of
concern. Most unpleasant or even painful, according to the
patients, were the sensations during the pulse delivery,
which were mainly attributed to muscle contractions
provoked by high amplitude of the pulses. In a great
majority of the clinical trials, these pulses were delivered
with relatively low pulse repetition frequency (one pulse per
second, 1 Hz), which resulted in individual sensations and
muscle contractions.

Because a high amplitude of electric pulses is necessary
for efficient electropermeabilization of tumor cell mem-
branes it is difficult to eliminate related muscle contractions.
On the other hand, it would be possible to at least reduce the
number of individual muscle contractions by increasing the
frequency of electric pulses above the frequency of tetanic
contraction, provided that the efficiency of electrochemo-
therapy remains the same. In our recent study in vitro we
already showed that with increasing pulse repetition
frequencies, the uptake of nonpermeant molecule remained
at a similar level as at the frequency of 1 Hz [13]. We thus
proposed that pulses with higher repetition frequencies
could reduce the unpleasant sensations associated with
muscle contractions during electrochemotherapy without
reducing the efficiency of electrochemotherapy. In addition,
higher repetition frequencies would also shorten the
duration of the treatment, especially in the case where
multiple needle electrodes are used (needle electrodes
placed equidistantly in a circle, an additional electrode can
be located in the center), where pairs of electrodes are
activated sequentially [14,15].

In this paper the assumptions that high frequency pulses
would reduce the number of individual muscle contractions
and decrease the duration of the treatment while preserving
the efficiency of electrochemotherapy were investigated
further by performing experiments in vivo. This was done
by measuring muscle torque in rats after electric pulse
delivery to the ishiadicus nerve and by performing
electrochemotherapy of a subcutaneous animal tumor
model in vivo in mice using different pulse repetition
frequencies.

2. Materials and methods
2.1. Measurements of muscle torque in rats

The experiments were performed on 16 male Wistar rats
with an average body weight of 250+31 g. The handling of
animals was in accordance with the license issued by the
Ministry of Agriculture, Republic of Slovenia (license
number 326-07-26/98) and consistent with the recommen-
dations of the Panel on Ethics in Biomedical research,
Medical Faculty of the University of Ljubljana. Ten minutes
before the treatment, the rats were anesthetized with the
combination of Rompun, 2% solution (Bayer, Germany)
and Ketanest, 10 mg/ml (Parke-Davis, Germany). Anes-
thesia lasted for 1 h, which proved to be enough for the
entire set of measurements. The rats recovered from general
anesthesia approximately 30 min after the experiment was
finished, which enabled the observation of possible motoric
dysfunctions of the stimulated leg. No changes in the
motoric function of the leg were observed.

The measurements of muscle response were performed
by measuring muscle torque with a strain gauge trans-
ducer mounted on a wooden platform [16]. The right
hind limb of a rat was stabilized and fastened to
aluminium brace equipped with a strain gauge (Fig. 1).
The height of the platform was adjustable to keep the leg
in plane with the transducer. Muscle contractions rotated
the aluminium brace, which induced voltage changes in
the strain gauge. Using a BIOPAC MP 100SW data
acquisition system (BIOPAC, USA), the analog voltage
signal was amplified (BIOPAC, DA 100 amplifier),
converted into a digital signal and stored on a computer
(Fig. 1). Data acquisition lasted 1 s with a sampling
frequency of 1 kHz (i.e. 1000 samples/s).

Electric pulses were generated by an AFG 310 function
generator (Sony-Tektronix, Japan). The signal from the
function generator was amplified by a power amplifier [17]
and delivered to the electrodes (two stainless steel needle
electrodes, 0.3 mm in diameter, 10 mm long and 8§ mm
apart) mounted on a plastic holder to keep the distance
constant and reproducible. The electrodes were inserted
through the skin into the thigh muscle in the vicinity of the
ishiadicus nerve branches. Synchronization of electric
pulses with data acquisition was ensured by a trigger
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Fig. 1. Setup of the experiment (partly adapted from Ref. [16]). A/D—analog/digital converter, FG—function generator integrated in a BIOPAC system.

pulse from the BIOPAC system to the function generator
(Fig. 1).

Electric pulses were delivered at two different pulse
amplitudes. The low pulse amplitude was applied to elicit
muscle response locally, while the high pulse amplitude was
applied to elicit muscle response at electrochemotherapy
conditions. The amplitude of the low voltage pulses was
determined before the measurements in the following way.
At two repetition frequencies (100 and 200 Hz), where the
highest muscle torque was obtained in the preliminary
experiments, the pulse amplitude was increased until the
plateau of the muscle torque was obtained. At this amplitude
the contraction of the hip muscles was not significant. The
amplitude which was used for the experiments (70 V) was
approximately 20% lower than the amplitude of the plateau.
The amplitude of the high voltage pulses was set to a value
where the voltage to distance ratio was approximately 1300
V/em (typical electrochemotherapy value). Because the
highest output from our power amplifier was 250 V, the
distance between the electrodes was decreased from 8§ to 2
mm in order to achieve the appropriate voltage to distance
ratio. A numerical calculation of electric field distribution
for this experimental application showed that the muscle
between the electrodes was exposed to electric fields higher
than 1000 V/cm.

The muscle was stimulated with a train of eight 100 us
rectangular pulses. At low pulse amplitudes applied (70 V)
the measurements were performed at pulse repetition
frequencies of 1, 10, 20, 50, 100, 200, 500, 1000, 2000,
and 5000 Hz, while at high pulse amplitudes applied (250
V), the measurements were performed at 1, 100, 500, 1000,
and 5000 Hz. A shorter range of pulse frequencies in the
latter case was used to prevent muscle fatigue, which would
occur especially at low pulse frequencies (10, 20, and 50
Hz), and to reduce muscle and nerve injuries due to high
local current density. The frequencies were delivered
systematically, for half of the animals in an ascending
order, and for the other half in a descending order. The
repetition frequency (f,,) was varied by shortening the delay
(t4) between two consecutive pulses while keeping the

number of pulses (N=8) and duration of each pulse (z,=100
us) constant; f,=1/(¢,*t4).

Muscle contractions in response to a 1 Hz pulse
frequency were similar on all eight pulses in a train, for
both low and high pulse amplitudes, so we stimulated the
muscle with only one pulse, which was repeated at the
end of the experiment to verify reproducibility with
respect to electrode positions, movement artifacts and
muscle fatigue. To prevent muscle fatigue, a 2-min delay
was taken between each pulse repetition frequency
applied.

To determine whether the muscle was stimulated
directly or indirectly through its motor nerve, the muscle
torque was measured before and after the denervation. The
same amplitude of pulses produced similar amplitude of
muscle torque before and after denervation, so we
concluded that the muscle was to a large extent stimulated
directly.

Statistical analysis was performed with one-way repeated
measures analysis of variance (ANOVA) test with Dunnett’s
method for multiple comparisons versus control group (1
Hz) using SigmaStat 2.0 (Jandel Scientific, San Rafael, CA,
USA). The difference was considered as statistically
significant for P<0.05.

2.2. Electrochemotherapy of subcutaneous animal tumor
model in mice

In the experiments, the inbred A/J mice of both sexes
were used, which were purchased from the Institute of
Pathology, University of Ljubljana (Ljubljana, Slovenia).
Mice were maintained at 21 °C with natural day/night
light cycle in a conventional animal colony. Before an
experiment, mice were subjected to an adaptation period
for at least 10 days. Mice of both sexes in good
condition, weighing 20-22 g, without signs of fungal or
other infection, 12-14 weeks old, were included in
experiments. Treatment protocols were approved by the
Department of Agriculture of the Republic of Slovenia
No. 323-02-237/01.
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The fibrosarcoma SA-1 tumor model (The Jackson
Laboratory, Bar Harbor, USA), syngeneic to A/J] mice,
was used in the study. Tumor cells were obtained from
the ascitic form of tumors in mice, serially transplanted
every 7 days. Solid subcutaneous tumors, located
dorsolaterally in mice, were initiated by an injection of
5x10° SA-1 cells in 0.1 ml 0.9% NaCl solution. The
viability of the cells, as determined by a trypan blue dye
exclusion test, was over 95%. Six days after trans-
plantation, when the tumors reached approximately 40
mm° in volume, the mice were randomly divided into 12
experimental groups, and subjected to a specific exper-
imental protocol on day 0.

Bleomycin at a dose of 50 pg per animal was injected
intravenously. This dose was selected because it usually
does not result in complete responses in order to observe
only the tumor growth retardation. Electric pulses were
delivered by two flat, parallel stainless steel plate electro-
des with rounded corners (length=35 mm, width=7 mm,
thickness=1 mm, interelectrode distance=8 mm). They
were placed at the opposite margins of the tumor in
cranial/caudal direction. Good electrical conductance
between the electrodes and the skin was assured by
applying a conductive gel to the skin. Eight 100 pus
rectangular electric pulses with a pulse amplitude of 1040
V and repetition frequencies 1 Hz, 10 Hz, 100 Hz, 1 kHz
and 5 kHz were generated by an electropulsator, developed
for this purpose at the Faculty of Electrical Engineering,
University of Ljubljana [18]. In the combined treatment
groups, mice were treated with electric pulses 3 min after
bleomycin injection, which was sufficient for the distribu-
tion of bleomycin. Mice in the control group and the group
subjected to electric pulses only were injected with 0.01 M
PBS (pH 7.4) instead of bleomycin. Each treatment group
consisted of 6 to 10 mice and the experiment was repeated
twice.

Tumor growth was followed by measuring three mutu-
ally orthogonal tumor diameters (e;, e, and e3) with a
caliper on each consecutive day following the day the
treatment was performed. Tumor volumes were calculated
from the equation V=rnXe;Xe,Xe3/6. From the measure-
ments, the arithmetic mean and standard error of the mean
(SE) were calculated for each experimental group. If the
tumor became unpalpable and did not regrow after 100
days, the therapeutic response was classified as a complete
response (CR).

3. Results
3.1. Measurements of muscle torque in rats

A typical muscle response to low pulse amplitudes (70
V) and different pulse repetition frequencies ranging from 1

Hz to 5 kHz is shown in Fig. 2A. Eight pulses of 100 us
duration were applied at all repetition frequencies except for
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Fig. 2. (A) Time course of a typical muscle response to different pulse
repetition frequencies at low pulse amplitudes (70 V, interelectrode distance
8 mm). (B) Muscle torque as a function of pulse repetition frequency at low
pulse amplitudes (70 V, interelectrode distance 8 mm) and (C) high pulse
amplitudes (250 V, interelectrode distance 2 mm). Each point represents the
mean of eight experiments (rats)=S.D. A train of eight pulses was used at
all frequencies examined except at 1 Hz where only one pulse was applied.

1 Hz where only one pulse was applied (see Materials and
methods). The repetition frequency of the pulses was
adjusted by changing the delay between two consecutive
pulses in a train. The average muscle torque as a function of
pulse frequency is shown in Fig. 2B. With increasing
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Table 1
Pulse parameters of muscle response to low pulse amplitudes and different
pulse frequencies in rats

f/HZ lmaXiS.D. tde]ayiS.D. triseiS.D. tso%iS.D.
1 56.4+1.1 23.1+0.8 253+1.7 444+1.8
50 117.3+23.3 354432 529472 143.6+5.1
100 104.1+4.1 35.6+2.2 483423 79.5+4.1
200 84.3+3.3 329+19 39.1%+1.5 59.1+£3.3
500 70.8+1.9 28.9+2.2 326+14 49.6+1.4
1000 65.61+2.6 26.4+2.9 30.3+£2.2 46.9%1.5
2000 61.9+2.2 24.8+2.9* 28.5+1.9 45.8+1.3%
5000 60.9+2.9 233+3.7° 28.8+2.7 46.0+1.3"

The values are given as the mean of eight measurements+S.D. Parameters
were determined only at pulse frequencies where tetanic contraction was
obtained. #,,,c—time at maximum muscle response, fgcjay—time at which
10% of the maximum response is obtained, ;s.—time between 10% and
90% of the response, #5q0,—time in between 50% of the response. Time is
in ms.

? No statistically significant difference compared to 1 Hz.

frequency of the pulses, muscle torque increases, reaches a
maximum value between 100 and 200 Hz, and then
decreases. At frequencies of 50 Hz or higher, muscle
response becomes smooth (tetanic contraction). Instead of
eight consecutive muscle contractions, only one, tetanic
contraction is obtained. At 5 kHz, muscle torque is
approximately twice as high as the muscle torque at 1 Hz.
Higher repetition frequencies also shorten the duration of
the muscle response, at frequencies above 2 kHz the muscle
response to a pulse train is similar to the response to a single
pulse (Table 1).

The average muscle response to pulses with high
amplitudes (250 V) and different pulse repetition frequen-
cies is shown in Fig. 2C. Similar to low amplitude pulses
(70 V), with increasing pulse repetition frequency muscle
torque first increases, reaches a maximum value at 100
Hz, where a tetanic contraction is obtained, and then
decreases. At the highest pulse frequency examined (5
kHz) muscle torque is approximately twice as high as the
muscle torque at 1 Hz, but instead of eight consecutive
muscle contractions only one muscle contraction is
obtained.

The amplitude of muscle torque to a single pulse (1 Hz)
before and after the measurements showed no muscle
fatigue (Fig. 2B and C).

3.2. Electrochemotherapy of subcutaneous tumors in mice

As Fig. 3 shows, electrochemotherapy with bleomycin
inhibits tumor growth at all five repetition frequencies of
electric pulses investigated in this study (1 Hz, 10 Hz, 100
Hz, 1 kHz, and 5 kHz) (Fig. 3). The antitumor efficiency of
electrochemotherapy with different pulse repetition frequen-
cies is also evident in the percentage of complete responses
(CR) of the tumors (Table 2). The highest percentage of CR
(36.8%) was observed for the “standard” repetition fre-
quency of 1 Hz, and the lowest (9.1%) for repetition
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Fig. 3. Electrochemotherapy of tumors in mice with different pulse
repetition frequencies. The results are presented as mean+S.E. of the
mean. BLM—bleomycin only, EP—electric pulses only, ECT—electro-
chemotherapy (BLM+EP).

frequency 1 kHz. Neither electric pulses alone nor
bleomycin alone significantly inhibit tumor growth.

4. Discussion

Electrochemotherapy is used as an efficient local treat-
ment of cutaneous and subcutaneous tumors in patients
[1,4,11,12,19]. The most unpleasant side effects of electro-
chemotherapy reported so far are the muscle contractions
and related sensations during pulse delivery [4,11,19,20].
Although they subside immediately after each pulse,
patients find them uncomfortable and sometimes painful.
To some extent, it would be possible to reduce these
unpleasant sensations by using pulse repetition frequencies
higher than tetanic, as an alternative to the ‘standard’ pulse
frequency of 1 Hz. However, the efficiency of electro-
chemotherapy with such pulse frequencies should be
preserved. We thus examined the effect of different pulse
frequencies on muscle response and the efficiency of
electrochemotherapy in vivo.

According to our results, the muscle torque increases
with an increase of the repetition frequency of the pulses,
reaches a plateau between 100 and 200 Hz and then
decreases. At the highest frequency examined (5 kHz) the
muscle torque was two times higher than at 1 Hz (Fig. 2B).
This bell-shaped dependence of muscle torque on pulse
frequency can be explained as follows. At pulse repetition
frequencies lower than tetanic, each pulse in the train of
pulses provokes an isolated muscle contraction. With
increasing frequency of these pulses, consecutive muscle
contractions eventually fuse, thereby increasing the muscle
torque and reaching a tetanic contraction. In the case of an
infinite number of pulses, further increase in pulse
frequency eventually results in the same maximum muscle
torque regardless of the pulse frequency applied (in time,
muscle torque would decrease due to muscle fatigue).
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Table 2

Antitumor efficiency of electrochemotherapy with different pulse repetition frequencies

Therapy Control BLM EP EP EP EP EP ECT ECT ECT ECT ECT
1 Hz 10 Hz 100 Hz 1 kHz 5 kHz 1 Hz 10 Hz 100 Hz 1 kHz 5 kHz

N 16 12 10 13 12 7 13 19 18 17 11 18

CR 0 0 0 0 0 0 0 7 2 5 1 4

%CR)  (0) ) ) ) ©) ©) ©) (368) (L) (294) (O (222

BLM—bleomycin only, EP—electric pulses only, ECT—electrochemotherapy (BLM+EP); N—number of animals in each experimental group; CR—number

of complete responses (absence of any trace of tumor at day 100 post-treatment).

However, in the case of a low number of pulses in a train, as
in the case of electrochemotherapy (e.g. eight pulses), a
further increase in pulse frequency (above 200 Hz) actually
decreases muscle torque. This occurs because of a pro-
gressively shorter duration of the pulse train compared to
the duration of a typical muscle response. For example, at a
pulse frequency of 1 kHz, the duration of a train of eight 100
us pulses is 8 ms, while the response of a skeletal muscle,
necessary to develop its maximum force of contraction,
typically lasts from 40 to 100 ms. Also, at higher pulse
repetition frequencies, an increasing number of pulses from
the pulse train fails to provoke a muscle contraction because
of the latent period of the muscle (during this period the
muscle cannot contract and is completely refractory). If, for
example, the repetition frequency of the pulses is 1 kHz and
the latent period of the muscle is 2 ms, only three out of
eight pulses applied will induce muscle contractions, and the
cumulative amplitude of muscle response will consequently
decrease.

We also examined how the muscle would respond to
pulse amplitudes that produce voltage to distance ratios
similar to those used in electrochemotherapy (1300 V/cm).
Due to limitations of our voltage amplifier, we decreased the
interelectrode distance to achieve the appropriate voltage to
distance ratio (see Materials and methods). However,
different interelectrode distances and consequently different
portions of the muscle between the electrodes made
quantitative comparison of the amplitude of the muscle
response impossible. A numerical calculation of electric
field distribution for the case of high pulse amplitudes
showed that the muscle between the electrodes was exposed
to electric fields higher than 1000 V/cm. Although this
value exceeds the reported thresholds for reversible or
irreversible electropermeabilization [21-25], the depend-
ence of the muscle response to different pulse repetition
frequencies still remains qualitatively similar to the depend-
ence of the muscle response at low pulse amplitudes (Fig.
2B and C). Though we would expect muscle electro-
permeabilization to have an influence on the muscle
response, we did not observe such an influence. This is
most probably because at such pulse amplitudes the
surrounding muscle groups, which contribute to the muscle
response, were excited but were not electropermeabilized.

Despite the fact that at the highest pulse frequencies
examined muscle torque remains at values above those at 1
Hz, the number of individual sensations reduces from eight

to a single sensation, which is a significant advantage over
the 1 Hz pulse application. These measurements are in
agreement with the hypothesis presented in our previous
paper [13].

It is reasonable to assume that the dependence of
muscle torque on pulse frequency in humans would be
similar to that observed in rats. Indeed, we have performed
measurements of muscle torque in healthy volunteers and
the results, although obtained at low pulse amplitudes,
substantiate our assumptions (data not shown). This
suggests that pulses with repetition frequencies higher
than the frequency of tetanic contraction (approx. 40 Hz
for humans) would considerably reduce the number of
individual sensations for the patients during electrochemo-
therapy. Also, pulse frequencies higher than tetanic would
eventually decrease the muscle response and consequently
the intensity of sensation to a value similar to that after
application of a single pulse.

It was shown by several authors that pain sensation
depends on pulse parameters such as pulse amplitude,
number, duration, frequency, and shape of the pulses [26—
31]. With respect to pulse frequency, the authors [29,31]
concluded that with increasing pulse frequency the pain
sensation decreases and electrical excitation becomes more
tolerable. Although sinusoidal pulses were examined in
these two studies, the conclusions are in agreement with our
results.

Another important benefit from the use of high
frequency pulses is a shorter duration of the therapy in
case of multiple arrays of electrodes. Usually six to nine
electrodes are used in such experiments, and pairs of
electrodes are activated sequentially [14,15,19,32,33].
Since more than one pulse can be applied on each pair
of electrodes [14,15] important improvement of using high
frequency pulses is a significant reduction of the total
duration of the treatment.

While we presented the benefits of using higher pulse
frequencies, it was also important to determine the
antitumor efficiency of electrochemotherapy with each of
these frequencies. In experiments in vitro it was already
shown that the uptake of molecules is comparable for
repetition frequencies ranging from 1 Hz up to 8.3 kHz [13].
A step forward was made in the present study, where we
demonstrated that electrochemotherapy with higher pulse
frequencies can also be successfully performed in vivo.
According to the results of electrochemotherapy on our
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tumor model in mice, electrochemotherapy is efficient
regardless of the pulse repetition frequency applied (at least
in the investigated range). We should note that the
bleomycin dose used in our experiments usually does not
result in complete responses. Despite low bleomycin dose,
some tumors responded completely to electrochemotherapy
at all pulse repetition frequencies examined (Table 2).

In a clinical environment, the efficiency of electro-
chemotherapy with high frequency pulses still needs to be
investigated. Daskalov et al. [34] have demonstrated the
antitumor efficiency of electrochemotherapy in patients, but
they have only compared pulse frequencies of 1 Hz and 1
kHz. At these two pulse frequencies, they did not observe
any difference between tumor responses.

In summary, we demonstrated that pulse frequencies
above the frequency of tetanic contraction (above 100 Hz)
gradually reduce the number of individual muscle contrac-
tions. At pulse frequencies higher than 2000 Hz the muscle
torque is similar to that after application of a 1 Hz pulse
train (a typical electrochemotherapy protocol), but with an
advantage of only one sensation instead of eight. Experi-
ments in vivo in mice demonstrated similar efficiency of
electrochemotherapy regardless of the pulse frequency
examined. These results suggest that there is a considerable
potential for clinical use of high frequency pulses in
electrochemotherapy.
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Abstract

Catalytic activity of a heme peptide (HP) modified-electrode for H,O, reduction was controlled by use of poly(N-isopropylacrylamide)
modified with an inhibitory moiety, imidazole group. The polymers inhibited the catalytic activity below their lower critical solution
temperature (LCST) where the polymers were dissolved and did not inhibit the activity above the LCST where the polymers were
precipitated. A polymer with a longer side chain connecting with the imidazole group was more inhibitory than a polymer with a shorter side
chain at temperatures below the LCST. Formation constants of dissolved HP-imidazole complexes were evaluated by spectroscopic means,
and it was found that the polymers were more inhibitory than the corresponding monomers.
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1. Introduction

Activity regulation of biocatalysts by external signal or
stimuli such as temperature [1-4], light [5-11], pH [12-14],
electric field [15] and magnetic field [16] is one of the
promising biotechnologies. It is potentially applicable to
devices switching or regulating biochemical reactions and
chemical sensors with controllable dynamic ranges [17-20].

In most of the studies concerning the activity regulation
of biocatalysts, diffusion of the substrate to the active site of
the biocatalyst was controlled by changing, for instance,
permeability of a membrane covering the biocatalyst [1—
3,8,9,15,17-19]. On the other hand, we have envisaged
developing biocatalytic electrochemical devices (e.g., elec-
trochemical biocatalysts and biosensors) that do not regulate
the diffusion of the substrate but the intrinsic activity of the
biocatalyst. Although several research groups have reported
control of intrinsic biocatalytic activities [4—7,10], only our
group has applied such a system to electrochemical devices

* Corresponding author. Tel.: +81 3 5452 6336, fax: +08 3 5452 6338.
E-mail address: tatsuma@iis.u-tokyo.ac.jp (T. Tatsuma).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bioelechem.2004.09.003

[20] to the best of our knowledge. In this study, the
biocatalytic activity of a heme peptide (HP; Fig. la)
immobilized on the electrode surface was controlled by
the use of a thermoresponsive phase transition polymer
modified with an inhibitor.

HP is a model compound of the active site of peroxidase,
and its catalytic activity is similar to that of peroxidase; it
catalyzes electron transfer from an electron donor to H,O,.
Since HP also transfers electrons from electrodes to H,O,, it
has been used for electrochemical biosensors detecting
H,0, [21] and inhibitors for HP (e.g., imidazole [22] and
urocanic acid [23]).

The inhibitors for HP are detected by an HP-modified
electrode on the basis of inhibition of the H,O, reduction
current. The dynamic range of the inhibitor sensing depends
on the rate-determining step of the H,O, reduction. The
highest sensitivity is obtained under the kinetically con-
trolled conditions [22,24] because a drop of the biocatalytic
activity is directly reflected by a drop of the H,O, reduction
current. On the other hand, under the diffusion-controlled
conditions, the reduction current is not decreased by an
inhibitor as far as the current is solely limited by the
diffusion of H,0,. Therefore, the dynamic range shifts to
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Fig. 1. Structures of (a) heme peptide, (b) poly(NIPA-VI) and (c) poly(NIPA-Car).

higher concentration ranges [24]. Namely, if the rate-
determining step can be also controlled reversibly by
regulating the catalytic activity of HP for the reduction of
H,0,, the dynamic range for the inhibitor sensing can be
controlled.

For the control of the HP activity, we used poly(N-
isopropylacrylamide) (poly(NIPA)) modified with imida-
zole derivatives. Poly(NIPA) dissolves in water at temper-
atures below the lower critical solution temperature
(LCST) and precipitates at temperatures above LCST
[25-28]. On the other hand, it is known that imidazole
derivatives coordinate to the active site of HP, heme. In
our preliminary work [20], we synthesized poly(N-
isopropylacrylamide-co-vinylimidazole) (poly(NIPA-VI);
Fig. 1b) and wused it to regulate the activity of HP
immobilized on the electrode surface. The activity was
inhibited by the dissolved poly(NIPA-VI) at temperatures
below LCST and was not inhibited by the precipitated
poly(NIPA-VI) at temperatures above LCST. However,
even at low temperatures, the inhibition ratio (%inhibition)
was as low as 20%. In this study, we attempted to enhance
the inhibition ratio by using L-carnosine (Car) instead of
VI. Since the synthesized copolymer (poly(NIPA-Car);

Fig. 1c) has the longer side chain connected with the
imidazole group than does poly(NIPA-VI), we expect
lower steric hindrance and a stronger inhibitory effect.
Moreover, a complex formation constant, K (M), was
examined on the basis of spectroscopic measurements.
Effects of NIPA on the complex formation were also
studied.

2. Experimental
2.1. Synthesis of the polymers

Poly(NIPA-VI) was synthesized under nitrogen from an
aqueous solution containing 665 mM NIPA, 35.0 mM VI,
3.50 mM ammonium peroxodisulfate as an initiator and
20.0 mM N,N,N',N'-tetramethylethylenediamine as an
accelerator. In synthesis of poly(NIPA-Car), VI was
replaced with 105 mM Car and 35.0 mM N-acryloxysucci-
nimide (NASI; Acros Organic). The weight-average molec-
ular weights (M,,) of poly(NIPA-VI) and poly(NIPA-Car)
estimated by means of gel permeation chromatography
(GPC) were 64,000 and 56,000, respectively.
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The GPC system consisted of a HPLC pump PU 714, a
degassing device DG 660B, a column oven CO 705 and a
refractive index detector RI 704 (GL Science). An autosam-
pler MIDAS (Spark, Holland) was used for the injection of
polymer solutions. A GPC column PROTEIN 2004 (packed
with porous silica gel, 20 mm i.d. X300 mm) and a guard
column PROTEIN KW-LG (Shodex) were used at 20 °C.
The flow rate of a 1/15-M pH 7.4 phosphate buffer (Iatron)
solution as an eluent was 5.0 mL min~'. Polyethylene oxide
as molecular weight standards (Polymer Laboratories) and a
software EZ Chrom Elite (Scientific Software) were used to
determine M, of the synthesized polymers. Polymers of
2000<M<50,000 were collected by the use of dialytic
membranes, unless otherwise noted. Poly(NIPA-Car) with
lower molecular weight was synthesized in the presence of
0.30 mM mercaptoacetic acid, which terminates the poly-
merization as a polymer endgroup. M, of the obtained
poly(NIPA-Car) was 13,000. Polymer concentration was
estimated on the basis of the polymer weight after
evaporation of the dialyzed polymer solutions. The propor-
tion of monomer units in a copolymer was assumed to be
equal to the concentration ratio of the starting materials
(INIPA]:[inhibitor]=95:5). Quantitative analysis of the pro-
portion was difficult due to much lower concentration of the
imidazole group in comparison with that of NIPA.

2.2. Electrochemical measurements

The working electrode was prepared as follows. An
indium-tin oxide (ITO)-coated glass plate (area ~0.25 cm?)
treated with a 1.0 M sodium hydroxide aqueous solution
was immersed in a 2.5% acetic acid aqueous solution
containing 2.5% 3-aminopropyltriethoxysilane and then
treated with a 2.5% glutaraldehyde aqueous solution for
12 h. After each treatment, the electrode was thoroughly
rinsed with distilled water. The electrode was then treated
with 1.0 mM HP (Sigma) aqueous solution and stored at 4
°C. HP should have been immobilized onto the electrode
surface via the amino group of lysine or valine of HP.

The HP activity was measured by means of amperom-
etry. The measurement was performed in a batch system.
The temperature of a 1/15-M pH 7.4 phosphate buffer
solution as the electrolyte was controlled with a thermostat.
Reference and counter electrodes were a Ag/AgCl/KCl (sat.)
and platinum wire, respectively. The electrode potential was
regulated with a potentiostat LC-4C (BAS). After the
working electrode was polarized at +150 mV, H,O, solution
was added in the electrolyte (final concentration, 10 pM),
followed by the addition of a polymer. Inhibition ratios of
the HP activity were evaluated from decreases in the H,O,
reduction current.

2.3. Spectroscopic measurements

In order to evaluate the formation constant K of HP with
inhibitors (including the polymers), absorption spectra of

2.0 pM HP were collected in a stirred pH 7.4 phosphate
buffer containing various concentrations of inhibitors with a
spectrophotometer MCPD-3000 and MC2530 (Otsuka
Electronics). The light-path length was 1 cm. For compar-
ison, monomer solutions before polymerization were also
examined.

3. Results and discussion
3.1. LCSTs of the polymers

Poly(NIPA) dissolved in water at a temperature below
LCST precipitates immediately when the temperature is
raised across LCST ([25-28]. In order to estimate the
LCSTs of poly(NIPA-VI) and poly(NIPA-Car) of
2000<M<50,000, the transmittance changes of the sol-
utions were monitored at 500 nm during temperature scan
from 25 to 42 °C. As a result, the transmittances of
poly(NIPA-VI) and poly(NIPA-Car) rapidly declined at
around 36-38 °C (Fig. 2), reflecting polymer precipitation.

3.2. Effect of the polymers on the response of the
HP-modified electrode

The HP-modified electrode was polarized at +150 mV
(vs. Ag/AgCl) in pH 7.4 phosphate buffer, and H,O, was
added to the solution after the current was stabilized. A
cathodic current observed in the presence of 10 uM H,0,
was approximately 2.0 nA cm 2. The current is due to the
electron transfer from the ITO electrode to HP [21]. This
reaction mechanism is as follows:

ferric HP + H,O,—compound I 4+ H,O (1)
compound I + H" + e~ —compound II (2)
compound 11 + H* 4 e~ —ferric HP + H,0 (3)

when an inhibitor such as cyanide or imidazole exists in the
reaction system at a sufficiently high concentration, the
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Fig. 2. Transmittance changes (500 nm) of (a) poly(NIPA-VI) and (b)
poly(NIPA-Car) solutions during temperature scan (4 °C min '). The
concentration of monomer unit was approximately 5 mM.
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Fig. 3. Temperature dependencies of the inhibition effects of (a) poly(NIPA-
VI) and (b) poly(NIPA-Car) on amperometric responses of the HP-modified
electrode to 10 uM H,0, at +150 mV vs. Ag/AgCl. Estimated
concentrations of the imidazole groups were 3.0 pM (see Experimental).

reaction described above does not occur because the
inhibitor coordinates to the sixth coordination site of ferric
HP, which is the reaction site for H,O, [22]. Therefore, the
catalytic current decreases in the presence of an inhibitor.
The %inhibition value was defined as follows:

YlInhibition = (1 —i/ip) x 100 (4)

where i, and i represent the current responses to H,O,
before and after the addition of the inhibitor, respectively.

Fig. 3 shows the %inhibition values of the HP-
modified electrode in the presence of poly(NIPA-VI) or
poly(NIPA-Car) at various temperatures. Concentration of
imidazole groups was estimated to be 3.0 pM (see
Experimental). The activity was inhibited at temperatures
below LCST and was not inhibited at temperatures above
LCST.

Since poly(NIPA) (M,~37,000, LCST~31 °C) did not
inhibited the HP-modified electrode at 29 and 41 °C, we can
ascribe the inhibition observed for poly(NIPA-Car) and
poly(NIPA-VI) to their imidazole groups. In addition,
although VI and Car monomers inhibited the catalytic
activity of HP, the inhibition was almost independent of the
temperature in the range examined (29-41 °C). Therefore,
the critical changes in the %inhibition values for the
poly(NIPA-VI) and poly(NIPA-Car) at around their LCSTs
should be explained in terms of the dissolution—precipitation
processes of the polymers. Imidazole groups of the
dissolved polymer can coordinate to HP, while those of
the precipitated polymer cannot even approach HP. It has
been known that Soret band of HP is red-shifted due to the
coordination of imidazole derivatives to its heme [22]. Since
Soret band of HP was red-shifted in the presence of the
dissolved polymer, the inhibition should be ascribed to the
coordination of the polymer to HP. This is mentioned in
further detail in Section 3.5. Although we have reported the
behavior of poly(NIPA-VI) in our preliminary paper [20],
here, we found that poly(NIPA-Car) also exhibited similar
behavior.

3.3. Effect of side chain length on the inhibition

Dependencies of the %inhibition values of the HP-
modified electrode on the concentrations of the polymers
were investigated at 29 and 41 °C (Fig. 4). In the
concentration range examined, poly(NIPA-Car) exhibited
stronger inhibition effect than did poly(NIPA-VI) at 29 °C,
where the polymers were dissolved. In the case of
poly(NIPA-VI), the isopropyl groups may interfere with
the coordination of the imidazole group to HP, due to steric
hindrance (Fig. 1b). On the other hand, since the imidazole
group of poly(NIPA-Car) has a longer side chain (Fig. lc), it
may not readily suffer from the steric hindrance. Greater
degree of freedom of Car, owing to its longer side chain,
should also be advantageous for the coordination to HP.

For comparison, we also examined the inhibition effect
of Car monomer (Fig. 4). However, the effect of the
monomer was weaker than that of the polymer. This result
suggests that we underestimate the amounts of imidazole
groups in the polymer (i.e., imidazole groups are concen-
trated in comparison with NIPA during the polymerization
and dialysis) or that coordination ability of the imidazole
groups is enhanced by the polymerization. This will be
discussed further below. On the other hand, the inhibition
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Fig. 4. Concentration dependencies of the inhibition effects of poly(NIPA-
VI), poly(NIPA-Car), VI monomer and Car monomer on amperometric
responses of the HP-modified electrode to 10 pM H,0, at (a) 29 and (b) 41
°C. The concentrations are those for imidazole groups (see Experimental).
Potential of +150 mV vs. Ag/AgCl was applied to the electrode in pH 7.4
phosphate buffer.
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effect of VI monomer was almost the same as that of
poly(NIPA-VI) (Fig. 4). The apparently smaller enhance-
ment of the coordination ability by polymerization of VI in
comparison with Car should be explained again in terms of
the greater steric hindrance due to the shorter side chain.

3.4. Effect of main chain length on the inhibition

Next, we examined influence of main chain length on the
inhibition for the HP-modified electrode. We anticipate that
a polymer with a longer main chain exhibits greater steric
hindrance as well as higher adsorptivity on the electrode
surface. In this study, poly(NIPA-Car) (My~13,000 or
56,000) was used. LCSTs of the shorter and larger polymers
were 37 and 35 °C, respectively. This difference is
reasonable because smaller molecules are more soluble in
general. However, no significant difference in the inhibition
effect was observed at 29 °C, where both of the polymers
were soluble.

3.5. Formation constants of the HP-inhibitor complexes

From the results of electrochemical measurements, we
found the possibility that the inhibition effect of Car is
enhanced by copolymerization with NIPA. In order to
confirm this, formation constants of dissolved HP-inhibitor
complexes were examined in pH 7.4 phosphate buffer by
means of visible spectroscopy.

It is known that the Soret band of heme, the active center
of HP, is red-shifted when an inhibitor is coordinated to the
heme. Formation constant K can be estimated from the
following equation:

log[(4 — Ag)(Ar1 — 4)] = logK + log[/]

where 4 is the absorbance at 399.0 nm of a mixed solution
at the inhibitor concentration of [/]. Ag and Ag; are the
absorbance for free HP ([/]=0) and that for fully complexed
HP (sufficiently high [/]), respectively. This equation is
suitable for analysis in the wide range of the inhibitor
concentration.

At first, it was examined whether poly(NIPA) coordi-
nates to HP or not. Although the concentration of poly
(NIPA) was sufficiently increased, the peak of the Soret
band was not red-shifted; poly(NIPA) does not coordinate to
HP. NIPA (1.3 M) monomer also showed no evidence of the
coordination.

Next, poly(NIPA-Car) and Car monomer were examined.
Poly(NIPA-Car) was used without dialysis to not over-
estimate the amount of imidazole groups (i.e., Car side chain
and Car monomer) in the solution. For comparison, a
solution containing the monomers (NIPA, NASI and Car,
mole ratio=95:5:10) before polymerization as well as a Car
monomer solution (without NIPA and NASI) was also
examined.

As to all the three solutions examined [(a) the poly
(NIPA-Car) solution, (b) the mixed monomer solution and

(c) the Car monomer solution], log[(4—Ag)/(Ag—A4)] vs.
log[] plots showed good linearity with a slope of 1.0.
Therefore, HP and Car may form a 1:1 complex. On the
basis of the plots and Eq. (5), K values were estimated to be
(a) 900011000, (b) 50,000410,000 and (c) 6000+1000
(meanztstandard error, n=3), respectively. Thus, we can
conclude that NIPA monomer does not coordinate to HP by
itself, but it promotes the coordination of the Car to HP.
There is a possibility that the NIPA monomer unit in
poly(NIPA-Car) also has the same effect. Although hydro-
phobic interaction and/or hydrogen bonding between NIPA
(and/or NASI) and HP or Car may be responsible for the
promotion; detailed mechanism has not yet been revealed.
However, these results imply that inhibition effects could be
enhanced further by modifying the polymer with appro-
priate substituents. As described above, both the inhibitory
effect and the coordination effect of Car are enhanced by
copolymerization with NIPA. However, the increment of the
%inhibition value is much larger than that of the K value.
This difference might be explained in terms of the
concentration of the polymer in the vicinity of the electrode
surface due to the interaction between the immobilized HP
and the polymer, resulting in the apparent increase in the
coordination and inhibition effects in comparison with the
homogeneous systems, in which K values were evaluated.

In the meantime, similar results were obtained when Car
and NASI were replaced with VI, although the difference in
K wvalue between poly(NIPA-VI) (5000+1000) and VI
monomer (4000+1000) was much smaller. Much greater
steric hindrance described above might have canceled the
enhancement in coordination ability.
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Abstract

A novel chemically modified electrode based on the multiwall carbon nanotubes (MWNTs) film-coated carbon fiber ultramicroelectrode
(CFUE) has been described for the determination of nitric oxide radical (- NO). The electrochemical behaviors of MWNTs-modified CFUE
have been characterized in 0.2 mmol L™' K4Fe(CN), and 0.1 mol L™" KCl solution. The Nafion film was used to avoid some electroactive
interferences. The amount of Nafion was optimized, and some possible interferents [such as nitrite (NO,), nitrate (NOj3), ascorbate,
dopamine (DA), L-arginine (L-Arg), etc.] were tested and evaluated. The oxidation peak current of -NO increases significantly at the
MWNT/Nafion-modified CFUE, in contrast to that at the bare and the Nafion-modified CFUE, and the oxidation peak potential is at 0.78 V
(vs. SCE), which can be used for the detection of - NO. The oxidation peak current is linearly with the concentration of - NO from 2x 10~ to
8.6x107° mol L™}, and the detection limit is 2x 10~ mol L™!. The liver mitochondria in Carassius auratus were isolated and - NO release

from mitochondria was monitored by using this ultramicroelectrode system.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Nitric oxide radical; Carbon nanotubes; Nafion; Chemically modified electrode; Mitochondria

1. Introduction

Nitric oxide radical (-NO) is a free radical molecule
generated in biological systems by nitric oxide synthases
(NOS). Because of its effect on neurotransmission, vaso-
dilation, and immune response [1], -NO plays an important
role in physiology, pathology, and pharmacology, which has
stimulated extensive research interest. It is known that one of
the main difficulties associated with its study and determi-
nation is the fact that free radical -NO has a high
spontaneous chemical reactivity, with a half-life ranging
from 6-50 s [2], and it can be easily oxidized by O, to nitrite
(NO;y) and nitrate (NO3 ) [3]. In a recent review, Taha [4] has
summarized some procedures for the measurement of - NO.
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87647617.
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The most widely used techniques include electron spin and
paramagnetic resonance spectroscopy, chemiluminescence,
UV-visible spectroscopy, fluorescence, and electrochemical
methods.

Of all these techniques mentioned above, electrochemical
methods are most advantageous because they are simple,
speedy and sensitive, and it can be performed in real time. In
addition, electrochemical sensors can be fabricated to
extremely small dimensions and thus are ideal for placement
directly into biological preparations with minimal damage to
tissues. Bedioui and Villeneuve [5] also have made a global
description of the various approaches that have involved
chemically modified microelectrodes specially designed for
the electrochemical detection of -NO in biological media.
The first electrochemical approach is based on the direct
oxidation of ‘NO on platinum electrode coated by gas
permeable or anion membranes [1,6] which allowed the
permeation of gases while excluding other materials.
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Recently, various interesting molecular materials are now
being studied extensively with the aim of investigating the
electrocatalytic oxidation of -NO in aqueous solutions. The
second approach is based on the electrocatalytic oxidation
of -NO on the electrode surface modified with electro-
polymerised films of metalloporphyrin [7,8] and metal-
lophthalocyanine [9], modified with nanogold colloid and
Nafion [10] and by the deposition of o-phenylenediamine
layers [11].

Carbon nanotubes have attracted more and more atten-
tion due to their unique characteristic such as high electrical
conductivity, high chemical stability, and high mechanical
strength and modulus [12]. They were widely used as
scanning probes [13], batteries [14], electron field emission
sources [15], nanoelectronic devices [16], and chemical
sensors [17]. Generally, carbon nanotubes exist in two
forms: single-wall carbon nanotubes (SWNTs) and multi-
wall carbon nanotubes (MWNTs). The subtle electronic
properties of carbon nanotubes suggest that they have the
ability to promote electron transfer reaction when used as an
electrode in electrochemical reaction, which provides a new
application in the electrode surface modification to design
new electrochemical sensors and novel electrocatalytic
materials [18]. Zhao et al. [19] found that -NO could be
electrooxidized at MWNTs-modified normal platinum elec-
trode. However, it cannot be applied to -NO determination
in biological systems due to its large size and bad
biocompatibility.

Giulivi et al. [20] reported the production of -NO by rat
liver mitochondria by electron paramagnetic resonance
using the spin-trapping technique and by the oxidation of
oxymyoglobin, which indicated the presence of NOS in the
mitochondria. At the same time, he and his coworkers [21]
identified, purified, and characterized NOS from rat liver
mitochondria by biological assays. In this paper, we report
the modification of a carbon fiber ultramicroelectrode
(CFUE) by depositing MWNTs dispersed in water in the
presence of hydrophobic surfactant, achieving a MWNTs
film-modified carbon fiber ultramicroelectrode (denoted as
CFUE/MWNTs). The CFUE/MWNTs electrode exhibits an
electrocatalytic property for -NO oxidation and high
sensitivity. The electrode responses linearly to -NO over
the concentration range of 2x10~" to 8.6x10 > mol L™,
and the detection limit is 2.0x10™® mol L™' by an
amperometric method. Thus, to test its ability to measure
-NO in biological medium, we first report the measurement
of -NO release from fish liver mitochondria by using our
modified CFUE.

2. Experimental

2.1. Reagents and chemicals

The MWNTs used in this work (obtained from the
Institute of Nanometer, Central China Normal University)

were synthesized by the catalytic pyrolysis method and then
refluxed for 10 h in HNO5 [22]. Tt is well known that this
treatment causes segmentation and carboxylation of
MWNTs at their terminus.

Five percent Nafion solution w/v, dopamine (DA), and
ascorbic acid (AA; Sigma), dihexadecyl hydrogen phos-
phate (DHP; Aldrich), L-arginine (L-Arg; Shanghai Reagent
Factory, Shanghai, China), and other reagents were of
analytical grade. Aqueous solutions were prepared with
redistilled water. High purity nitrogen gas was used for
deaeration.

-NO gas was generated by slowly dropping a 2 mol L™
H,SO, into a glass flask containing saturated NaNO,
solution, - NO being formed in this disproportional reaction
[23]. The gas generated was forced to twice bubble in a 30%
NaOH solution and once in water in order to trap any NO,
formed as a result of oxidation of -NO from traces of
oxygen. Before the addition of H,SO,, all apparatus was
degassed meticulously with nitrogen for 30 min to exclude
0,, as -NO is rapidly destroyed by O,. To produce a
saturated -NO solution (at 20 °C, NO=1.8 mmol L'
[24]), 10 mL deoxygenated distilled water was bubbled with
pure -NO gas for 30 min and kept under -NO atmosphere
until use. - NO gas is toxic at concentration higher than 100
ppm, so the bubbling procedure was carried out in a fume
hood. -NO standard solutions were prepared by making
serial dilutions of a saturated -NO solution, as previously
reported [8]. - NO solutions were made fresh and were kept
in a glass flask with a rubber septum, stored in a light-free
place.

Carassius auratus was supplied by the Institute of Life
Science, Wuhan University.

2.2. Apparatus

All the electrochemical experiments were performed
with a CHI660A electrochemical workstation (CH Instru-
ments, Shanghai, China) in conjunction with an IBM-
compatible PC. The three-electrode system consisted of a
modified carbon fiber ultramicroelectrode as the working
electrode, a saturated calomel electrode (SCE) as the
reference electrode, and a platinum wire as the auxiliary
electrode. During -NO determination, a hermetic electro-
chemical cell was employed to ensure no -NO leakage
and avoid O, permeation. The whole cell was placed in
a Faraday cage to avoid electromagnetic interference
from the surroundings. Scanning electron microscopy
(SEM) was done with a Hitachi X-650 microscope. All
electrochemical experiments were performed at room
temperature.

2.3. Fabrication and modification of carbon fiber
ultramicroelectrode

The method to fabricate carbon fiber ultramicroelectrode
was referred to the method that Cheng et al. described [25].
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First, a single cleaned carbon fiber (7.8 pm diameter,
Kureha Chemical Industry, Tokyo, Japan) was connected to
the copper wire with homemade graphite-epoxy paste.
After a glass capillary (0.9 mm inner diameter) was pulled
on the flame of the gas lamp to obtain a tip size of 10-20
um, the carbon fiber—copper wire was inserted from the
other end into the tip and a 1-cm length of carbon fiber
was exposed from the tip. Then, fixing the copper and
glass capillary with epoxy, the capillary tip was fused on
the flame to seal the carbon fiber. Following this process,
the protruded carbon fiber was etched carefully on the
flame to the desired length (about 300-500 um), and the
electrodes were tested for electrical contact and potential
leaks at the glass—fiber interface in 20 mmol L~
K4Fe(CN)s and 0.1 mol L™' KCI solution. Finally, the
carbon fiber ultramicroelectrode was rinsed with redistilled
water and followed by further surface treatment described
below.

Ultrasonication agitation for 20 min was used to
disperse 5 mg MWNTs and 5 mg DHP into 5 mL of
redistilled water to give a black suspension [26]. The
MWNTs suspension was deposited onto the tip of the
carbon fiber ultramicroelectrode, which was set on the
planar glass, making the protruded carbon fiber tip
immersed in MWNTs suspension and then evaporating
the solution under an infrared lamp to obtain MWNTs-
modified carbon fiber ultramicroelectrode (denoted as
CFUE/MWNTs). The modified carbon fiber ultramicroe-
lectrode was then coated with 3% (w/v) Nafion four times
each for 10 s and then allowing the electrode to dry in air to
obtain MWNTs/Nafion-modified carbon fiber ultramicroe-
lectrode (denoted as CFUE/MWNTs/Nafion). The Nafion-
modified CFUE was prepared by the same procedure
explained above without MWNTs (denoted as CFUE/
Nafion).

2.4. Procedures of electrochemical measurement

Square wave voltammetry (SWV) was used for -NO
determination in 0.1 mol L' phosphate buffer (pH 7.4).
Prior to -NO measurements, the electrode was placed in
a blank 0.1 mol L™' phosphate buffer, and the potential
was cycled between 0.2 and +1.2 V at a scan rate of 50
mV s~' until a steady cyclic voltammogram was
obtained (about continuously scanning for 10 cycles).
To determine the linearity and sensitivity of the electrode
to -NO, a conventional chronoamperometric method was
used. Chronoamperometric measurements of -NO were
performed operating at 800 mV, with the electrolyte
solution under a stirred condition. After allowing the
electrode to reach a steady baseline, a gas-tight syringe
was used to inject ‘NO solutions into the hermetic
electrochemical cell containing 10 mL deoxygenated 0.1
mol L' phosphate buffer (pH 7.4). All calibrations were
performed using chronoamperometry, unless otherwise
indicated.

2.5. Direct measurement of - NO release from liver
mitochondria

2.5.1. Isolation of fish liver mitochondria

Liver mitochondria were isolated from C. auratus by
differential centrifugation, essentially as described in Ref.
[27]. First, removing liver from the C. auratus and washing
with sterile isolating medium (0.25 mol L™' sucrose, 1
mmol L™ EDTA, 10 mmol L' Tris with pH buffered to
7.4, using HCI. Prior to use, the medium was sterilized at
120 °C for 30 min). The liver was then weighed,
homogenized, and centrifuged at 4000 rpm for 15 min.
The clear supernatant was centrifuged again for 15 min at
4000 rpm. The sediment was discarded after each step. The
clear liquid was then centrifuged twice at high speed (10000
rpm) for 15 min each time to deposit the mitochondria as
sediment. This was resuspended in the isolating medium to
give a protein concentration of about 4.0 mg mL ™", Protein
was determined by using UV spectrophotometry and biuret
reagent. All the above operations were performed asepti-
cally at 273-277 K.

The isolated particles we obtained can exhibit
characteristic green color of mitochondria under phase
contrast microscope after being stained with Janus green.
This indicates that the mitochondria still have biological
activity.

2.5.2. Direct measurement of - NO release from
mitochondria

Prior to -NO measurement, the MWNTs/Nafion-modi-
fied CFUE was also scanned potentially between 0.2 and
1.0 V in a deoxygenated 0.1 mol L™ phosphate buffer (pH
7.4) until the stable response. One milliliter isolated sample
was transferred to the electrochemical cell. The electrode
was inserted into the mitochondria, and chronoampero-
metric measurements were started under nonstirring con-
dition. During the experiment, 0.1 mmol L™" L-Arg was
added, and the chronoamperometric curve was recorded
continuously.

3. Results and discussion
3.1. SEM characterization

The SEM images of the surface of a bare CFUE and
CFUE/MWNTs are shown in Fig. 1. In SEM image, Fig. la
gives the general view of a CFUE and shows that a smooth
carbon fiber is tightly sealed in the glass capillary.
Comparing the surface of the bare CFUE with that of the
CFUE/MWNTs, it can be seen that carbon fiber is wrapped
with MWNTs sheets (Fig. 1c¢ and d) while the surface of the
bare CFUE is quite smooth (Fig. 1b). It suggests that
MWNTs display stereo porous interfacial layer, and the
CFUE/MWNTs have much larger internal surface per
external geometric area.
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Fig. 1. SEM images of (a) the general view of CFUE, (b) the midsection of
bare CFUE, (c) the midsection of CFUE/MWNTs, and (d) the tip and cross-
section of CFUE/MWNTs.

3.2. Cyclic voltammetric behavior of the CFUE/MWNTs

Fig. 2 shows cyclic voltammograms of the bare CFUE
and CFUE/MWNTs with the potential range of —0.4-0.2 V
in a 0.1 mol L™ phosphate buffer (pH7.4) at a scan rate of
50 mV/s. A couple of redox peaks was observed at —0.13
and —0.25 V at the CFUE/MWNTs, which corresponded to
the reduction and the reoxidation of carboxylic acid group
on the surface of MWNTs [28]. The background current of
the modified CFUE is much larger than that of the bare
CFUE, which indicates that MWNTs could reliably increase

Current / pA

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
Potential / V

Fig. 2. Cyclic voltammetric behaviors of bare CFUE and its CFUE/MWNTs
in 0.1 mol L' phosphate buffer (pH 7.4). (a) 10 cycles successively
scanned at the CFUE/MWNTs; (b) 10 cycles successively scanned after the
CFUE/MWNTs was placed in air for 1 week; (c) 1 cycle at its
corresponding bare CFUE.

Current / pA

-0.2 0.0 0.2 0.4 0.6
Potential / V
Fig. 3. Cyclic voltammograms of 0.2 mmol L' K4,Fe(CN)g in 0.1 mol L™

KCl at a CFUE/MWNTs (a) and its bare CFUE (b). The potential scan rate
is 10 mV/s.

the inner surface area of the CFE. The response of the
modified CFUE almost remained constant for 1 week. It
suggests that the MWNTs-modified CFUE is very stable.

The cyclic voltammograms measured using a bare CFUE
and MWNTs-modified electrode in 20 mmol L~
K4Fe(CN)g and 0.1 mol L™" KCI solution are presented in
Fig. 3. The cyclic voltammograms take on a sigmoid shape,
which indicates the nonlinear diffusion behaviors of the
electrodes. The background current and limiting current at
the MWNTs-modified CFUE (curve a) are much higher than
that of the bare CFUE (curve b), which also indicates the
larger surface area of the MWNTs-modified CFUE. For the
CFUE/MWNTs, at low scan rates (<100 mV/s), the cathodic
peak currents are in linear relationship with v'’* (see inset in
Fig. 4), indicating that a diffusion-controlled reaction was
obtained.

0.8 -

Current / pA

0.4 -

-0.8 4

-0.2 0.0
Potential / V

Fig. 4. Cyclic voltammograms of 0.2 mmol L™ K4Fe(CN), in 0.1 mol L™
KCI at the CFUE/MWNTs. Scan rates (from inner to outer): 1, 2, 6, 10, 20,
40, 60, 80, 100, 150, 200, 250, and 300 mV/s. Inset: the relationship
between the cathodic peak current and the scan rate.
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3.3. Electrooxidation behavior of -NO at the CFUE/
MWNTs/Nafion

Fig. 5 shows the square wave voltammograms of -NO at
CFUE/Nafion and CFUE/MWNTs/Nafion in deoxygenated
0.1 mol L' phosphate buffer (pH 7.4), respectively. At the
CFUE/Nafion, a small anodic peak is observed (curve c).
However, at CFUE/MWNTs/Nafion, the peak current
increases significantly with increasing -NO concentration,
and the oxidation peak potential shifts negatively to ca. 0.78
V (curve a, b). These results suggest that MWNTs exhibit
the catalytic activity for the electrooxidation of -NO. This
could mainly be attributed to the subtle electronic properties
and the larger surface area of CFUE/MWNTs/Nafion, which
results in the remarkable enhancement of the peak current
for -NO oxidation.

3.4. Effects of Nafion coating

The modified CFUE was fabricated to determine - NO in
biological samples or in vivo. Therefore, it was necessary to
remove the interference from other electroactive substances
coexistising in biological system, such as ascorbate and
some neurotransmitters. Nitrite is also a main source of
interference in the biological detection of -NO because it is
one of the main decomposed products of - NO oxidation and
can be oxidized at nearly the same potential.

Nafion, which is a polyfluorinated polyacid with cation
exchange properties, can not only exclude the anionic
interfering analytes such as nitrite, nitrate, and AA, diminish
the electrode fouling due to nonspecific adsorption of
proteins and other macromolecule in biological samples,
but also enhance the mechanical strength of the film [29]. In
addition, Nafion film should also stabilize NO" formed
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Fig. 5. Square wave voltammograms at CFUE/MWNTs/Nafion (a, b, d) and
the CFUE/Nafion (c) in the presence of 0 umol/L -NO (d), 20 pmol
L™"-NO (c, b), and 40 pumol L™'-NO (a) in a deaerated 0.1 mol L™
phosphate buffer (pH 7.4).
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Fig. 6. Effect of Nafion coating on the ‘NO sensitivity and the -NO
selectivity ratio against nitrite and AA.

upon the oxidation of ‘NO and prevent a complicated
pattern of reactions that could lead to the formation of NO,
and NOj3 [7]. However, it is equally important to optimize
the coverage of Nafion. A thicker film implies a slowdown
in the response time and lowering of electrode sensitivity.
As we know, the amount of Nafion coated onto the electrode
surface depends on the concentration of Nafion used and the
immersion time of the electrode in the Nafion solution.

Fig. 6 shows the effect of Nafion coating on the -NO
sensitivity and the -NO selectivity ratio against nitrite and
AA. Here, each sensitivity measurement obtained from an
individual calibration curve was expressed as a change of
current per pM concentration. The selectivity ratio was
calculated as the ratio of [-NO sensitivity/interferent
sensitivity] [30]. The sensitivity of each electrode varies
according to the length of the carbon fiber. The signal is
increased as the carbon fiber is lengthened. This suggests
that the identical electrode is used to test the sensitivity and
selectivity under the same conditions. In Fig. 6, it is seen
that the signal from CFUE/MWNTs with Nafion farther
modification is decreased to 43% of the original response of
CFUE/MWNTs after just one coating with Nafion, while the
-NO selectivity ratio against nitrite and AA are increased,
which indicates that the electrode needs at least four or more
coatings to get the desired selectivity ratio against nitrite and
AA. Therefore, the electrode was selected to dip into 3%
Nafion solution four times and each for 10 s.

3.5. Amperometric detection of - NO at the CFUE/MWNTs/
Nafion

Amperometric detection of -NO in deaerated and
unaerated 0.1 mol L' phosphate buffer (pH 7.4) was
undertaken. According to the comparison of the perform-
ances of the different CFUE/MWNTs/Nafion, we found that
the current response of the modified electrode is precise.
The amperometric response in a deaerated solution contain-
ing 7.2x107° mol L™" -NO is very stable (RSD=4.7%,
n=12). Fig. 7 shows a typical experimental amperogram
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Fig. 7. Amperometric response of - NO on the CFUE/MWNTs/Nafion with
successive injections of 7.2x10 'mol L™" - NO in a deaerated 0.1 mol L'
phosphate buffer (pH 7.4). Applied potential: 800 mV.

obtained at the CFUE/MWNTs/Nafion in deaerated 0.1 mol
L' phosphate buffer (pH 7.4). The amperogram clearly
shows an increase in anodic current with -NO injections.
The response curve is gradually decreased after injections of
-NO standard solution since the nitrite oxide radical could
react with some species on the electrode surface. Previously
reported papers dealing with polymer-modified electrode
showed a similar declining pattern while the solution was
aerated using a nitrogen gas [30]. Fig. 8 shows the linear
variations of the current vs. -NO concentrations in
deaerated and unaerated 0.1 mol L™' phosphate buffer,
respectively. As shown in Fig. 8, the sensitivity of the
modified electrode in deaerated condition is higher than that
in unaerated condition when -NO concentration was higher
than 5.0x107° mol L™'. While -NO concentration is less
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Fig. 8. Linear variations of a measured current by amperometry with - NO
concentrations ranging from 1.8x10""mol L™ to 8.6x10 >mol L™". (a)
the deaerated condition; (b) the unaerated condition. Inset: - NO concen-
trations ranging from 1.8x1077 to 5.0x10~7 mol L™ ".

than 5.0x107° mol L™', only a slight discrimination is
observed in these two conditions (see inset in Fig. 8). These
indicate that -NO determination in biological samples can
be converted by the calibration curve in deaerated medium
because the -NO concentration varies between 10~ ° and
10~ mol L™" in biological models.

The current response exhibits a good linear relationship
with the -NO concentration in the range of 2.0x10~" to
8.6x107° mol L™". The sensitivity of the electrode tested is
2291 nA pM ' at -NO concentration ranging from
1.0x1077 to 5.0x10" "mol L™'. The minimum detectable
concentration of -NO is estimated to be 2.0x10™® mol L™
(based on a signal-to-noise of 3).

3.6. Stability of the CFUE/MWNTs/Nafion

Whether the electrode was used in vivo experiment or the
test in biological sample, the electrode should be very
stable. In our experiments, the modified electrode remains
90% (n=9) of the initial response after it was kept in air for 1
week. For the -NO detection in biological sample, the
modified electrode could be used continuously for at least 8
h. The electrode response gradually decreased to approx-
imate 14% (n=3) of the initial response after being used
continuously for 8 h in biological sample.

3.7. Interference

Trace biological species can potentially contribute to the
interference of the modified electrode detection scheme. For
example, monoamine neurotransmitters such as DA, AA,
and nitrite can be directly oxidized at the positive potential
(800 mV). At this modified electrode, 5.0x10™> mol L™
AA and 2.0x107> mol L' nitrite did not disturb the
determination of 3.6x107® mol L™' -NO with the use of
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Fig. 9. Amperogram showing - NO release from fish liver mitochondria
without L-Arg and adding 1.0x10™* mol L™' L-Arg, measured by the
CFUE/MWNTs/Nafion. Applied potential: 800 mV.
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Nafion. 1.0x107® mol L™" DA and 1.0x107> mol L'
solutions of nitrate, L-arginine, glucose, and sucrose did not
cause interference with accurate - NO measurements. Super-
oxide and oxygen are another types of interference because
they can react with -NO and decrease measurable -NO,
although they cause no response at the modified electrode
themselves.

3.8. Measurement of - NO release from liver mitochondria
of C. auratus

Fig. 9 shows the amperogram after the electrode was
placed in mitochondria. A gradual increase of the response
current is observed without any stimulator, which suggested
an endogenous pool of L-Arg capable of sustaining -NO
production through an NOS-catalyzed reaction in the
mitochondria. This is in agreement with the result reported
by Guilivi et al. [20]. While adding 0.1 mmol L™' L-Arg
into the mitochondria, the amperometric current increased
rapidly, which corresponds to the release of -NO from
mitochondria. Subsequently, we successively injected the L-
Arg for three times to the liver mitochondria, the similar
response was observed. The RSD of the response current is
about 6.7%. Measured current was equivalent to -NO
concentration up to approximately 0.4 pmol L™'. Of note,
this level of -NO is biologically relevant because it is in the
range of those concentrations reported to inhibit respiration
in intact mitochondria [31]. Therefore, it could be hypothe-
sized that this inhibition of mitochondria respiration by
-NO may represent a novel biochemical pathway regulating
the supply of O, and energy to tissues under dynamic
conditions.

4. Conclusion

MWNTs dispersed into water in the presence of DHP
were successfully coated onto the tip of carbon fiber
ultramicroelectrode. MWNTs-modified CFUE exhibits an
excellent electrocatalytic activity to -NO electrooxidation
due to its the subtle electronic properties and stereo porous
interfacial layer. The effects of the Nafion coating and the
interference on the - NO detection have been examined. The
linear range of -NO determination is from 2x10~ to
8.6x107° mol L™!, with a detection limit of 2x10~%mol
L' using an amperometric method. Finally, we tested the
performance of the modified electrode by detecting the
‘NO release from fish liver mitochondria. The result is
satisfactory.
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Abstract

The effect of the presence of gramicidin D in a lecithin membrane on its interfacial tension has been studied. The studies have been carried
out at various forming solution compositions and at various potassium ion concentrations in the electrolyte solution. Potassium chloride was
used as the electrolyte. The complex was formed between the gramicidin molecule and K* ion. The following parameters describing the
complex were determined: the surface area occupied by GK* complex (4 gk+), the interfacial tension of the GK membrane complex (ygk+),
and the stability constant of the gramicidin-K " complex (K). These values are 156 A% 1.89 mN m™' and 0.033 m® mol ™', respectively.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Membranes are present in all known biological systems,
which are able to live independently. They separate the cell
from its environment, and they can separate it’ interior into
smaller regions having different functions [1-3].

Experiments are carried out with simple membrane
models, e.g., artificial phospholipids membranes, for a better
understanding of the properties of natural membranes. Such
membranes have been obtained either as a single lipid layer
on an aqueous solution surface, as a lipid double-layer
membrane formed in the Teflon partition, or as liposomes [3].

Lipid bilayers have been most widely used in modelling
transport phenomena (mainly in the case of electrolytes)
across biological membranes. A class of transport promot-
ing substances are the modifiers forming so-called ionic
channels in lipid membranes; gramicidin, alamecithin,
monamosicin, nystatin, and hemocyanin belong to this
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group. Molecules of these modifiers are incorporated into
the membrane and form water-saturated pores (ionic
channels), which constitute the ion passage paths [2—4].

The gramicidin peptide forms the smallest known protein
ion channel, a dimmer consisting of two gramicidin
molecules that contain 15 amino acid residues each.
Because of a small size, its relative easy partitions into
membranes to form channels and is relatively easy
synthesized [5—7]. Gramicidin has been used as a useful
model system allowing to study membrane permeability, the
principles of membrane protein structure, and the mecha-
nisms of protein—lipid interactions [8—10].

Different experimental techniques have been used to
elucidate the permeability characteristics of the gramicidin
channel. Single [11-13] and multichannel [14] current—
voltage measurements have been particularly popular.

Many details about the topology and function of ion
channels have been unveiled by using a variety of
techniques including molecular biology, mutagenesis,
patch-clamp recordings, and molecular dynamic simulation.
As bacterial membranes provide powerful systems for
expressing channel proteins at a high level for the
crystallization and X-ray analysis, the three-dimensional
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structures of channel proteins have begun to come into
sight. For example, a crystal structure of a bacterial K"
channel (KcsA) has been resolved at a resolution of 3.4 A
[15]. This structure is remarkably similar to the model
inferred from years of electrophysiological studies on
mutated and wild type K" channels [16].

A study of the effect of the presence of gramicidin D on
the interfacial tension of the lecithin membrane as a function
on electrolyte solution concentration and membrane com-
position is the aim of this work.

2. Theory

Gramicidin is the compound, which can be integrally
built-in into the membrane. The length of two connected
gramicidin molecules is similar to the thickness of the
hydrophobic part of lecithin bilayers. For this reason, the
effect of the presence of gramicidin in the bilayer on
interfacial tension can be described as similar to that of
cholesterol [17]; that is, the interfacial tension of such
membrane should be a sum of lecithin and gramicidin
interfacial tensions values.

The K" ion forms a complex with gramicidin molecule in
the membrane:

G+K"<GK" (1)

The membrane interfacial tension, ), can be written
taking advantage of additivity of individual gramicidin-lipid
membrane component contributions:

7 = PLSL + 7656 + Yok Sek+ (2)
SL+ S + Sgi- = 1

Arar = Sp

Agag = Sg

AGK*‘ZGK* = SGK*

The respective components of interfacial tension are
denoted by 71, 7g, Yok [mN m~'] and represent the
interfacial tensions of the membrane formed from lecithin,
gramicidin, and the GK* complex, respectively; St, Sg,
Sgi- are the surface fractions occupied by lecithin,
gramicidin, and the GK' complex, respectively; 4;, Ag,
Agr:[m? mol '] are the surface areas occupied by lecithin,
gramicidin, and the GK" complex, respectively; and ay, ag,
agr-[mol m_z] are the activities of lecithin, gramicidin, and
the GK" complex, respectively.

The association constant of the gramicidin-K" complex
can be presented in the form:

K = JoK (3)
agayg+

where ax-[mol m™>] is K" ions activity in the solution.

The lecithin and the analytical gramicidin concentration
ratio in the membrane are denoted by ng. We make an
assumption that the gramicidin and lecithin ratio in the
membrane is the same like in forming solution. Thus, ng is
described by the equation:

ay my Mg

ag + agg+ T omgM, "G
where my, mg are the masses of lecithin and gramicidin in
the forming solution, respectively, M| and Mg, are the
molar masses of lecithin and gramicidin, respectively.
The solutions with gramicidin to lecithin weight equal to
1:10, 1:20, 1:30, 1:40 ratios were used in the experiments.
Elimination of Sy, Sg, Sgk+ a1, ag, agk yielded the
equation:

(ALnal + AGKA )K

V= - ALnal +AG ag+7y
(yeALng' + vox- Aok ) K yAung' + v6Ac
+ - ag+ 1
ALnG + Ag ALI’IG + Ag

4)

Eq. (4) presents the dependence of modified lipid
membrane on gramicidin D in the K™ ion solution as a
function of interfacial tension.

3. Experimental
3.1. Methods

The interfacial tension, y, of the lipid bilayer was
determined by measuring the curvature radius, R, of the
convex surface formed by applying a pressure difference,
Ap, on its sides. This method was based on Young and
Laplace’s equation [18].

2y = RAp.

3.2. Measurements

The apparatus and the measurement method of the
interfacial tension were described in the papers [17,19,20].
The membranes were formed by the Mueller—Rudin method
[21] on the flat end of the Teflon element. Both chambers of
the measuring vessel were filled with the electrolyte
solution. The forming solution was brought with a micro-
pipette to the flat wall of the Teflon element. Then, a
pressure was applied to the left chamber using a manometer
(VEB).

The convexity of the lipid membrane cap was measured
with a 0.05-mm precision instrument reading. This value
together with the Teflon element diameter corresponding to
the lipid cap diameter yielded the radius of curvature.
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Fig. 1. The dependence of the interfacial tension of a lipid membrane
formed from phosphatidylcholine modified with gramicidin D on the
electrolyte solution concentration for different PC/G ratios: (O)—1:40,
(A)—1:30, (0)—1:20, ($)—1:10; the experimental values are marked by
points and the theoretical ones by curves.

The interfacial tension was measured on freshly created
bilayer lipid membrane 12—15 times for each electrolyte
solution. For each membrane, about 10 instrument readings
of the lipid spherical cap diameter, formed by pressure
difference applied on both sides, were made. These
measurements were made within the whole range, from
the very low values of the lipid spherical cap diameter to
those almost equal to the Teflon element radius. From all of
instrument readings (100-150), the arithmetic mean and
standard deviation were enumerated. Measurements with
preparation of the electrolyte solution were made two to
three times in order to test the repeatability of these
determinations. The experimental results are presented in
the Fig. 1 with error bars.

3.3. Materials

The lipid bilayer was formed from Fluka (Switzerland)
production of 99% egg lecithin (3-sn-phosphatidylcholine)
and from gramicidin D produced by Sigma (USA). Lecithin
was dissolved in chloroform, and the solvent was evapo-
rated in an atmosphere of argon. Gramicidin D was used
without any purification. The lecithin and gramicidin
solutions containing 20 mg substance per 1 cm® of solvent
(n-decane) were prepared. Proper diluting and mixing of the
stock solutions prepared forming solutions containing
various lecithin and gramicidin amounts. Forming solutions
contained lecithin, gramicidin, and lecithin—gramicidin
mixtures of 1:10, 1:20, 1:30, and 1:40 weight ratio. The
membrane components were dissolved in n-decane. The
solvent was distilled, and their purity was checked by
measurements of the refraction coefficient.

Potassium chloride solutions were used as electrolytes.
The electrolyte solutions were prepared from mili-Q water
and KCI from POCh (Poland). 1 M, 0.1 M, 0.01 M, 1
mM, and 0.1 mM electrolyte solutions were used for
experiments. Potassium chloride was calcinated to remove
organic impurities. All experiments were carried out at
room temperature (2224 °C).

4. Results and discussion

The dependence of interfacial tension of the lipid
membrane modified with gramicidin D on the K ion
concentration is presented in Fig. 1 for various gramicidin D
concentrations in the membrane. As previously mentioned,
the effect of gramicidin D in the lecithin bilayer on its
interfacial tension in a K ion solution was expressed by Eq.
(4). This Eq. (4) can be written in the form:

y = mix; + mpxy + b.

The m,, m,, and b constants were determined using the
linear regression of the Excel 2000 program. Eight constants
are present in the equation, whereas three constants only are
available. Therefore, combinations of individual constants
only can be calculated instead of the constants themselves.
The coefficients determined by the regression were applied
to present the agreement of the Eq. (4) data (solid lines) with
the experimental data (points) in Fig. 1 using Eq. (5)
presented below:

_ moag+ +b

n 1 - miag+ (5)

The my, m,, and b parameters, presented in the Table 1,
were used for calculation of the following constants: the
surface areas occupied by gramicidin membrane and GK*
complex, interfacial tensions of the gramicidin membrane
and GK', and the stability constant of the gramicidin—K"
complex. The parameters m, m,, and b were described by

Egs. (6)—(8):
(Ang' + Agk+)K

_ = 6
ALnal +AG ml ( )
Ay nzt + +Aqk+ ) K
(yL LG 71’))GK GK ) = my (7>
ALnG + Ag
and
LG + v6da _ (8)

ALl’la1 + Ag

All magnitudes yg, Yok 4G, 4Agk-» and K can be
determined from the Egs. (6)~(8) and from the lecithin
membrane interfacial tension, y;, and the area occupied by
lecithin membrane, A, values equal to 1.623 mN m ! and

Table 1
The parameters m, m,, and b determined from Eq. (4) used to calculate the
V6> Yok Ags Ack+ and K constants

Gramicidin D: ng ! m ms b
phosphatidylcholine
ratio

1:10 6.19x1072  —0.03027 6.076X107° 0.001854
1:20 3.10x1072  —0.04382  8.612x107>  0.001813
1:30 206X1072  —0.02539  4.89x107° 0.001788

1:40 1.55x107%  —0.01058 1.98x107°  0.001759
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85 A?, respectively. These constants were determined by us
earlier and have been presented in the papers [19,20].

In order to calculate the constants Agx- and ygk+ We
derived the linear equation by elimination the constants K
and 4g from Egs. (6) and (7).

We have:

_ 1 my
— Aung' — ypAung' o = Yex+Agk* P + Agk+ )

This is the equation of the type y=ax+b, where
y=—Aing '—yLAing {{mi}/{ma}}; x={{m}/{ma}};
a=ygr+Agk- and b=Agk-.

This calculation was illustrated in the Fig. 2. Values
obtained for the interfacial tension of the gramicidin—K"*
ions complex, ygk+ and the area occupied by gramicidin—
K" ions complex, Agx+, from Eq. (9) are equal to 156 A?
and 1.89 mN m™ ', respectively.

Then, we calculated the values 4G and yg from the Eq.
(8) by a similar method using the equation presented below:

yAung' — Aung'b = Agb + pgAc (10)

This is also the equation of the type y=ax+b, where
y=p1ding '—Aing 'b; x=b; a=Ag and b=ygAg.

This calculation was illustrated graphically in Fig. 3. The
determined values of the area occupied by gramicidin
membrane and interfacial tension of the gramicidin mem-
brane from Eq. (10) are equal to 188 A and 1.76 mN m ™',
respectively.

The resulting area occupied by the gramicidin molecule
in the bilayer is 188 A?, which is in a good agreement with
115-225 A? value given in the literature [22—24]. The last
value, the stability constant of gramicidin-K " ions complex,
K, was determined from Egs. (6) and (7) by substitution of
the determined earlier values of parameters yg, Ygk+ 4G,
Ak, and it is presented graphically, relatively to values m;
or m,. The value of constant K was determined from two
separate equations Eqgs. (6) and (7); the obtained values are
identical and are equal to 0.033 m® mol .

In the present study, we also calculated the surface
energy of membrane formed from gramicidin or the

+110
18
46

{4

107 y/m2

12

L 1 1 1 1 1 0
-525 -520 -515 -510 -505 -500 -495

m1/m2/N"1 m

Fig. 2. A plot illustrating Eq. (9) for calculation of the constants: the surface
area occupied by GK* complex, 4k, and the interfacial tension of the
GK* membrane complex, ygi-, where y=—Ayng' —yrding  {{m}/

{ma}}.

121
1,0+ .
0.8
0,6

1072 y/m?
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0,2 e
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10° b/N m!

Fig. 3. A plot illustrating Eq. (10) for calculation of the constants: the
surface area occupied by gramicidin, 4, and the interfacial tension of the
gramicidin membrane, 7, where y=y A ng'—Ang'b.

gramicidin—ion K" complex. This is the energy needed to
change the surface for 1 mol. For these calculations, it is
necessary to find the surface concentration of membrane
built from gramicidin and gramicidin—-K"~ complex. These
constants were calculated from Eq. (11).

1

ST A NA

(11)

where 4 [A?] is the surface occupied by the gramicidin or
the gramicidin-K" complex, Na[mol ~'] is the Avogadro’s
constant. These concentrations for gramicidin and the
gramicidin-K* complex are equal to 8.82x10’ and
1.06x107° mol m 2, respectively. Knowing the surface
concentrations of the membrane from the pure gramicidin
and pure gramicidin-K" complex and its interfacial ten-
sions, we can calculate the surface energy of these
substances using Eq. (12).
Y

E, = . (12)
where y[mN m™ '] is the interfacial tension of the membrane
formed from gramicidin or the gramicidin-K~ complex,
s[mol m~?] is the surface concentration of the gramicidin or
the gramicidin—-K" complex.

The obtained value of the surface energy for gramicidin
membrane is equal to 1995.7 J mol ™', and for gramicidin—
ion K" complex membrane, it is equal to 1782.5 J mol .
The result of subtraction of these energies (—213.2 J mol™ ")
is the energy required for entrance of the K" ions into pore
of the gramicidin channel. It is very difficult to interpret
these values because the energy required for entrance of K
ions into pore of the gramicidin channel has a small value. It
is very difficult to compare this value with different sizes of
the energy of bonds. The gramicidin channel has about a
0.4-nm diameter and is full with water. It permits water and
the partly hydrated K* ions to pass through a membrane.
The energy necessary for K ions to enter the pore of the
gramicidin channel that we determined (—213.2 J mol™') is
the energy connected with the pushing out of the water from
the gramicidin channel and inserting the ion K" inside the
channel.
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Many authors determined the energy required for the
entrance of the K ions into pore of by molecular dynamic
simulation. The structures of the channel and this process
play a prominent role as a test for theories of ion permeation.
Permeation studies using ions of different crystal radii lead to
the suggestion [25] that the diameter of the filter region was
between 3 and 3.3 A. A widely accepted view is that filter is
better adapted for contacts with a desolvated potassium ion
(crystal radii=1.33 A) than with a desolvated sodium ion
(crystal radii=0.95 A). In the literature, there were a lot of
mathematical simulation data reporting the energy required
for entrance of K' ions into the pore of the gramicidin
channel, using molecular dynamics simulations (MD simu-
lations). The ion parameters used in the MD simulation were
those from Quanta package [26]. For K*, these values are
Foin=2.350 A and e=—0.010 kcal mol™', and for Na®,
Fmin=1.650 A and e=—0.026 kcal mol~'. The authors [26]
compared these parameters for potassium and sodium ions
with those from various other studies reported in the
literature; for example, those used by Aqvist and Luzhakov
[27-29] (for K, rmn=2.66 A and e=—3.28x10"* kcal
mol ', and for Na", r,,;,=2.053 A and e=—8.45x10* kcal
mol ). Simple calculation between ions and a single water
and also between ions and N-methylacetamide (NMA)
reveal that the parameters used in paper [26] give a
difference in energy (compared to those used by Aqvist
and Luzhakov [27]) for the ion—water interaction by 1 kcal/
mol and for ion—-NMA by 0.2 kcal/mol. The authors note in
the paper [26] that the difference they have observed in the
channel is in the order of 25 kcal mol .

Theoretical values determined by many authors of the
energy required for entrance of K' ions into the pore of the
gramicidin channel using an MD simulation method are of a
similar value to the energy needed for K ions to enter the
pore of the gramicidin channel calculated by us, which is
equal to —213.2 J mol™' (—0.0509 kcal mol ™).

5. Conclusions

The dependence of the interfacial tension of lecithin
membranes modified with gramicidin D on lipid membrane
composition and on electrolyte concentration was studied.
The complex was formed between the gramicidin molecule
and K" ion. The parameters describing the complex were
determined using theoretical equations: surface area occu-
pied by GK" complex, the interfacial tension of the
membrane formed from GK' complex, and the stability
constant of the gramicidin-K " complex.

It was very interesting to estimate the values of the
surface energy for membrane formed from gramicidin and
gramicidin-ion K" complex. These values are equal to
1995.7 and 1782.5 J mol™', respectively. The result of
subtraction of these energies (—213.2 J mol ') is the energy
required for entrance of K' ions to the pore of the
gramicidin channel.
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Abstract

The goal of this study was to determine the effects of various compounds on the 17-p-estradiol-induced dimerization of the human
estrogen receptor alpha (hERa), a nuclear transcription factor. For this purpose, we used a modified yeast two-hybrid (YTH) bioassay
designed to study protein—protein interactions, based on the electrochemical monitoring of hERa dimerization and detected as (3-D-
galactosidase reporter gene activity in a synthetic substrate p-aminophenyl--D-galactopyranoside (p APG). Compared with 17-p-estradiol
activity, genistein, bisphenol-A (BPA), and naringenin induced dimerization to a lower extent by four, five and six magnitudes of orders of
magnitude, respectively. In the presence of physiological concentrations of 17-P-estradiol, both tamoxifen and the analgesic drug

acetaminophen inhibited hER dimerization in an antiestrogenic manner.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Estrogens are naturally occurring steroid hormones with
widespread biological activities concerning growth and
differentiation. Estrogens exert predominant biological
effects through specific binding to the intracellular nuclear
estrogen receptors (ER), ERa, and ERP. ER activity can
be modulated either by phytoestrogens and environmental
pollutants known as xenoestrogens or by antiestrogenic
chemicals and drugs. Endocrine-disrupting chemicals
(EDCs) are found in many byproducts of industry, such
as plastic, oil, and pesticides. Bisphenol-A (BPA),
diethylstilbestrol (DES), and 2,4-dihydroxybenzophenone
are representative of hormonally active, estrogen-mimics.
Environmental exposure to xenoestrogens has been pro-
posed as a risk factor for the disruption of reproductive
development in wildlife and humans [1], as well as for the
promotion of breast cancer, but the latter hypothesis

* Corresponding author. Tel.: +972 3 6409366; fax: +972 3 6409407.
E-mail address: Judithri@tauex.tau.ac.il (J. Rishpon).
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remains controversial [2]. The finding of Soto et al. [3]
that the EDC p-nonylphenol extracted from laboratory
plasticware stimulates the in vitro proliferation of human
estrogen-sensitive MCF-7 breast tumor cells suggested that
such compounds could be potentially harmful to exposed
humans and the environment at large. Similarly, Krishnan
et al. [4] found that 2-5 ppb of bisphenol-A purified from
autoclaved medium in polycarbonate culture flasks was
sufficient to initiate the proliferation of breast cancer cells
in vitro. Besides environmental EDCs, commonly used
synthetic hormones and therapeutic anticancer drugs like
diethylstilbestrol (DES) and tamoxifen have shown ER
antagonist and agonist activity, respectively [5,6]. How-
ever, inappropriate exposure to estrogenic drugs like DES
can also result in adverse effects [7].

The presence of synthetic endocrine-disrupting chem-
icals (EDCs), known as xenoestrogens, in the environment
has led to increasing concern because such agents can
modify natural endocrine function. Xenoestrogens can
interfere with endocrine system function through metabo-
lism, synthesis, secretion, and clearance [8]. Recently,
limited and controversial evidence in the literature concern-
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ing the possible antiestrogenic effects of analgesic drugs has
led to an increasing awareness of their potential for
estrogenlike or antiestrogenic activity. The commonly used
antipyretic drug, acetaminophen, for example, exerts estro-
genic or antiestrogenic effects in vitro, depending on the cell
type and tissue [9]. Characterizing and comparing the
mechanism of action of various drug types can contribute
significantly to understanding how such agents interfere
with hormone activity.

The physiological effects of estrogens are mediated by
estrogen receptors. The human estrogen receptor (hERa) is
a nuclear transcription factor that is naturally activated by its
major endogenous ligand, 17-pB-estradiol. Hormone binding
to the receptor induces significant conformational changes
resulting in homodimerization, translocation to the nucleus,
binding to specific DNA-responsive elements (ERE), and
activation or repression of gene expression [10].

One of the most powerful techniques for identifying
protein—protein interactions, such as dimerization, is the
yeast two-hybrid (YTH) system [6,11,12]. The assay is
based on the finding that many eukaryotic transcription
factors can be divided into two distinct functional domains
that mediate DNA binding and transcriptional activation.
Both domains contribute to dimerization. The YTH assay
involves the reconstitution of beta galactosidase activity via
protein—protein interactions. An ERa monomer is fused to
the DNA-binding domain derived from a transcription factor
(GALY), and a second is fused to the activation domain of
the same transcription factor. When both fused receptors are
coexpressed in yeast, ER dimerization leads to the
reconstitution of a functional GAL4 transcription factor,
measured as 3-galactosidase activity. Commonly, the LacZ
gene encoding P-galactosidase is used as the reporter gene
in the YTH system. The standard assays for detecting
enzymatic activity are colorimetry [13], fluorometry, and
luminometry [14]. Using the YTH system, Nishikawa et al.
[15] identified several chemicals possessing estrogenic
activity.

Highly sensitive electrochemical methods were used to
detect p-galactosidase activity, using as substrate p-amino-
phenyl PB-D-galactopyranoside. The product of the enzy-
matic reaction p-aminophenol (PAP) is oxidized at an
electrode as shown in Scheme 1:

In the solution:

PAPG + H,O +f-galactosidase — PAP +B-D galactopyranoside

and at the electrode:

PAP — p-imminoquinone +2H + 2¢’

Scheme 1.

The electrochemical characteristics of PAP have been
described before for immunodetection assays [16—18], as
well as for bacterial systems [19,20]. The detection limit of
the enzyme is 1 ng/ml.

In the present study, we used a sensitive modified YTH
electrochemical bioassay developed in our laboratory [21] to
characterize hERa dimerization induced by natural estro-
gens, phytoestrogens, xenoestrogens, EDCs, and the com-
monly used anticancer drug, tamoxifen. In addition, we
identified ER antagonist activity of the analgestic drug,
acetaminophen in the electrochemical modified YTH
system. The drug inhibited the 17-p-estradiol-induced
dimerization of human hERa at physiological concentra-
tions of estradiol (10~''=107'2 M). The inhibition was
assessed by a reduction of the corresponding activity of the
reporter enzyme, monitored by electrochemical measure-
ments. The results indicate that like tamoxifen, acetamino-
phen inhibits hER dimerization in an antiestrogenic manner.

2. Materials and methods
2.1. Media for yeast cultures

LB, SD minimal media, YPD and YPDA (Clontech
laboratories, USA): Difco peptone, agar (Difco, USA), yeast
nitrogen base without amino acid, -Leu/-Trp Dropout
Supplement (SD; Clontech laboratories, USA), yeast extract
(Becton Dickinson, USA), adenine, and dextrose (Sigma)
were prepared according to a yeast protocols handbook
(Clontech). YPDA and minimal SD plates contained 2%
agar.

2.2. Yeasts and plasmids

The Saccharomyces cerevisiae strainY-187 was pur-
chased from Clontech Laboratories, Palo Alto, CA, USA.
The plasmids pPC-86 and pPC-62 containing the cDNA of
hERa were generous gifts from Prof. Sohaib A. Kahn
(University of Cincinnati, OH, USA). Positive control
plasmids pGBKT7-53 and pGADT7-T were purchased from
Clontech Laboratories.

2.3. Chemicals

17-p-Estradiol, bisphenol A, diethylstilbestrol, genistein,
naringenin, 2,4-dihydroxybenzophenone, p-aminophenyl-p-
D-galactopyranoside (pAPG), tamoxifen, and R-cyclodex-
trin were purchased from Sigma, Israel. Stock solutions of
the steroids were prepared by dissolving in ethanol followed
by diluting in aqueous solution. The organic solvent was
diluted by at least three orders of magnitude. Sodium lauroyl
sarcosinate (SLS) and acetaminophen were purchased from
Fluka, Switzerland.

2.4. The electrochemical setup
Screen-printed electrodes (SPEs) were purchased from

Gwent, UK. The SPEs contained three electrodes: carbon
ink working electrode, carbon ink counter electrode, and
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Ag/AgCl reference electrode. Multichanneled potentiostat
capable of simultaneously analyzing eight samples was
constructed at the Technion-IIT, Haifa, Israel. All measure-
ments were performed at 220-mV applied potential.

2.5. Yeast two-hybrid preparation

Yeast strain Y-187 (S. cerevisiae) carrying the GALI
promoter-lacZ reporter gene transformed with plasmids
pPC-86 and pPC-62, containing the ¢cDNA of human
estrogen receptor (hER) fused to the GAL-4 DB (GAL4
DNA-binding domain—human ERa) and GAL-4 TA (GAL4
transactivation domain—human ERa) domains, were used
for the yeast two-hybrid (YTH) system. As a positive
control, we used plasmids pGBKT7-53 and pGADT7-T
(Clontech), which encode fusion between the GAL4 DNA-
binding domain/activating domain and the murine p53
tumor suppressor protein and the SV-40 large T-antigen,
respectively, which interact in the YTH assay (Clontech
Matchmaker 3 Manual). Transformation of the yeast was
carried out using a standard, lithium acetate method with
plasmid DNA, according to the instructions of the Clontech
Matchmaker 3 System. Selection of transformed yeast was
done on SD minimal medium lacking tryptophan and
leucine, solidified with 2% agar.

2.6. Yeast cells exposure to xenoestrogens and
phytoestrogens

Yeast cultivation was obtained by inoculating 50 ml
sterile plastic test tubes containing 4 ml of SD medium
with 100 pl of a starter culture of transformed yeast. To
each test tube, one of the following chemicals was added
according to the experiment: 17-p-estradiol, 2,4 dihydrox-
ybenzophenone, diethylstilbestrol (DES), bisphenol-A
(BPA), genistein, or naringenin at different concentrations
ranging from 1072 to 10~'" M, in the presence of
equimolar concentrations of B-cyclodextrin. R-Cyclodextrin
lowers the toxic effect of the chemical on the cells. The test
tubes were vigorously shaken overnight at 30 °C. A low
sublethal concentration (5 mg/l) of the membrane perme-
abilizer sodium lauroyl sarcosinate was also added to the
liquid medium tubes during overnight growth to improve
membrane permeability toward 17-p-estradiol and other
chemicals.

2.7. Yeast cells exposure to antiestrogenic drugs. tamoxifen
and acetaminophen

Different concentrations of tamoxifen (10~> to 10"
M) or acetaminophen (107> to 10°® M) were added to 4
ml of SD medium inoculated with 100 ul of a transformed
yeast starter culture in the presence or in the absence of
different concentrations of 17-p-estradiol (10~ '°-10~"!
M), or as needed. A sublethal concentration (5 mg/l) of
SLS was added to the yeast culture during overnight

growth. The tubes were incubated overnight with vigorous
shaking at 30 °C.

2.8. Preparation of yeast cells for the [}-galactosidase assay

Measuring the optical density at 600 nm assessed the
concentration of the overnight-cultivated yeast cells. The
overnight cell concentration of the culture was approx-
imately 1.5x10® cfu/ml. The concentration was equalized in
all test tubes by adding growth medium to the more
concentrated cultures. To remove the growth medium and
any soluble organic residues, the yeast cells were separated
by centrifugation for 10 min at 3000xg, washed, and
suspended in 2 ml of PBS buffer, supplemented with 2 g/
SLS, which served as a permeabilizing agent for the yeast
membranes. The test tubes were intermittently vortexed for
30 min at room temperature. Before the electrochemical
assay, the cells were concentrated by a factor of 8 or 12, as
necessary. The number of cells per assay was 3.2x10® and
4.9%x10% cfu/270 pl, respectively.

2.9. Electrochemical determination of [-galactosidase
activity

The electrochemical assay was carried out with screen-
printed disposable electrodes, with 300-pul volume plastic
microwells combined on top of the electrodes. Mixing of the
liquid in each microwell was achieved by a suction/injection
mechanism manufactured in our laboratory, operated at a
frequency of approximately 12 Hz. p-Aminophenyl-B-D-
galactopyranoside (pAPG), at a final concentration of 0.8
mg/ml, was used as a synthetic substrate for the P-
galactosidase yeast reporter gene. The product, p-amino-
phenol, was oxidized at an applied potential of 220 mV, and
the electrical current generated was recorded. Results were
calculated as Acurrent/Atime from the direct measurements
during the first 20 min. The data obtained were also verified
by standard optical techniques using the substrate o-nitro-
phenyl-p-D-galactopyranoside [22].

3. Results and discussion

Our goal was to determine the effects of various
estrogens, xenoestrogens, phytoestrogens, as well as ster-
oidal and nonsteroidal drugs on the estradiol-induced
dimerization of human estrogen receptor alpha (hERa).
Most xenoestrogens have the ability to bind the ER and
interfere with the natural function of the endocrine system.
We investigated this phenomenon at the molecular level,
using a modified yeast two-hybrid (YTH) system with
electrochemical detection, in which B-galactosidase activity
is under estrogen control through ER dimerization. Using
this system in an earlier study, we demonstrated that the
binding of the hormone, 17-p-estradiol, to its specific ERa
receptor induces its dimerization [21].
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3.1. Electrochemical measurement of xenoestrogens and
phytoestrogens

As the electrochemically modified YTH system selec-
tively examines the estradiol-induced dimerization of the
hormone receptor, we first evaluated the residual activity
of the p-galactosidase reporter signal by applying a
number of well-known xenoestrogens 2,4 dihydroxyben-
zophenone, diethylstilbestrol (DES), bisphenol A (BPA),
and two phytoestrogens, genistein and naringenin. 2,4-
Dihydroxybenzophenone is a member of the benzophe-
nones (BPs), chemicals widely found in products for
agriculture, insecticides, and pharmaceuticals. Besides
being toxic, this chemical shows typical estrogenic
activity [23,24]. Yeast cells were incubated overnight
with different concentrations of 2,4 dihydroxybenzophe-
none. To increase the sensitivity of the P-galactosidase
assay, we added the permeabilizing agent sodium lauroyl
sarcosinate (SLS), which serves a dual purpose: (1)
increases permeability during cell growth (5 mg/l) and
(2) aids in permeabilization before the P-galactosidase
assay (2 g/l). The test tubes were intermittently vortexed
for 30 min at room temperature. This permeabilization
method was more reproducible and yielded a higher
signal than other established methods, such as using
ethanol or toluene [21]. Figs. 1 and 2, respectively, show
the amperometric measurements at a working potential of
220 mV of enzyme activity generated by yeast cultures
exposed to 2,4 dihydroxybenzophenone or to 17-p-
estradiol. The high sensitivity of our modified electro-
chemical YTH assay revealed typical estrogenic activity
for 2,4 dihydroxybenzophenone. The lowest concentration
of the compound detected in our system was 107° M,
which is in accordance with prior results shown by
Schultz et al. [25].

Bisphenol-A is an important raw material used in the
plastic industry for polycarbonate resins and for varnish
plating. According to the United States Environmental
Protection Agency, BPA is cytotoxic, toxic to fish and
amphibians, and interferes with the endocrine system by
binding to the ER [4,26]. Therefore, we tested the ability
of BPA to induce receptor dimerization in our electro-
chemical YTH system. The results (Table 1) show that
compared with 17-p-estradiol, BPA induced dimerization
of the hormone to a lesser extent and exhibited lower
activity by five orders of magnitude. The lowest concen-
tration measured was 10~ M for BPA, whereas that of 17-
p-estradiol was in the picomolar range, 10~ "' M. Similar
results were reported by lke et al. [27] and Rehman et al.
[28].

Diethylstilbestrol, a xenoestrogenic drug once pre-
scribed during pregnancy to prevent miscarriages or
premature deliveries, was subsequently discarded for
human use because of teratogenicity [7]. This compound
served as an example for the estrogenic activity of
synthetic estrogens in our system. The DES-induced
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Fig. 1. (A) Electrochemical signals obtained with yeast cultures exposed
overnight to different concentrations of 2,4 dihydroxybenzophenone: (1)
1075, (2) 107, (3) 1077 and (4) 10~® M. (B) Enzymatic activities (@)
shown as Acurrent/Atime.

activity of -galactosidase expressed in yeast cell cultures
incubated with different concentrations of DES is shown
in Table 1. The expression of 17-p-estradiol- and DES-
induced estrogenic activity at the same order of magni-
tude implies a similar induction of receptor dimerization
by both compounds, which is in accordance with reports
by Fohmar et al. [29] and Jefferson et al. [30]. Compared
with 17-P-estradiol, genistein and naringenin had less
estrogenic activity by four orders of magnitude (10~% M)
and by six magnitudes of orders of magnitude, respec-
tively (Table 1). Similar results were reported by Schultz
et al. [25].

3.2. Measurement of antiestrogenic drugs

One way that antiestrogenic drugs can interfere with
dimerization is by competing with 17-pB-estradiol for
binding to the ER. We examined such a drug, the well-
characterized anticancer agent tamoxifen in our electro-
chemical YTH assay. We cultured yeast cells with 107!
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M estradiol (physiological concentration) and measured the
inhibitory effect of various concentrations of tamoxifen.
The results in Fig. 3 shows that almost 25% inhibition of
[-galactosidase activity occurred at a low concentration of

Table 1
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Fig. 3. (A) Electrochemical signals obtained with yeast cultures exposed
overnight to constant concentration of 107" M 17-B-estradiol in the
presence of different concentrations of tamoxifen: (1) 107>, (2) 107, (3)
1077, (4) 1075, (5) 1072, (6) 107" and (7) 10~'* M. (B) Inhibition of
hERa receptor dimerization calculated by percentage of the residual
activity of the reporter enzyme, -galactosidase.

this drug (10°'" M) and about 85% inhibition at the
highest concentration (10°° M), reflecting significant
decrease of ER dimerization. The results agree with
findings in other reports that tamoxifen is a partial
antagonist that competes with estradiol for binding to the
ER [6].

Summary of results displayed as Acurrent/Atime (nA/sec), for yeast cells exposed overnight to various xenoestrogens and 17-p-estradiol measured with our

electrochemical two-hybrid system

Concentration (M) Naringenin BPA Genistein 2,4dihydroxy BP DES 17-p-estradiol
1073 0.008+0.11

1074 0.005+0.053

1073 0.001440.03 0.03140.33 0.6740.085 0.0095+0.25

10°° 0.002+0.05 0.009+0.045 0.015+0.17 0.034+0.58

1077 0.0035+0.035 0.0099+0.051 0.078+0.54

1078 0.0011£0.018 0.025+0.42

107 0.015+0.17

10°1° 0.0004+0.037 0.29+0.0027
10~ 0.11+0.027

Each result represents the mean of three measurements.
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Fig. 4. Electrochemical signals obtained with yeast cultures exposed
overnight to different concentrations of acetaminophen. (A) Enzyme
activity obtained in the presence of 10" M 17-p-estradiol with (1) 0 M
acetaminophen, (2) 2.1x107° M, (3) 4.1x10°° M, (4) 8.3x10°° M, (5)
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hER« receptor dimerization in the presence of 107'° M (@) and 10™'' M
(O) calculated by percentage of the residual activity of the reporter enzyme,
-galactosidase.

Although the toxic effects of high doses of a widely used
analgesic and antipyretic drug, acetaminophen, on liver and
kidney are well characterized [31,32], relatively few studies
have been reported on the effects of acetaminophen on the
endocrine system. Evidence concerning the possible estro-
genic or antiestrogenic activity of acetaminophen is sparse
and controversial. In vitro, acetaminophen shows both
estrogenic and antiestrogenic properties, depending on the
system applied. [9,33-36]. Interestingly, acetaminophen
shows neither estrogenic nor antiestrogenic activity in uteri
of mice or rats in vivo [20]. Therefore, we decided to
examine the effect of acetaminophen in our electrochemical
modified YTH system. As physiologically relevant concen-
trations (107'% to 10~"" M) of 17-p-estradiol are the most
interesting and noteworthy [10], we measured the effects of
various concentrations of acetaminophen at physiological
levels of the hormone. The assay revealed that low

concentrations of acetaminophen inhibit estrogen receptor
dimerization in the presence of physiological concentrations
of 17-p-estradiol (Fig. 4). The inhibition was dependent on
estrogen and acetaminophen concentrations and was not a
result of toxic effects exerted by acetaminophen on yeast
cells (Fig. 5). An acetaminophen concentration of
3.31x10° M produced almost 40% inhibition, at a
hormone level of 107' M and almost 80% inhibition of
the signal at a hormone level of 10~'" M. Significant
inhibition (~20%) occurred even at extremely low concen-
trations of acetaminophen (as low as 4.1x10~¢ M), which
are much lower than the serum concentration of 1.32x10~*
M typically reported for this drug and far below toxic serum
levels [37]. As dimer formation is essential for the estrogen-
mediated activation of the ER [38], we assume that despite
the absence of binding, acetaminophen acts as an anties-
trogen in our modified YTH system. Our findings agree
with the report from Miller et al. [33] demonstrating the
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Fig. 5. (A) Electrochemical signals obtained with yeast cultures transformed
with plasmids pGBT7-53 and pGADT7-7 (control yeasts) containing
proteins, which react constitutively, in the absence of 17-p-estradiol and in
the presence (solid line) or absence (dashed line) of 6.6x107* M
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antiestrogenic properties of acetaminophen in an estrogen-
dependent system.

4. Conclusions

In this paper, we offer a sensitive method based on the
combination of electrochemical measurements and the YTH
system especially designed for detecting the impact of
estrogenic and xenoestrogenic chemicals on hERa dimeri-
zation. The results are compatible with those obtained using
optical methods typical for xenoestrogenic effects in yeast
systems. As electrochemical measurements contribute the
advantage of working with a turbid solution, higher
concentrations of yeasts can be achieved by additional
preconcentration or alternatively by using electrochemical
techniques to attain greater sensitivity.

Extremely important results obtained here concerned the
widely used drug acetaminophen. We have shown for the
first time that this drug acts at the molecular level,
affecting the hER receptor. Acetaminophen markedly
inhibited the dimerization of hERa cloned in the electro-
chemical modified YTH system, exhibiting an inhibitory
effect similar to that of the common anticancer drug
tamoxifen, and was not due to the toxicity of acetamino-
phen on yeast cells. The inhibition was mutually concen-
tration dependent for 17-p-estradiol and acetaminophen
and was measurable at a concentration as low as 4.1x107°
M of the drug. Our results provide the rationale for further
investigations on the clinical potential of acetaminophen in
ER-dependent physiology.

References

[1] T. Colborn, F.S.V. Saal, A.M. Soto, Developmental effects of
endocrine-disrupting chemicals in wildlife and humans, Environ-
mental Health Perspectives 101 (1993) 378-384.

[2] A.K. Mitra, F.S. Faruque, A.L. Avis, Breast cancer and environmental
risks: where is the link? Journal of Environmental Health 66 (2004)
24-32.

[3] AM. Soto, H. Justicia, J.W. Wray, C. Sonnenschein, Para-nonyl-
phenol—an estrogenic xenobiotic released from modified polystyrene,
Environmental Health Perspectives 92 (1991) 167—173.

[4] A.V. Krishnan, P. Stathis, S.F. Permuth, L. Tokes, D. Feldman,
Bisphenol-A—an estrogenic substance is released from polycarbonate
flasks during autoclaving, Endocrinology 132 (1993) 2279-2286.

[5] RM. O’Regan, V.C. Jordan, The evolution of tamoxifen therapy in
breast cancer: selective oestrogen-receptor modulators and down-
regulators, Lancet Oncology 3 (2002) 207-214.

[6] H. Wang, G.A. Peters, X. Zeng, M.L. Tang, I. Wallace, S.A. Khan,
Yeast 2-hybrid system demonstrates that estrogen-receptor dimeriza-
tion is ligand-dependent in-vivo, Journal of Biological Chemistry 270
(1995) 23322-23329.

[7] K.E. Malone, Diethylstilbestrol (Des) and breast-cancer, Epidemio-

logic Reviews 15 (1993) 108—109.

C.J. Kirk, L. Bottomley, N. Minican, H. Carpenter, S. Shaw, N. Kohli,

M. Winter, E.W. Taylor, R.H. Waring, F. Michelangeli, R.A. Harris,

Environmental endocrine disrupters dysregulate estrogen metabolism

and Ca®" homeostasis in fish and mammals via receptor-independent

8

[}

mechanisms, Comparative Biochemistry and Physiology. Part A,
Molecular & Integrative Physiology 135 (2003) 1-8.

[9] J. Dowdy, S. Brower, M.R. Miller, Acetaminophen exhibits weak
antiestrogenic activity in human endometrial adenocarcinoma (Ishi-
kawa) cells, Toxicological Sciences 72 (2003) 57—-65.

[10] C.J. Gruber, W. Tschugguel, C. Schneeberger, J.C. Huber, Mecha-
nisms of disease—production and actions of estrogens, New England
Journal of Medicine 346 (2002) 340—352.

[11] S. Fields, O.K. Song, A novel genetic system to detect protein—protein
interactions, Nature 340 (1989) 245-246.

[12] R.C. Newton, C.P. Decicco, Therapeutic potential and strategies for
inhibiting tumor necrosis factor-alpha, Journal of Medicinal Chem-
istry 42 (1999) 2295-2314.

[13] J.A. Miller, Short Course in Bacterial Genetics: A Laboratory Manual
and Handbook for Escherichia coli and Related Bacteria, Cold Spring
Harbor Laboratory Press, NY, 1992, 72—74 pp.

[14] VK. Jain, I.T. Magrath, A chemiluminescent assay for quantitation of

beta-galactosidase in the femtogram range-application to quantitation

of beta-galactosidase in iacz-transfected cells, Analytical Biochemis-

try 199 (1991) 119—124.

J. Nishikawa, K. Saito, J. Goto, F. Dakeyama, M. Matsuo, T.

Nishihara, New screening methods for chemicals with hormonal

activities using interaction of nuclear hormone receptor with

coactivator, Toxicology and Applied Pharmacology 154 (1999)

76—83.

J. Kulys, V. Razumas, A. Malinauskas, Electrochemical oxidation of

catechol and para-aminophenol esters in the presence of hydrolases,

Bioelectrochemistry and Bioenergetics 7 (1980) 11-24.

[17] M. Masson, Z. Liu, T. Haruyama, E. Kobatake, Y. Ikariyama, M.
Aizawa, Immunosensing with amperometric detection, using galacto-
sidase as label and P-aminophenyl-beta-D-galactopyranoside as
substrate, Analytica Chimica Acta 304 (1995) 353-359.

[18] I. Rosen, J. Rishpon, Alkaline-phosphatase as a label for a
heterogeneous immunoelectrochemical sensor—an electrochemical
study, Journal of Electroanalytical Chemistry 258 (1989) 27—39.

[19] D.L. Scott, S. Ramanathan, W.P. Shi, B.P. Rosen, S. Daunert,

Genetically engineered bacteria: electrochemical sensing systems for

antimonite and arsenite, Analytical Chemistry 69 (1997) 16-20.

1. Biran, L. Klimentiy, R. Hengge-Aronis, E.Z. Ron, J. Rishpon, On-

line monitoring of gene expression, Microbiology-UK 145 (1999)

2129-2133.

[21] A. Schwartz-Mittelmann, T. Neufeld, D. Biran, J. Rishpon, Electro-
chemical detection of protein—protein interactions using a yeast two
hybrid: 17-beta-estradiol as a model, Analytical Biochemistry 317
(2003) 34-39.

[22] PK. Birmingham, M.J. Tobin, D.M. Fisher, T.K. Henthorn, S.C. Hall,
C.J. Cote, Initial and subsequent dosing of rectal acetaminophen in
children—a 24-hour pharmacokinetic study of new dose recommen-
dations, Anesthesiology 94 (2001) 385-389.

[23] H.G. Gonzalez, A. Farbrot, O. Larko, Percutaneous absorption of
benzophenone-3, a common component of topical sunscreens,
Clinical and Experimental Dermatology 27 (2002) 691—694.

[24] Y. Nakagawa, T. Suzuki, S. Tayama, Metabolism and toxicity of
benzophenone in isolated rat hepatocytes and estrogenic activity of its
metabolites in MCF-7 cells, Toxicology 156 (2000) 27-36.

[25] T.W. Schultz, G.D. Sinks, M.T.D. Cronin, Structure—activity relation-
ships for gene activation oestrogenicity: evaluation of a diverse set of
aromatic chemicals, Environmental Toxicology 17 (2002) 14—-23.

[26] K. Satoh, F. Nagai, N. Aoki, Several environmental pollutants have
binding affinities for both androgen receptor and estrogen receptor
alpha, Journal of Health Science 47 (2001) 495-501.

[27] M. Ike, M.Y. Chen, C.S. Jin, M. Fujita, Acute toxicity, mutagenicity,
and estrogenicity of biodegradation products of bisphenol-A, Environ-
mental Toxicology 17 (2002) 457—461.

[28] K. Rehmann, K.W. Schramm, A.A. Kettrup, Applicability of a yeast
oestrogen screen for the detection of oestrogen-like activities in
environmental samples, Chemosphere 38 (1999) 3303—3312.

[15

[t}

(16

=

[20

[





156 A. Schwartz-Mittelman et al. / Bioelectrochemistry 65 (2005) 149-156

[29] L.C. Folmar, M.J. Hemmer, N.D. Denslow, K. Kroll, J. Chen, A.
Cheek, H. Richman, H. Meredith, E.G. Grau, A comparison of the
estrogenic potencies of estradiol, ethynylestradiol, diethylstilbestrol,
nonylphenol and methoxychlor in vivo and in vitro, Aquatic
Toxicology 60 (2002) 101—-110.

[30] W.N. Jefferson, E. Padilla-Banks, G. Clark, R.R. Newbold, Assessing

estrogenic activity of phytochemicals using transcriptional activation

and immature mouse uterotrophic responses, Journal of Chromatog-
raphy B—Analytical Technologies in the Biomedical and Life

Sciences 777 (2002) 179—189.

R.C. Blantz, Acetaminophen: acute and chronic effects on renal

function, American Journal of Kidney Diseases 28 (1996) S3—S6.

A. McGregor, L.J. More, K.J. Simpson, D.J. Harrison, Liver death and

regeneration in paracetamol toxicity, Human and Experimental

Toxicology 22 (2003) 221-227.

[33] M.R. Miller, E. Wentz, S. Ong, Acetaminophen alters estrogenic
responses in vitro: inhibition of estrogen-dependent vitellogenin
production in trout liver cells, Toxicological Sciences 48 (1999) 30—37.

[31

—

[32

—

[34] S.L. Gadd, G. Hobbs, M.R. Miller, Acetaminophen-induced prolifer-
ation of estrogen-responsive breast cancer cells is associated with
increases in c-myc RNA expression and NF-kappa B activity,
Toxicological Sciences 66 (2002) 233-243.

[35] E. Harnagea-Theophilus, S.L. Gadd, A.H. Knight-Trent, G.L.
DeGeorge, M.R. Miller, Acetaminophen-induced proliferation of
breast cancer cells involves estrogen receptors, Toxicology and
Applied Pharmacology 155 (1999) 273 -279.

[36] E. Harnagea-Theophilus, M.R. Miller, Acetaminophen alters estro-
genic responses in vitro: stimulation of DNA synthesis in estrogen-
responsive human breast cancer cells, Toxicological Sciences 46
(1998) 38—44.

[37] M.E. Stocker, J.E. Montgomery, Serum paracetamol concentrations in
adult volunteers following rectal administration, British Journal of
Anaesthesia 87 (2001) 638—640.

[38] V. Kumar, P. Chambon, The estrogen-receptor binds tightly to its
responsive element as a ligand-induced homodimer, Cell 55 (1988)
145-156.





		Electrochemical detection of xenoestrogenic and antiestrogenic compounds using a yeast two-hybrid-17-beta-estradiol system

		Introduction

		Materials and methods

		Media for yeast cultures

		Yeasts and plasmids

		Chemicals

		The electrochemical setup

		Yeast two-hybrid preparation

		Yeast cells exposure to xenoestrogens and phytoestrogens

		Yeast cells exposure to antiestrogenic drugs: tamoxifen and acetaminophen

		Preparation of yeast cells for the beta-galactosidase assay

		Electrochemical determination of beta-galactosidase activity



		Results and discussion

		Electrochemical measurement of xenoestrogens and phytoestrogens

		Measurement of antiestrogenic drugs



		Conclusions

		References






Available online at www.sciencedirect.com

science (@hornzer:

Bioelectrochemistry 65 (2005) 157—-162

Bioelectrochemistry

ELSEVIER

www.elsevier.com/locate/bioelechem

The electrochemical behaviour of ferrocene in a photocurable
poly(methyl methacrylate-co-2-hydroxylethyl methacrylate)
film for a glucose biosensor

Low Sim Bean, Lee Yook Heng*, Bohari Mohd. Yamin, Musa Ahmad

School of Chemical Sciences and Food Technology, Faculty of Science and Technology, Universiti Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia

Received 16 March 2004; received in revised form 8 November 2004; accepted 17 November 2004
Available online 26 January 2005

Abstract

A single-step fabrication of a glucose biosensor with simultaneous immobilization of both ferrocene mediator and glucose oxidase in a
photocurable methacrylic film consisting of poly(methyl methacrylate-co-2-hydroxylethyl methacrylate) was reported. The entrapped
ferrocene showed reversible redox behaviour in the photocured film and no significant leaching of both entrapped ferrocene and enzyme
glucose oxidase was observed because of the low water absorption properties of the co-polymer films. From electrochemical studies,
ferrocene entrapped in the co-polymer film demonstrated slow diffusion properties. A linear glucose response range of 2—11 mM was
obtained at low applied potential of +0.25 V. The glucose biosensor fabricated by this photocuring method yielded sensor reproducibility and
repeatability with relative standard deviation of <10% and long-term stability of up to 14 days. The main advantage of the use of
photocurable procedure is that biosensor membrane fabrication can be performed in a single step without any lengthy chemical

immobilization of enzyme.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Photocurable; Methacrylate polymers; Ferrocene; Immobilization; Glucose biosensor

1. Introduction

Glucose determination is one of the major measure-
ments performed in clinical analysis because of diabetes
mellitus condition. The determination of glucose most
frequently employed a biosensor based on glucose oxidase
(GOD). In earlier application, the catalytic conversion of
glucose to gluconolactone by the enzyme GOD was
coupled to dioxygen with the production of hydrogen
peroxide, which was then detected electrochemically.
However, the use of dioxygen caused fluctuations in the
biosensor response, especially when the oxygen tension
varied. This problem was later overcome by introducing
mediators to replace oxygen as the mediator of electron
transfer. Among the mediators investigated, ferricinium

* Corresponding author. Tel.: +60 3 89213356; fax: +60 3 89215410.
E-mail address: yhl1000@pkrisc.cc.ukm.my (L.Y. Heng).
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ions from the oxidation of ferrocene or its derivatives were
the most useful mediator [1]. These mediators were
immobilized in carbon paste electrode and successful
glucose and galactose biosensors were constructed [2,3].

However, the use of ferrocene immobilized in a carbon
paste matrix has some disadvantages when the biosensor is
to be used as an implantable device for glucose monitoring.
This is because the mediators can diffuse away from the
electrode surface to the surrounding and caused contami-
nation in the tissue. A number of ways have been attempted
to resolve leaching of ferrocene mediators and the most
common solution is by covalent attachment of ferrocene
onto some polymer networks. Some examples of polymers
(so called redox polymers) that have been used are
polysiloxane [4,5], cross-linked polyallyamine [6], poly-
pyrrole [7], polyaniline [8], polyacrylamide [9,10] and
copolymers of methacrylate [11,12].

The prevention of leaching by chemical attachment of
ferrocene to a polymer matrix typically involved compli-
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cated synthesis procedures of many steps. For some of the
polymers used, they were not compatible with the immobi-
lization of GOD, thus extra step for GOD immobilization by
other means, e.g. glutaraldehyde coupling or employing a
composite mixture of GOD and ferrocenyl polymers with
carbon paste [5,10,12], was also performed. The complex
procedures used in the fabrication of the biosensor lead to
unfriendly manufacturing technology. Therefore, a simple
fabrication procedure that not only prevents leaching of
ferrocene but also that of GOD is desirable in terms of
manufacturing.

In this paper, we describe a one-step procedure for the
fabrication of a glucose biosensor membrane that utilized a
photocuring technique. The advantage of the procedure is to
immobilize simultaneously both the ferrocene mediator and
GOD in a polymer formed from photopolymerisation. The
leaching of both of these entrapped membrane components
was prevented by tuning the hydrophilicity of the photoc-
urable poly(2-hydroxylethyl methacrylate) hydrogel with
methyl methacrylate. Electrochemical behaviour of the
ferrocene containing methacrylate films and the analytical
performance of the resulting glucose biosensor are discussed.

2. Experimental
2.1. Reagents

Ferrocene, enzyme glucose oxidase (GOD), glucose
monohydrate and phosphate buffer were obtained from
Fluka; monomer 2-hydroxyethyl methacrylate (HEMA) and
methyl methacrylate (MMA) were obtained from Sigma and
Aldrich respectively. The photoinitiator 2,2-dimethoxy-2-
phenylacetophenone (DMPP) was obtained from Aldrich.
Phosphate buffer was prepared in distilled water, and
glucose solutions were prepared by dissolving appropriate
amounts in 0.1 M phosphate buffer (pH 7.0). Glucose was
allowed to mutarotate for 24 h before use. Phosphate buffer
(0.1 M, pH 7.0) used as electrolyte in electrochemical
measurements was prepared in 0.1 M NacCl.

2.2. Apparatus and measurements

The electrochemical measurements were performed with
an Autolab PGSTAT 12 Pontentiostat/Galvanostat. A one-
compartment cell with a working volume of 5 mL was used.
The working electrode is a carbon paste screen-printed
electrode coated with ferrocene-containing copolymer film,
whereas saturated calomel electrode (SCE) and a glassy
carbon electrode were used as reference electrode and
auxiliary electrode respectively. The electrodes used for the
preparation of working electrode are screen-printed carbon
paste electrodes with active surface 4 mm in diameter
designed by Scrint Cyclic voltammetry was studied between
0.0 and 0.70 V versus SCE. The amperometric measure-
ments of the glucose biosensor were performed at 0.25 V

versus SCE. All experiments were performed in 0.1 M
phosphate/0.1 M NaCl buffer (pH 7.0).

2.3. Preparation of ferrocene containing copolymer films

The procedure used for the preparation of photocurable
methacrylic films is similar to those reported before [13,14].
A mixture was prepared by mixing an appropriate amount of
monomer 2-hydroxyethyl methacrylate (HEMA), methyl
methacrylate (MMA) and photoinitiator DMPP in a vial. An
appropriate amount of ferrocene was then added into the
mixture. The same amount of Fc was used in preparing all
films. The mixture was then exposed to UV radiation to
yield the co-polymer film poly(methyl methacrylate-co-2-
hydroxylethyl methacrylate) or MH. Polymer films contain-
ing physically entrapped ferrocene (Fc/MH) were prepared
for the examination of their hydrophilicity character and
ferrocene leaching behavior.

2.4. Evaluation of water absorption, ferrocene and enzyme
GOD leaching

A mixture of monomer HEMA, MMA and initiator
DMPP without ferrocene was prepared in a vial. The
mixture was then deposited onto a supporting material with
a known weight, and then exposed to UV light. The photo-
copolymer formed was weighed together with the support-
ing material and thus the weight of the blank photo-
copolymer (MH) was obtained. The copolymer together
with the supporting material was then exposed to 0.1 M
phosphate buffer. After 5 min, the weight was recorded and
the water content of the copolymer after 5 min was then
calculated as reported by Bayramolu et al. [15]. The water
absorption of the copolymer was determined with duration
of exposure to water.

As for ferrocene leaching test, Fc/MH polymer film was
exposed to 0.1 M phosphate buffer and after 5 min a fixed
volume of the phosphate buffer was taken out. This step was
repeated several times in a 4-h period. The samples
collected were then analysed using a Perkin-Elmer atomic
absorption spectrometer (AAS) to determine the presence of
iron quantitatively, which would be related to the amount of
ferrocene that leached out from the polymer into the
solution.

The Fc/MH copolymer films incorporated with enzyme
GOD were prepared and also exposed to 0.1 M phosphate
buffer. After 5 min, a fixed volume of the phosphate buffer
was taken out. This step was repeated several times in a 4-h
period. The buffer was then assayed with diluted Bradford
reagent and the absorbance was monitored at 595 nm using
a Varian Cary 100 UV-Vis spectrophotometer.

2.5. Preparation of electrodes and glucose biosensors

Mixtures of HEMA, MMA, DMPP and Fc were
deposited on screen-printed carbon paste electrodes. This
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Fig. 1. The water absorption profile of the MH copolymer.

was then exposed to UV radiation and a thin layer of film
with thickness ca. 170 um was formed. These electrodes
were then used in the investigation of the redox behaviour of
the immobilized ferrocene. Glucose biosensors based on Fc/
MH films were constructed by including the enzyme GOD
into the mixture before photocuring. The amount of Fc or
GOD used in all films (Fc/MH-GOD) was the same.

3. Results and discussion

3.1. Water absorption of MH copolymer and leaching of Fc
and GOD

Fig. 1 depicts the water absorption profile by the MH
copolymer in a 3 1/2-h period. There is a steady rate of
water absorption in the first 2 h and the amount of water
absorbed reaches a maximum of approximately 12% by
weight after 3 h. HEMA co-polymers containing immo-
bilised vinyl ferrocene (0.14 mol fraction, co-polymer
Mw=55,500) prepared by solution polymerisation can
absorb up to 20% of water [12]. This shows that the
level of water absorption for the MH copolymer is lower
and it is more hydrophobic although the copolymer is
also HEMA based. The hydrophobic nature of the
HEMA based copolymer is mainly due to the dense
polymer network result from photopolymerisation
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Fig. 2. The leaching profile of the entrapped Fc in a MH film with time.
Leaching of Fc only occurred after 100 min of exposure to buffer.
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Fig. 3. A correlation between the amount of Fc leached out and the water
absorbed by the MH copolymer.

employed in this work and the introduction of MMA
monomer.

The water absorption behaviour of the MH co-polymer
may have influence over the leaching of the mediator Fc
entrapped in the polymer by photocuring process. Below
100 min, no iron was detected using an atomic absorption
spectrophotometer. However, leaching of Fc began after
approximately 100 min of exposure to buffer solution (Fig.
2). A plot of correlation between the amount of Fc leached
out and water absorbed (Fig. 3) demonstrated that when the
water absorption reached approximately 10% (w/w), Fc
leaching began. Therefore, below 10% of water absorption,
it seems that Fc could not leach out of the MH film and only
2.2% of Fc was found to leach out after 4 h of exposure to
the buffer solution. Leaching studies conducted on entrap-
ped GOD in the MH film also showed that no GOD was
detectable after the polymers were exposed to water for 4 h.
These studies have demonstrated that by using a hydro-
phobic co-polymer such as MH to physically immobilise Fc
and GOD, the lost of the mediator Fc through leaching can
be delayed and minimised whilst that of enzyme GOD
leaching can be eliminated altogether.

3.2. Electrochemical behavior of the ferrocene-containing
copolymers

The cyclic voltammograms of Fc/MH film were obtained
between 0.00 and +0.70 V in a phosphate buffer after the

25
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Fig. 4. Cyclic voltammograms of a Fc/MH-coated SPE in 0.1M phosphate/
0.1 M NaCl buffer (pH=7.0). Scan rate: 5 mV s~ .
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Fig. 5. Cyclic voltammograms of a Fc/MH-coated electrode in 0.1M
phosphate/0.1 M NaCl buffer at scan rate of (a) 10, (b) 7.5, (¢) 5, (d) 2.5 and
(€)1 mv s

film was deposited onto a screen-printed carbon paste
electrode (SPE). Altogether 20 scans were performed but
only 10 of the scans were shown in Fig. 4.

The anodic and cathodic currents of the Fe/MH film rise
continuously with potential scans until a distinct redox
couple of Fc occurred and reached steady state after 13—16
cycles. As the F¢/MH film was scanned further, increase in
stability of the measured current was observed and this
probably due to the reorientation of the Fc entrapped in the
MH film. After equilibrium was established, the peak
potentials £, and E,. values remained essentially constant.
The steady-state values for E,, and E,. of the cyclic
voltammograms shown in Fig. 4 are 0.294 V and 0.156 V,
respectively.

When the scan rate was altered from 1 to 10 mV s~ ', the
cyclic voltammograms of the Fc/MH films demonstrated
that both 7, and i, shifted in response to the change in the
scan rate (Fig. 5). The details of various current and
potential parameters of the cyclic voltammograms depicted
in Fig. 5 are tabulated in Table 1.

As the scan rate was increased, Ep, shifted to more
positive values whilst £, became more negative. Hence,
smaller values of AE,, at low scan rate were obtained when
compared with fast scan (Table 1). The smallest AE, (104
mV) attained was at scan rate of v=1 mV s~ ' (i.e. v'*=0.03
V2 s72) When the scan rate was increased by 10 times,
almost a two-fold increase in AL, was observed. The large
AE, value indicates that the charge-transfer process is quasi-
reversible. The changes of the AE,, value with scan rates are
attributed to the partial control of the charge-transfer step
with respect to that of the diffusion step when the scan rates
increase. In theory, when the charge-transfer is fast and
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Fig. 6. Cyclic voltammograms of a Fc/MH-GOD electrode in 0.1M
phosphate buffer/0.1M NaCl (pH=7.0) in the (a) absence and (b) presence

of glucose. Scan rate: 5 mV s~ .

completely reversible, there should be no change in AE,
with scan rates [16]. The observation here is consistent with
ferrocene derivatives incorporated in a nafion film [17] or
covalently immobilized in a cross-linked polyallylamine
polymer [6]. However, the /i, is close to theoretical value
of 1 for all the scan rates used (Table 1).

If the process of charge-transfer in the Fc/MH films is
assumed to be reversible, the Randles—Sevik equation may
provide information regarding the diffusion behaviour in
the polymer films. The dependence of the anodic current
on the scan rates for Fc/MH films can be examined by
using a plot of the current i, against v!'? according to the
Randles—Sevik equation. A strong linear relationship, i.e.
ia (1077 A cm H)=160.9v"* (V s~ ")"?+2.56 (R*=0.987)
was observed for such a plot. This linearity indicates that
electron transfer to and from the redox centers of the
ferrocene compounds has occurred [9] and from the slope
of the plot, the product D'*C can be determined where D
is the approximate estimation of the diffusion coefficient
for the diffusion-like transport of charge through the
polymer film and C is the concentration of the redox
centers in the film. The D'?C values estimated from the
slopes are 2.37x107'° (mol ecm™? s '? ). At a Fc
concentration of approximately 5.652x107> mol cm ™, a
typical concentration used in this work, the D value is
estimated to be 1.76x10™"" ¢cm? s™'. This value is much
lower than that reported for Fc in an acrylamide—acrylic
acid hydrogel film where the D value is in the order of
107 cm? s_l, which is similar to the diffusion of free
ferrocene in aqueous solution [10]. The low diffusion
characteristic of Fc in the MH copolymer may be
attributed to the low water absorption and the dense
polymer network.

Table 1

Electrochemical data obtained from cyclic voltammograms of Fc/MH electrode at different scan rates

y12 ipa (X1077 A) ipe (X1077 A) ipalipe Epa Epe Ep AE,
0.10 9.608 —9.561 1.0 0.342 0.167 0.255 0.175
0.09 7.969 —8.502 0.9 0.336 0.170 0.253 0.166
0.07 6.762 —6.837 1.0 0.322 0.168 0.245 0.154
0.05 5.547 —5.989 0.9 0.303 0.171 0.237 0.132
0.03 3.778 —3.580 1.1 0.294 0.190 0.242 0.104
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Fig. 7. The changes of current with glucose concentrations of a Fe/MH—
GOD enzyme electrode in 0.1 M phosphate buffer/0.1 M NaCl (pH=7.0) at
applied potential of 0.25 V versus SCE.

3.3. Electrochemical behavior of the MH copolymer films
with both ferrocene and GOD entrapped simultaneously

The electrochemical behavior observed for the Fc/MH-
GOD enzyme electrode is the same as described above. As
compared to the non-enzyme electrode, the equilibrium at
the Fe/MH-GOD electrode can be established more rapidly
(10 scans compared to 13—16 scans). After the 10th scan,
the anodic peak current remained essentially constant but
small reduction in cathodic peak current was observed.
Besides, a smaller AE (0.129 V) was observed for the
enzyme electrode.

Fig. 6 depicts the current response of an Fc/MH-GOD
enzyme electrode in the absence and presence of glucose.
The increase in the anodic current observed in the presence
of glucose indicates that the catalytic reaction does enhance
the oxidation current of the Fc/MH-GOD enzyme electrode
similar to that reported by Saito and Watanabe [12]. The
presence of glucose and GOD(FAD) leads to the formation
of GOD(FADH?2), which subsequently reduces ferrocenium
ions to ferrocene. Thus, regenerating the ferrocene that can
be oxidised at the applied potential and this causes an
increase in the anodic current when glucose is present. The
decrease of the reduction current of the ferrocenium ions
was caused by the more rapid electron-transfer reaction
from FADH2 (coenzyme) to the ferrocenium ions and the
electron-hopping reaction between ferrocenium ions and

Table 2
The repeatability of five Fc/MH-GOD electrodes exposed to 4.9 mM of
glucose solution

Electrode Mean response Standard Relative error
no. (X107% A) (n=5) deviation (RSD) (%)

1 11.76 1.60 13.65

2 12.06 0.62 5.17

3 11.95 1.20 10.00

4 12.28 0.37 3.01

5 11.52 0.39 3.35

Potential used=0.25 V versus SCE.

Table 3
The reproducibility of five Fe/MH—GOD electrodes exposed to 4.9 mM of
glucose solution for five times

Batch of Mean response Standard Relative error
analysis (n=5) (x107% A) deviation (RSD) (%)

1 12.68 0.75 5.86

2 11.97 0.46 3.87

3 11.33 0.55 4.89

4 12.05 0.55 4.60

5 11.35 1.32 11.58

Potential used=0.25 V versus SCE.

ferrocene. Thus this allows the enzyme electrodes to be used
in direct determination of glucose.

For the construction of a glucose biosensor, the applied
potential was chosen at 0.25 V, a value where the ferrocene—
ferrocenium redox couple yielded a sharp current change.
The current response of an Fc/MH-GOD electrode to
changes in glucose concentrations at applied potential 0.25
V versus SCE is shown in Fig. 7. A good linear relationship
between the glucose concentrations and the measured
current was obtained in the range of 2—11 mM glucose for
the Fe/MH-GOD electrode.

3.4. Analytical performance of the glucose biosensor based
on MH copolymer films

The repeatability and reproducibility of the Fe/MH-GOD
electrodes are shown in Tables 2 and 3 respectively. The
repeatability of the electrodes was established by testing a
single electrode for five times in 4.9 mM glucose solution
and this was performed for five different electrodes. The
relative standard deviation (RSD) obtained is 3.0—13.6%.
For the electrode reproducibility, a batch of five different
electrodes was tested each time until five test batches were
carried out. This yielded a RSD values of 3.8—11.6%. The
low values of RSD shows that glucose biosensors based on
photocurable MH film can be used to determine glucose
with satisfactory precision.

Apart from good reproducibility and repeatability, a
study of Fe/MH-GOD electrodes under dry storage at 4 °C
for a period of 2 weeks demonstrated that the Fce/MH-GOD
enzyme electrodes remained stable and exhibited a
94.24+3.6% of the original response of 4.9 mM glucose
even after 2 weeks’ period. This compares favorably with a
similar glucose biosensor using GOD—Fc—Nafion film but
the Nafion film electrode observed a 20% drop in response
in the first 8 h of operation [17]. Such an initial drop of
response was not observed in the present F¢/MH-GOD
electrodes.

4. Conclusions
A simple and single-step method for the fabrication of a

ferrocene-mediated glucose biosensor was demonstrated.
With the immobilization of ferrocene and GOD simulta-
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neously in a HEMA-MMA based copolymer by a photo-
curing procedure, amperometric biosensor for glucose
measurements can be performed at low potential, i.e.
+0.25 V (vs. SCE). The hydrophobic nature of the
copolymer film has prevented the rapid leaching of both
ferrocene and GOD and this has contributed to the good
analytical performance of the biosensor. The glucose
biosensor exhibited satisfactory long-term stability and only
<10% drop in current response was observed after 14-day
storage. Both the RSD values for the reproducibility and
repeatability were below 10%. This polymer matrix may be
useful for the incorporation of other oxidase enzymes and
ferrocene derivatives for the construction of various types of
biosensors for application in bioanalysis.
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Abstract

The possible influence of the cell shape on the derivation of the passive electrical parameters of a biological cell membrane is discussed in
light of two different models which describe the cell as a shelled ellipsoidal particle and as a biconcave disk obtained by the revolution of the
Cassini oval, respectively. Whereas within the first model, the Laplace equation can be solved analytically, in the second one a numerical
algorithm based on the boundary element method has been employed. We have compared the results obtained by these two different models
in the case of normal human erythrocyte cell membrane, using radiowave dielectric spectroscopy measurements. Our findings show that,
although in principle the cell shape might deeply affect the evaluation of the passive electrical parameters of the cell membrane, in the case of
the erythrocyte shape modelled by the Cassini curve, only small deviations are evidenced in comparison to the values derived, as usually
done in the dielectric spectroscopy of biological cell suspensions, from an ellipsoidal model analysis. This result gives further support to the

reliability of the data reported in the literature based on an ellipsoidal shape erythrocyte model.

© 2004 Elsevier B.V. All rights reserved.

Keywords: Cell shape; Passive electrical properties; Cell membrane

1. Introduction

The passive behavior of a biological cell membrane under
the influence of an external electric field is characterized by
two parameters, i.e., the permittivity &, and the electrical
conductivity o, which take into account both the dynamical
ionic transport processes and the structural ionic and polar
group arrangements of the cell membrane phase. The study
of the passive electrical properties of the cell membrane is an
area of active interest, yielding a lot of information on the
structure and physiology of cells and different cell compart-
ments. Radiowave dielectric spectroscopy measurements
have been proved to be a method suitable to furnish
quantitative data, directed to the determination of significant
properties of these biological systems [1-3]. With the recent

* Corresponding author. Tel.: +39 06 4991 3476; fax: +39 6 4463158.
E-mail address: cesare.cametti@romal.infn.it (C. Cametti).

1567-5394/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
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appearance of commercially available automated electrical
impedance analyzers, the frequency domain dielectric
spectroscopy of biological cell suspensions has expanded
its power and has become a field of intensive research that is
increasingly leading to practical and technological applica-
tions [4]. Moreover, the frequency-dependent response of
biological cell suspensions can be investigated in details.
This technique has been applied to different types of
biological systems, ranging from human normal and
pathological erythrocytes [5-7], lymphocytes [8,9], yeast
cells [10] to plant protoplasts [11]. The electrical character-
ization of the erythrocyte cell membrane has been generally
developed on the basis of different models, at a different
degree of complexity, involving spherical [12] or ellipsoidal
shaped particle models [13,14].

However, erythrocyte cell membrane is highly non-
spheroidal, having a characteristic axial symmetric bicon-
cave disk shape, with an approximately average disk
thickness of about 2.5 pm and an average diameter of about





164 A. Di Biasio, C. Cametti / Bioelectrochemistry 65 (2005) 163—169

7.8 um. The non-sphericity of these cells, associated to a
very high flexibility, is essential to the tolerance to
deformation in the circulation. Since the cell membrane is
a site of a high field amplification and the effective
membrane parameters might strongly depend on the cell
geometry, it is in principle uncertain how the cell shape can
affect the accuracy of the prediction in the electrical
behavior and, therefore, it can be understood that the
analysis of the experimental data of non-spheroidal cell to
the spherical or spheroidal cell model could yield incon-
sistent values for the dielectric properties of the cell
components (cytosol and plasmatic membrane).

Geometrical effects on the dielectric behavior of arbitra-
rily shaped biological cells have been recently investigated
by Gheorghiu [15,16] and by Vrinceanu et al. [17], who
emphasized, on the basis of a numerical calculation, that the
shape influence might become larger and larger as the
difference between the electrical parameters of the inner and
outer medium increases.

To address this problem also from an experimental point of
view and to evaluate how the cell geometry might affect the
dielectric response of an erythrocyte cell suspension, we have
described the cell morphology as generated by the revolution
of the oval of Cassini. Although there is no direct connection
between this equation and the physical behavior of the cell
membrane, the selecting of the Cassini equation, which
contains parameters providing the possibility to vary the
shape from spherical to ellipsoidal, was not only on the basis
of pure convenience but also because the resulting surface is
consistent with the visual observation of the cell shape.

In this paper, we focus on the dielectric properties of
normal human erythrocytes in physiological saline solution
(300 mosM) analyzed taking into account the effective
biconcave disk shape of the cell membrane by means of a
numerical algorithm based on the boundary element method.
We compare the values of the passive electrical properties of
the cell membrane and of the cytosol to the corresponding
values obtained following the usual analysis based on the
oblate spheroidal dielectric model of the erythrocyte cell. We
found that, provided the characteristic dimensions of the cell
are appropriately considered, the influence of the cell shape
on the evaluation of the passive electrical parameters of the
cell membrane, at least as far as described by the Cassini oval
revolution, is rather moderate, the difference from the values
derived from the usual analysis based on the ellipsoidal
model being within few percent. The main differences
consist in a higher electrical conductivity of both the cytosol
(of about 10%) and the membrane (of about 15%). The
difference could become larger in the case of different
elongated particle shape or particle covered by shell of non-
uniform and/or non-negligible thickness.

1.1. The erythrocyte shape

The shape of normal human erythrocytes is that of a
biconcave structure (generally referred to as a biconcave

disk) whose peculiar geometry is governed by different
interacting processes. Measurements of the erythrocyte
dimensions carried out by means of optical microscopic
determination [18] (based on a significative statistics of cells
at 300 mosM solution) gave the following values: average
diameter (7.82+0.42 pm), average minimum thickness
(0.81£0.35 pum), average maximum thickness (2.58+0.27
um), cell volume (94+ 14 um?), cell surface (135+16 pm?).
The frequency histograms of these geometrical quantities
are governed by normal distribution curves. In isotonic
solutions, this peculiar shape can be described with good
accuracy by the oval of Cassini that, in the (x, ) plane,
reads

(yz —|—x2)2—2a2(x2—y2) =b*—a* (1)

where @ and b are parameters which allow a whole range of
various cell shapes, from spheres to prolate or oblate
ellipsoids. In particular, the minimum thickness of the cell
is given by u = 2v/b? — @? the maximum thickness by / =
21/a? — (b?/24)* and the diameter by v = 2v/b% + a2.

It is worth noting that this equation, or its modified
versions, has been previously employed to describe the
erythrocyte shape by different authors [19,15]. More
recently, Kralj-Iglic et al. [20] have extensively discussed
the equilibrium shape of bilayer vesicles by using a
modified Cassini function (with four parameters) and have
determined the values of the model parameters from the
geometrical constrains for the cell volume and area and by
minimizing the membrane bending energy. This general
approach yields many different cell shapes, ranging from
discocytes, pear shaped cells, dumbbells cells to cells with
spherical protusions and invaginations. In the present case,
the Cassini equation has the advantage to depend on two
parameters only, which provide the freedom needed to vary
the cell shape (from a biconcave to a spheroidal particle).
The same equation, with two free parameters, has been
employed by Gheorghiu [15] in his analysis of the
applicability of the ellipsoidal model.

2. Electrical properties of the cell membrane

Dielectric spectroscopy of a cell suspension allows the
measurement of the electrical properties of the cell
membrane, once the appropriate strategy for modelling
the dielectric behavior of the whole cell is assumed [21].
Despite its highly heterogeneous structure, the most
widely employed model replaces the cell with an effective
particle of known geometry (size and shape) built up by
different media of known dielectric and conductivity
properties. The effective medium approximation (EMA)
theory is then applied in order to obtain the macroscopic
average properties of the cell suspension (mixture
equation) as due to the sum of the contributions
associated to the single cell. In the following, we briefly
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review the ellipsoidal model, widely employed in the case
of an erythrocyte cell.

2.1. Ellipsoidal particle suspension

The “single-shell” dielectric model considers a biological
cell suspension as a collection of randomly oriented
dielectric ellipsoidal particles of semiaxes a,, by and c,
respectively, described by a complex dielectric constant
ex(w). Cells are covered with a thin shell of thickness d and
complex dielectric constant £%(w) (which represents the cell
membrane) uniformly dispersed in a continuous medium of
complex dielectric constant &}(w) (which represents the
extracellular solution). This model is based on the assump-
tion that the three different media involved behave as
isotropic non-dispersive dielectric materials, whose elec-
trical parameters (the permittivity ¢ and the electrical
conductivity o) are independent of the frequency of the
applied electric field and, consequently, each medium is
characterized by a complex dielectric constant given by

e*(w) = e+ ag/iggw (2)

Despite its simplicity, this model has been successfully
applied to different biological cell suspensions, in various
experimental conditions and the values of the electrical
parameters of the cell membrane, i.e., the permittivity &g and
the electrical conductivity o, have been well established.

In the absence of free charges within each dielectric
medium, the solution of the Laplace equation V2y(7”) = 0
with the appropriate boundary conditions yields the
expression for the complex dielectric constant of the
single-shelled ellipsoidal particle suspension. The method
is clearly detailed by Asami et al. [22] and we simply
present the final expressions for the effective complex
dielectric constant ¢* of the suspension that is given by

ek — gk _l(p Z Edgk — &N
e* 4 2e% 9 &k + (Seqr — €5) Aok

k=xp,z

(3)

where @ is the fractional volume of the dispersed phase and
e%qx (k=x, y, z) is the equivalent dielectric constant of the
ellipsoidal particle surrounded by the shell and 4, (k=x, y,
z) are the depolarizing factors. Following Asami et al. [22],
Eq. (3) completely describes the dielectric behavior of the
suspension and gives the frequency dependence of both the
permittivity ¢*(w) and the electrical conductivity &(w).
Details to describe the derivation procedure in multi-shelled
ellipsoidal particle suspensions are reported by Asami in his
recent review [23].

2.2. The boundary element method

The Laplace equation V2(7”) =0 furnishes a rela-
tively simple analytical solutions only in the case of
spherical or ellipsoidal geometry. For more realistic cell
shapes, the electrostatic problem is more complex and

must be solved numerically. Recently, Sekine [24] has
taken into account the real shape (consistent with micro-
scopic observation) of an erythrocyte cell applying the
boundary element method (BEM) to the calculation of the
electrical potential /(7°) outside a particle, under the
influence of an uniform external electric field
E0(7’)E(E0x,Eoy,EOZ). In this context, the effective
medium theory approximation furnishes the final expres-
sion for the complex dielectric constant of the suspension.
In particular, assuming a shell with a thickness d negligible
small compared with the cell size and the electric field
inside the membrane thickness to be uniform, Sekine [24]
has shown that the electrical potential i, (r) in the external
medium can be written in terms of the particle polar-
izabilities P, ,. according to the relationship

1
Y, (r) = (PxxEOX + PyEy, + PZZEQZ) 3 (4)
satisfying the boundary conditions (continuity of the
potential and the normal component of the displacement
at the inner and outer membrane interfaces). Owing to the

assumptions adopted, these conditions read

Vly = WPulg + 5 /etdo W,/ Org (5)

50V, /0r|y + e50 W, 0rlg =0 (6)

where ¥,(7), Ps(7°) and ¥,,(7) are the electrical poten-
tials in the cytoplasm, membrane and extracellular
medium, respectively, and X is the boundary cytoplasm—
membrane surface and S the boundary membrane—external
medium surface. Since the same functional form of Eq. (4)
can be derived analytically from the Laplace equation in
the case of ellipsoidal particles [22], the equating of these
two equations results in the usual mixture equation, within
the effective medium theory approximation.

Following the method developed by Sekine [24], we
have considered the erythrocyte cell shape generated by
rotating the Cassini oval along the y-axis (Eq. (1)). The
numerical solution of the Laplace equation is calculated
considering the particle surface divided into 8x8 isopara-
metric elements, resulting in a system of 2n complex
coefficients linear equations, whose solution furnishes the
value of the potential and of the electric field at the cell
surface, in the center of each element. Once these values are
known, the electric potential in the external medium at a
distance large enough from the cell surface can be easily
evaluated, which gives the final mixture equation for the
heterogeneous system.

3. Experimental
3.1. Material

Red blood cells were obtained from healthy donors. The
cells were washed in physiological saline solution (PBS,
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290-300 mosM) and centrifuged for 5 min at 300x g three
times and re-suspended in a PBS buffer at a controlled
hematocrit @. Measurements have been carried out with @
ranging from $=0.09 to $=0.15.

3.2. Dielectric and conductometric measurements

The dielectric and conductometric properties of the
erythrocyte cell suspensions were measured by means two
radiofrequency Impedance Analyzers, Hewlett-Packard
model HP4192A in the frequency range from 1 kHz to
10 MHz and model HP4191A in the frequency range
from 1 MHz to 1 GHz. The impedance data as a function
of frequency were converted into the dielectric parameters
by means of an appropriate equivalent circuit. Details of
the conductivity cell and the calibration procedure are
given elsewhere [25]. Owing to the high electrical
conductivity of the cell suspension, in the low-frequency
tail of the frequency range investigated, a marked
electrode polarization effect appears, partially masking
the contribution of the interfacial relaxation, associated to
the heterogeneity of the system. The dielectric spectra
have been corrected for this spurious effect, considering
the electrode polarization mechanism as due to a constant
phase angle element, resulting in an additional impedance
Zy(w)=K(iw)™* in series with the sample impedance
Zy(w). The details of this procedure and a critical
evaluation of its influence on the dielectric results are
reported elsewhere [26]. The overall accuracy of the
experimental setup on both the permittivity &(w) and the
electrical conductivity a(w) is within few percents over
the whole frequency range investigated.

4. Results and discussion

In this section, we will present the analysis of the
dielectric data of the erythrocyte suspensions we have
investigated. Once the electrode polarization effect has
been corrected (and removed) in the low-frequency tail of
the spectrum, the remaining contributions refer to the
interfacial polarization effect, at the intermediate fre-
quency range, and to the orientational relaxation of the
aqueous phase at the high-frequency tail of the range
investigated. We will discuss the interfacial relaxation and
determine its dielectric parameters. The next step is to
compare and briefly discuss the results we obtained from
the analysis of the data based on the two structural
models we employed, i.e., the ellipsoidal cell model and
the Cassini shape cell model.

4.1. Phenomenological analysis
In the case of a single-shelled spheroidal particle, with

two different interfaces, i.e., the cytosol-membrane and the
membrane—extracellular medium interfaces, the general

expression of the Maxwell-Wagner polarization effect
predicts two contiguous relaxation regions, each of them
can be described by a Debye-type relaxation function,
according to

A81 n ASQ + g
(I+ (iwty)) 1+ (iowtp)  iwe0d

where Ag¢; and Ae, are the dielectric strengths, 7, and 7,
are the relaxation times. Finally, ¢ is the high-frequency
limit of the permittivity & (w) and o, the low-frequency
limit of the electrical conductivity (d.c. conductivity).

Fig. 1 (panels A and B) shows a typical example of
dielectric spectrum of an erythrocyte suspension in the
frequency range investigated. The data have been analyzed
by means of a complex non-linear least-squares minimiza-
tion procedure using the Levenberg—Marquardt algorithm
[27] which fits the real and imaginary parts of the complex
dielectric constant simultaneously. The method, thanks to
the constrains imposed by the dispersion relation between
the real and imaginary part of the complex dielectric
constant, allows a reliable estimate of the parameters of
the dispersion, resulting in a fitted curve that describes in a
very satisfactory way the experimental data over the whole
frequency range where the interfacial polarization (Max-
well-Wagner effect) occurs.

Once the data have been corrected for the electrode
polarization effect and the dispersion of the aqueous phase
at the higher tail of the frequency range investigated is
properly accounted for, we have fitted the data employing a
relaxation model composed by two contiguous Cole—Cole
relaxation functions (with 8, and 5, parameters taking into
account the distribution of the relaxation times) and
through the above-stated minimization algorithm, we have
derived the dielectric parameters associated with the two
dispersions. These data are reported in Table 1. As can be
seen, both the two dielectric dispersions are rather
accounted for by a Debye-type relaxation function, the f§
values being close to zero, indicating for the two
dispersions a single exponential decay time. This finding
agrees with predictions of Eq. (7), the small values of f§
being probably attributable to the size cell distribution.
Within the theory of heterogeneous systems, Hanai et al.
[28] discussed the number of the dielectric relaxations
associated with the different interfaces present in the system
and attributed the first relaxation at lower frequencies (P-
relaxation) to the interfacial polarization of the outer surface
and the second one at higher frequencies (Q-relaxation) to
the inner surface. They stated that, as a general rule,
spherical shelled structures (with two interfaces) give rise to
two dielectric relaxations. However, for a shell thickness
negligible in comparison with cell size, the strength of the
Q-relaxation is generally small. For non-spherical shelled
objects (oblate ellipsoids), Asami et al. [29] attributed the
two relaxations to the interfacial polarization along the two
different axes of the ellipsoid. Our analysis ensures that,
whatever the physical origin of the dielectric dispersions

()

e*(w) =&, +
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Fig. 1. The dielectric spectrum of an erythrocyte cell suspension at a
hematocrit of @=0.165, at the temperature of 7=25 °C. (A) The permittivity
¢ as a function of frequency. In the low-frequency tail, the electrode
polarization effect predominates. (B) The electrical conductivity ¢ as a
function of frequency. In the low-frequency tail, the effect of electrode
polarization produces a decrease of the conductivity values. Full lines:
Values corrected for the electrode polarization effect and calculated on the
basis of two contiguous Cole—Cole relaxation functions. The corresponding
dielectric parameters are listed in Table 1. Dotted lines: Values corrected for
the electrode polarization effect and calculated on the basis of a single
Cole—Cole relaxation function (shown for comparison). In the inset of panel
A, the two separate contributions to the permittivity, associated to the two
Cole—Cole relaxation functions, are shown. (C) Residuals of the permit-
tivity ¢/ (w) as a function of frequency. (M) Values calculated on the basis of
two contiguous Cole—Cole functions; (O) values calculated on the basis of a
single Cole—Cole function. (D) Residuals of the electrical conductivity
a(w) as a function of frequency. Symbols as in panel C.

may be, the system behaves correctly with respect to
heterogeneous system theory and that the right number of
interfacial polarizations contributes to the observed overall
dielectric dispersion.

Table 1

Dielectric parameters of two contiguous Cole—Cole relaxation functions
derived from a simultaneous fit of the permittivity and the electrical
conductivity data

Agy Ag;y € T1[us] T2 fps] B Ba

oo [

m—l

575.0 3440 71.79 0.142 0.0212  0.005 0.011 1.200

In the next section, we will consider the two above-stated
models in order to evaluate the membrane electrical
parameters.

4.2. Structural model analysis

The dielectric and conductometric spectra of the eryth-
rocyte cell suspension have been analyzed on the basis of
the oblate spheroidal model (analytical model, Eq. (3)) and
on the basis of boundary element method (numerical
model).

Both the two approaches contain a large number of
dielectric and geometric parameters necessary to character-
ize the dielectric behavior. The two models require 10
parameters, i.e., the electrical parameters of the inner
medium (the cytosol), ¢, and o, the electrical parameters
of the shell (the cell membrane), ¢; and oy, the electrical
parameters of the external medium (the extracellular
solution), ¢,, and g,,, besides the geometrical parameters,
the semiaxes ao and by in the ellipsoidal model, and the
parameters u and v in the Cassini shape model, the thickness
d of the cell membrane and, finally, the volume fraction @
of the dispersed phase. These parameters are not completely
independent [30] and some of them can be obtained by
independent methods.

In the following analysis, ¢, and o, have been
directly measured from the supernatant, once the
corpuscular component of the suspension has been
removed by centrifuging, the fractional volume @ has
been measured by means of a Cell Coulter method, the
thickness d has been assumed to be equal to 75 A
[31]. As far as the cell dimensions are concerned, we
have considered an oblate ellipsoid with semiaxis
ap=3.9 pm and byp=1.7 um within the analytical model
(Eq.- (3)) and a Cassini revolution oval with parameters

Table 2

Electrical parameters of the cell membrane and cytosol derived from the
simultaneous fit of the dielectric data (permittivity and electrical con-
ductivity) on the basis of the ellipsoidal and biconcave disk shape model

& o [Q’1 m’l] p ap [Q’1 m’l]

Ellipsoidal 9.5+0.5 (8.5+0.8)10° 51.5+0.5 0.640+0.050
model

Cassini oval  8.8+0.5 (1.05+0.08)10™* 50.9+0.5 0.73040.050
model

The aqueous phase parameters are ¢,,=80.0 and ¢,,=1.52 Q' m~!. The
membrane thickness is assumed to be d=75 A.
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Fig. 2. The permittivity ¢'(®») (A) and the electrical conductivity o(w) (B)
as a function of frequency for an erythrocyte suspension at a hematocrit
®=0.136 and at the temperature of 25 °C. Full lines: Values calculated
according to the boundary element method. Dotted lines: Values calculated
according to the ellipsoidal cell dielectric model (oblate spheroid). The
calculated values are obtained by fitting the two appropriate models to the
permittivity and the electrical conductivity, simultaneously. The values of
the phase parameters are shown in Table 2. Residuals of the permittivity
¢ (w) and the electrical conductivity o(w) as a function of frequency are
shown in panels C and D, respectively. (M) Values calculated on the basis of
the boundary element method (Cassini curve); (O) values calculated on the
basis of the ellipsoidal cell dielectric model.

u=2vVb*—a*=0.81 um and v = 2v/a? + b? = 7.82 um.
These values correspond to the average minimum thick-
ness and the average diameter of the erythrocyte cell
given by Evans [18], respectively. The remaining four
parameters (&g, 0, &, 0p) have been derived by means of
a non-linear least-squares fitting procedure. These values
are shown in Table 2, for the two models investigated.
Fig. 2 shows a comparison between the results of the
analysis based on the ellipsoidal cell model (Eq. (3)) and
the boundary element method using the erythrocyte shape
given by the Cassini revolution oval. As can be seen,
both the two models supply a satisfactory description of
the relaxation spectra, especially if we keep into account
the simultaneous fitting procedure in which the same set
of parameters accounts for the permittivity and the
electrical conductivity. However, should a decision be
taken on the basis of the residues (Fig. 2, panels C and
D), the boundary element method gives essentially the
same description for the permittivity & in comparison to
the ellipsoidal model, but a better approximation of the
measured conductivity ¢. In any case, note that differ-
ences are within some percent. As can be seen in Table 2,
approximately the same set of parameters has been
obtained from the two cell shape models, differences being
confined within 10% for the conductivity of the cytosol o,
and within 15% for the membrane conductivity .

5. Conclusion

Although the cell shape could in principle affect the
evaluation of the passive electrical parameters of the cell
membrane deduced from radiowave dielectric spectro-
scopic measurements, in the case of erythrocyte cells, this
influence is moderate when the cell shape is modelled by a
Cassini revolution oval with an appropriate choice of the
shape parameters, in comparison with the usual ellipsoidal
model.

We have compared the results usually obtained from the
analytical solution of the Laplace equation, assuming a
simplified oblate ellipsoidal geometry, and those obtained
from a boundary element method, assuming the biconcave
disk cell shape described by the Cassini revolution oval,
which is consistent with the visual observation.

It can be expected that the use of a more realistic
description of the membrane shape would lead to a
significantly better description of the dielectric spectra and
to a better evaluation of the passive electrical parameters of
the cell membrane. On the contrary, as far as the erythrocyte
shape is concerned, we find that the two approaches furnish
essentially the same description of the experimental data
and, moreover, the same set of electrical phase parameters
for the cell membrane and cytosol within 10-15%. A similar
conclusion has recently hypothesized by Gheorghiu [15],
who, on the basis of a simple simulation of the dielectric
profile in the radiowave frequency range, suggested that
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ellipsoidal approximation is fairly good for random oriented
cells as it happens when a cell suspension is investigated.
Larger deviations could occur for single cells with particular
orientation with respect to the external electric field. Our
results, based on the contrary on the experimental analysis
of the observed dielectric spectra over the whole frequency
range where they fall and on the evaluation of the membrane
passive electrical parameters, give a strong experimental
supports to this view, enforcing the calculation carried out
by Gheorghiu [15].

A final comment is in order. Although the effect of the
cell shape on the electrical parameters are relatively small,
the use of the Cassini geometry furnishes an overall
improvement of the calculated values of both the
electrical conductivity o(w) and the permittivity &(w), as
seen from the residuals shown in Fig. 2. A more accurate
analysis should require a more defined sample with a
lower polydispersity. Extension of this approach to
arbitrarily shaped cells will be the subject of future work.
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