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Abstract Screen-printed carbon electrodes (SPCES) incorporating the electrocatalyst cobalt phthalocyanine (CoPC)
have been successfully used for the manufacture of microband electrodes for the determination of reduced glutathione
(GSH). Initially investigations were performed to explore the cyclic voltammetric behaviour of these electrodes with po-
tassium ferrocyanide. It was shown that steady state behaviour occurred which is indicative of radial diffusion at a micro-
electrode. Current densities of 2173 pAcm 2 were obtained compared to 464.4 pAcm 2 for conventional sized (3 mm x 3
mm) screen-printed electrodes were obtained. At scan rates between 5 and 20 mVs * no significant increase in current
response was observed. The application of these microband CoPC-SPCEs, to the measurement of GSH by both chrono-
amperometry and cyclic voltammetry was investigated. The chronoamperometric response was found to be linear be-
tween 50 uM and 8.0 mM with a detection limit of 7.3 uM using an applied potential of +0.25 V (vs. Ag/AgCI).
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have reported on the electrochemical behaviour and deter-
1. Introduction mination of GSH, at several different carbon based elec-
trodes incorporating the mediator, cobalt phthalocyanine
In a number of recent reviews we have reported on the (CoPC) (ii) [24-27].
wide range of applications in which screen-printed carbon

electrodes (SPCEs) are presently utilised [1-4]. The ma- HNH,
jority of these applications have employed working elec- NG o
trodes with geometric areas typically in the square millime- o

: OH H_ NH
tre range. However, to our knowledge there are relatively HS W
few studies which have utilised SPCEs for the fabrication of OH
working electrodes in the micrometer (um) range [5-12]. ©

Such electrodes exhibit a number of analytically advanta-
geous features, such as, improved signal to noise ratios,

independence of forced convection and low ohmic drop

[13,14]. This can be also be advantageous in a number of

application areas, such as in vitro cell toxicity studies, as //
they greatly reduce any perturbation of cell metabolism that /\I
may result from in situ electrochemically monitoring. The N

endogenous antioxidant glutathione (GSH) (i) is a fre- / AN
quently monitored compound in such studies [15] providing '\}
a good correlation with the redox and detoxification status \

of the cell [16]. As a reflection of the importance of mon-

itoring GSH, various analytical techniques have been uti-

lised for its determination [17-20]. However, the direct (i)

electrochemical of oxidation GSH occurs at relatively high Scheme (1) structures of (i) glutathione and (ii) cobalt phthalocyanine
potentials, leading to problems of selectivity in its applica-

tion; consequently, a number of authors have used some This mediated electrochemical reaction occurs via the in-

form of electrochemical catalyst to mediate this reaction to  teraction of the GSH anion, GS", (eq. 1) with the native Co®*
more analytically useful potentials [21-27]. Previously we ion centre of the CoPC molecule [21] forming a Co* species
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(eg. 2); which can then dissociate to give Co™ and a gluta-
thione radical (GS') (eq.3). The chemically reduced Co*
can then be readily electrochemically oxidise back to the
starting Co?" at potentials close to that of 0 V' (eq. 4). The
resulting electrocatalytic current generated allows for the
measurement of GSH without the application of high posi-
tive potentials with their associated interferences and prob-
lems of high background currents.

GSH — GS + H' ) (eq.1)
Co* + GS — [Co™-GY] (eq.2)
[Co™-GS] — Co* + GS (eq.3)
Co* — Co* + e (eq.4)

Clearly this is an attractive approach for GSH monitoring
and in the present study we have investigated combining this
electrocatalytic reaction in conjunction with a microband
screen-printed sensor. However, the direct screen-printing
of microbands is problematic, as printing of lines thinner
than ca. 60 um is generally considered difficult with this
technology [28]. However, our group [29-31] have shown a
simple alternative method to manufacturing such electrodes
from their macro electrodes counterparts.

Our present study is divided into three main sections. We
first investigate the possibility of using our macro SPCEs to
make microband electrodes in the above manner and then
investigate their voltammetric and chronoamperometric
behaviour with potassium ferrocyanide and GSH. The

conditions were then optimised for the determination of GSH.

In the final section, we investigate the possibility of meas-
uring GSH in cell culture medium using constant potential
amperometry in unstirred solutions.

2. Experimental

2.1. Chemicals and Reagents

All standard reagents were purchased from Fisher Scien-
tific unless otherwise stated. Deionised water was obtained
from a Purite RO200-Stillplus HP System, (Purite Oxon,
UK). Separate stock solutions of disodium and monoso-
dium o-phosphate were made at a concentration of 0.2 M by
dissolving the appropriate mass of solids in deionised water.
These were then titrated to give the required pH. Standard
stock solutions of GSH were prepared by dissolving the
appropriate mass in sufficient deionised water to give a
concentration of 10 mM. Potassium ferrocyanide stock
solutions were made in a similar manner. Minimum Es-
sential Medium Eagle (MEM) cell culture media was ob-
tained from Sigma (Poole, UK).

2.2. Apparatus

Voltammetric and chronoamperometric studies were
performed with a Pstat10 potentiostat interfaced to a PC for
data acquisition via the General Purpose Electrochemical
System Software Package (GPES) version 3.4 (Autolab,
Windsor Scientific Limited, Slough, Berkshire UK). All
experiments were undertaken using a two electrode cell,

consisting of a Ag/AgCl screen-printed coun-
ter/pseudoreference electrode and a CoPC-SPCE, as the
working electrode supplied by Gwent Electronics Materials
Ltd (GEM, Mamhilad, Gwent, UK) printed from C40511D8
ink.

2.3 Microband Formation

The original screen-printed strip is shown in Figure 1a the
electrode working area covered with a suitable dielectric
(insulating tape, RS Components, Northamptonshire, UK).
The end of the working electrode was cut-off perpendicular
to the screen-printed carbon track to expose a cross section of
the working electrode (figure 1b), sandwiched between the
dielectric (insulting tape) and the PVC substrate, hence
forming the microband electrode (2 mm x 20 um) (figure 1c).
The working and pseudoreference/counter electrodes were
then connected to the potentiostat using a gold clip attached
to coaxial cable inserted into the appropriate sockets. A
small portion of the working electrode was removed before
each measurement, in order to produce new carbon surface.
Figure 2 shows an electron micrograph of the microband
CoPC SPCE. Here the exposed 20 um ink layer can be
clearly seen, sandwiched between the dielectric (upper) and
the PVC substrate (below).

2.4 VVoltammetric Procedures

Cyclic voltammograms were recorded with plain 10 ml
aliquots of the supporting electrolyte (0.1 M phosphate
buffer pH 7) and then with the same solution containing the
analyte under investigation. The voltammetric conditions
were as follows: initial and final potentials, -0.2 V, with a
switching potential of +1.0 V. All experiments were un-
dertaken at 37 °C.

2.5 Optimisation of the Chronoamperometric Potential
for Glutathione Detection

In order to deduce the optimum applied potential for cal-
ibration studies, chronoamperometric measurements were
made at various potentials in a solution containing 5.1 mM
GSH 40 s after the application of each potential. This was
achieved by transferring a 5 ml aliquot of GSH solution to
the cell, stepping the potential from open circuit to -0.2 V
and then stepping in 50 mV to a final potential of +0.4 V.
The resulting data was used to plot a voltammogram from
which we could identify the optimum potential to be used in
further chronoamperometric studies.

2.6 Calibration Study on GSH Using Chronoamperom-
etry with Microband CoPC-SPCEs

Calibration solutions were undertaken over the range 0.2
to 25 mM GSH dissolved in 0.1 M pH 7.3 phosphate buffer.
Chronoamperograms were recorded initially using a fresh
microband CoPC-SPCE for each measurement and 5 ml
aliquots of each of the GSH solutions. Each solution was
examined by leaving the CoPC—SPCE at open circuit for 5 s
before applying a potential of +0.25 V for a period of 60 s.
Subsequent studies were made using a method of multiple
standard addition at a single microband electrode.
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Figure 1 Schematic diagram demonstrating the method for the manufacture of microband SPCEs.
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Figure 2. Scanning electron micrograph of a microband CoPC-SPCE.

2.7 Analytical Application

A four mL aliquot of MEM was taken and diluted four mL
of 0.2 M phosphate buffer pH 7.3 and a potential of +0.25 V
was applied. The system was left to reach a steady-state
current (about 100 s), then a total of six 5 pL additions of a
102 mM GSH standard were made to the cell, using a mi-
cropipette, and ensuring steady-state currents between addi-
tions. All measurements were made in quiescent solution.

3. Results and Discussion
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Figure 3. Cyclic voltammograms obtained with 5.1 mM potassium
ferrocyanide using a conventional sized CoPC-SPCE: a(i) (area 0.09
cm?) and microband CoPC-SPCE (i) (area 4.0 x 10™%cm?).  Cyclic
voltammograms for plain 0.1 M phosphate buffer at pH 7.3, obtained for
conventional sized CoPC-SPCE:s a(ii) and microband CoPC-SPCEs

bii).

3.1. Cyclic Voltammetric Investigations Using Micro-
band CoPC-SPCEs with Potassium Ferrocyanide

Initial investigations were performed using cyclic volt-
ammetry with our macro and microband CoPC-SPCEs with
a 5.1 mM potassium ferrocyanide solution. Figure 3a(i)
shows a typical cyclic voltammogram obtained for 5.1 mM
potassium ferrocyanide 0.1 M phosphate buffer pH 7.3 so-
lution using a 3x3 mm CoPC-SPCE. A quasi-reversible
redox couple is seen with this screen-printed electrode which
exhibited typical peak shaped responses. In contrast to this,
Figure 3b(i) shows a cyclic voltammogram obtained at our
microband electrode. Clearly sigmoidal behaviour is ob-
tained which is a diagnostic test for microelectrode behav-

iour. A current density of 2173 pAcm™ was obtained,
compared to 464.4 pAcm™ obtained with a 3 x 3 mm macro
SPCE. The large increase in current density indicates the
elevated mass transport that occurs at the microband elec-
trodes through radial diffusion.

The effect of scan rate on the ferrocyanide oxidation was
studied from 5 mVs™ to 20 mVs™. The voltammetric re-
sponse of potassium ferrocyanide was found to be inde-
pendent of scan rate over the range studied, again indicative
of radial diffusion and microband electrode behaviour.

3.2. Cyclic Voltammetric Studies using Microband
CoPC-SPCEs with Glutathione
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Figure 4. Cyclic voltammograms obtained in the ab-
sence (i) and presence (i) of L9 MM GSH ina 0.1 M
phosphate buffer at pH 7.3 obtained at a microband
CoPC-SPCE using a scan rate of 5 mVs™.

The cyclic voltammetric behaviour of the proposed mi-
croband CoPC-SPCEs (Figure 4) was investigated with a
solution containing 1.9 mM GSH in 0.1 M phosphate buffer
pH 7.3. Two waves are distinguishable, designated as O1
and O2. We believe that O1 is the result of the electro-
chemical re-oxidation of Co* to Co®* (eq.4), and the addi-
tional signal distinguishable at potentials greater than +0.4 V,
is believed to result from the further oxidation of Co®" to
Co™, similar to that seen at our macro CoPC-SPCEs under
the same voltammetric conditions [25-27]. A scan rate
study was performed which demonstrated that the current
response for a 1.9 mM GSH solution was independent of
scan rate up to at least 20 mVs *; this behaviour indicates the
presence of radial diffusion and microband electrode be-
haviour.
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Figure 5. Avoltammogram of 5.1 mM GSH in 0.1 M
phosphate buffer at pH 7.3 obtained using chronoamperome-
try in 50 mV steps up to +0.4 V.



3.3. Chronoamperometry

To identify the optimum applied potential for the chron-
oamperometric measurements of GSH, a voltammogram was
obtained by increasing the applied potential from open cir-
cuit to +0.4 V in 50 mV steps; Figure 5 shows that the re-
sponse becomes independent of the applied potential at po-
tentials greater than +0.1 V. Form this, it was concluded
that an applied potential of +0.25 V would be suitable for
further chronoamperometric investigations.

3.4. Calibration Study

Investigations were performed with a series of GSH solu-
tions over the range 0.48 to 4.8 mM; some typical chrono-
amperograms are shown in Figure 6, each obtained with
separate microband electrodes.  Current measurements
were taken after 20 s and these were plotted against the
corresponding concentrations.  The resulting plot was linear
and the sensitivity of these devices was found to be 0.3
nA/mM. The coefficient of variation obtained at a GSH
concentration of 1.66 mM for a single microband electrode
was 0.97 % (n = 3). Steady state behaviour was observable
for all GSH concentrations studied, further indicating the
presence of microband behaviour. Additional investiga-
tions were made by making multiple measurements at a
single microband electrode over the GSH concentration
range 50 UM — 25 mM in pH 7.2 0.1 M phosphate buffer.
The microband sensor was found to be linear from 50 uM to
8 mM GSH. No enhancement in current response was seen
in the presence of forced convection.
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Figure 6. Typical chronoamperograms obtained at microband
CoPC-SPCEs using various concentrations of GSH of (a) 0.0, (b) 0.488, (c)
1.95, (d) 4.88 mM. The electrolyte was 0.1 M phosphate buffer at pH 7.3,

with an applied potential of +0.25 .V

3.5. Analytical Application

The behaviour of GSH in MEM was investigated using the
optimised assay. MEM is known be GSH free and only a
small baseline current is observable using an applied poten-
tial of +0.25 V (Figure 7). The addition of 63.8 UM GSH to
the system results in a rapid current increase resulting from

the oxidation of GSH at the CoPC microband SPCE. Fur-
ther additions of this standard resulted in a linear increase
current over the range examined with an associated R? =
0.999 (Figure 8). An estimated detection limit of 7.3 uM
was calculated based on a signal-to-noise ratio of three.
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Figure 7. Chronoamperometric investigations of GSH at a microband

CoPC-SPCE electrode in MEM dilute 1:1 with 0.2 M phosphate buffer

solution, pH 7.4 at 37 °C.  Arrows represent additions of 5 uL 102 mM
GSH into 8 mL quiescent (stirred only to mix for 10 s).
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Figure 8. Standard addition plot for GSH in MEM. Conditions as de-
scribed in Figure 7.



4. Conclusion

To our knowledge, the present study is first report on the
development of microband electrodes based on SPCEs
modified with the electrocatalyst CoPC for the determination
of GSH. We have demonstrated that these electrodes show
behaviour which is characteristic of microelectrodes for both
GSH and potassium ferrocyanide. Initial cyclic voltam-
metric investigations using 5 mM ferrocyanide in phosphate
buffer solution with our macro (3x3 mm) CoPC-SPCEs
showed typical diffusion control behaviour. However,
voltammograms for this species obtained with our micro-
band CoPC-SPCEs developed in this study showed much
greater current density and a sigmoidal anodic wave with no
cathodic response, typical of microelectrode behaviour.
Further cyclic voltammetric investigations for the same
microband electrodes, using 7 mM GSH in phosphate buffer
at several different scan rates showed the response to be
independent of scan rate, indicative of microband behaviour.

Chronoamperometry was performed with these microband
CoPC-SPCEs at different concentrations of GSH. Steady
state behaviour was observed for each concentration inves-
tigated over the range 0 to 25 mM. The steady state current
was found to be linearly related with GSH concentration
over the range 50 uM-8 mM in 0.1 M phosphate buffer pH
7.2, at an applied potential of +0.25 V (vs. Ag/AgCI). This
behaviour is important as it demonstrates possibility of
monitoring GSH continuously which could be exploited for
cell metabolism studies [32]. Future work will focus on
such studies. Our performance characteristics compare well
with those previously reported [24-27]. Pereira-Rodrigues
et al [33] recently reported a similar linear range of 80 UM to
1 mM at a CoPC modified graphite electrode. However,
these devices could not readily be mass produced at low cost
to create disposable devices for cell metabolism studies. In
addition, as they are macro-sized devices they would perturb
the cell behaviour; therefore they would be unsuitable for the
proposed application. Other reports [24-27] have described
macro-sized CoPC-SPCEs for GSH determination with
similar linear ranges to that obtained with our proposed
microband CoPC-SPCE. However, as previously men-
tioned, these devices would be unsuitable for cell metabo-
lism studies owning to the higher consumption of GSH.
Importantly, microband CoPC-SPCEs would consume very
little GSH and the solutions do not need stirring to give
steady state currents as mass transport occurs by radial dif-
fusion.
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