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ABSTRACT

A highly sensitive in vivo biosensor for glutathione disulfide (GSSG) is developed using covalently
immobilized-glutathione reductase (GR) and -(-nicotinamide adenine dinucleotide phosphate (NADPH)
on gold nanoparticles deposited on poly[2,2':5',2"-terthiophene-3'-(p-benzoic acid)] (polyTTBA). The
fabricated biosensor was characterized with SEM, TEM, XPS, and QCM. Analytical parameters affecting
the biosensor performance were optimized in terms of applied potential, NADPH:GR ratio, temperature,
and pH. A linear calibration plot is obtained using chronoamperometry in the dynamic range between
0.1 uM and 2.5 mM of GSSG, with a detection limit of 12.5 + 0.5 nM. The developed biosensor is applied
to detect GSSG in a real plasma sample. A microbiosensor was applied to detect the in vivo GSSG
concentration to monitor the oxidative stress caused by diquat and t-butyl hydroperoxide. The results
obtained are reliable, implying a promising approach for a GSSG biosensor in clinical diagnostics and
oxidative stress monitoring.

Conducting polymer

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Glutathione, an important thiol tripeptide antioxidant (y-glu-
tamylcysteinylglycine) in cells, exists in two forms: one is a reduced
form (GSH) and other is in oxidized form as glutathione disulfide
(GSSG) [1]. In healthy living cells, more than 90% of glutathione is
found as GSH, and less than 10% exists as GSSG. However, patho-
logical conditions causing oxidative stress result in the conversion
of GSH to its oxidized form, GSSG [2]. The high concentration of
GSSG under oxidative stress conditions is associated with asthma
[3], human immunodeficiency virus type 1 infection [4], and
chronic renal failure [5]. Therefore, the analysis of the GSSG
concentration in the body is important because it provides
a sensitive index of whole body oxidative stress, as well as being
helpful in the diagnosis of certain clinical disorder.

Various methods have previously been used to detect GSSG,
which include the microplate reader assay [6], fluorimetry [7], and
high-performance liquid chromatography (HPLC) [8—10]. However,
these techniques all require an additional, time-consuming deriv-
atization step. Electrochemical methods have also been used due to
their simplicity, rapidity, high sensitivity, and low cost. These
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include the reduction of GSSG on a hanging mercury drop electrode
[11], carbon nanotube modified electrode [10], and a nanoscale
copper hydroxide composite carbon ionic liquid electrode [12]. The
other advantage of electrochemical methods is that they can be
miniaturized for in vivo measurements [13]. Microbiosensors for
in vivo measurements offer several advantages such as rapid
response time of a few sec, small feature sizes, capable of running
a small sample volume, etc [13]. In recent years, considerable
progress has been made in the application of enzyme-based
microbiosensors to neurophysiology measurements such as dopa-
mine, ATP and adenosine [14]. Though these microbiosensors
provide a unique way to explore the microenvironments, there are
limitations to be considered when designing them. Thus, we
applied a newly synthesized monomer precursor of conducting
polymer that result in the fabrication of stable, sensitive, and
selective microbiosensor. The microbiosensor was examined to
detect in vivo GSSG. It is important because it provides an index of
whole body oxidative stress; however, no such study has been
performed to date. Thus, it is necessary to develop a highly sensi-
tive, stable, and simple detection method that can be used in bio-
logical fluids as well as for in vivo detection of GSSG.

It has been reported that GSSG is reduced to GSH in the presence
of f-nicotinamide adenine dinucleotide phosphate (NADPH) and
glutathione reductase (GR) [15]. Thus, NADPH and GR can be used
as materials to fabricate a biosensor for GSSG detection. Conducting
polymers are widely used in the fabrication of biosensors because
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biomolecules can be covalently immobilized onto the conjugated
polymer layers as they contain functional groups such as —COOH or
—NH; [16—18]. The polymers, though biocompatible, are limited in
use as base substrates for biosensors due to their low conductivity.
Hence, gold nanoparticles (AuNPs) can be used for modifying the
polymer layers to enhance the sensitivity of the biosensor [19,20].
Thus, our goal was to fabricate a GSSG biosensor through simul-
taneous immobilization of GR and NADPH onto the nanocomposite
conducting polymer film.

In the present study, the biosensor probe was fabricated by
immobilizing GR and NADPH through covalent bonding on
a carboxylic acid group-functionalized conducting polymer (pol-
y2,2":5' 2" -terthiophene-3'-(p-benzoic acid), polyTTBA) layer on
the AuNPs deposited glassy carbon electrode (GCE). The immobi-
lization of GR and NADPH on the conducting polymer layer was
confirmed using X-ray photon spectroscopy (XPS), a quartz crystal
microbalance (QCM), cyclic voltammetry (CV), and linear sweep
voltammetry (LSV). The fabricated biosensor was applied to detect
GSSG with LSV and chronoamperometry. Various experimental
parameters, such as applied potential, NADPH:GR ratio, tempera-
ture, and pH were optimized and the detection limit of GSSG was
determined. The developed biosensor was successfully examined
for spiked GSSG concentration in plasma samples. An in vivo
microbiosensor was also fabricated by similar fabrication steps
using a Pt microelectrode and successfully applied for GSSG
detection in Sprague—Dawley rats treated with diquat and t-butyl
hydroperoxide (t-BHP) to monitor oxidative stress, which was re-
flected by high concentrations of GSSG [21].

2. Experimental
2.1. Materials

A terthiophene monomer bearing a carboxylic acid group,
(poly2,2’:5',2"-terthiophene-3’-(p-benzoic acid), polyTTBA) was
synthesized [19]. Tetrabutylammonium perchlorate (TBAP, elec-
trochemical grade) was purchased from Fluka (USA) and purified
according to a general method, followed by drying under vacuum at
1.33 x 1072 Pa [22]. Glutathione disulfide (GSSG), f-nicotinamide
adenine dinucleotide phosphate (NADPH), and glutathione reduc-
tase (GR, EC 1.6.4.2 from wheat germ, 0.043 U/mg solid) were
purchased from Sigma Co. (USA). HAuClO4-3H,0 and H,SO4
(99.999%) were purchased from Aldrich (USA). H,0, was purchased
from Sigma Co. (USA). 1-ethyl-3-(3-dimethylaminopropyl) carbo-
diimide (EDC), N-hydroxysuccinimide (NHS), diquat, t-butyl
hydroperoxide (t-BHP), and dichloromethane (99.8%, anhydrous,
sealed under N, gas) were purchased from Sigma Co. (USA). A
phosphate buffer solution (PBS) was prepared using 0.1 M sodium
dihydrogen phosphate and 0.1 M disodium hydrogen phosphate
(Sigma—Aldrich). All aqueous solutions were prepared in ultra pure
water, which was obtained from a Milli-Q water purifying system
(18 MQ cm).

2.2. Instruments

The cyclic voltammetric and amperometric experiments were
performed with a potentiostat/galvanostat, Kosentech model KST
P-2 (S. Korea). A three-electrode system was employed for vol-
tammetry, where the modified GCE (dia. 3.0 mm) and platinum (Pt)
microelectrode (dia. 100.0 pm), Ag/AgCl (saturated KCl), and
a platinum wire were used as the working, reference, and auxiliary
electrode, respectively. All of the electrodes were purchased from
Kosentech Co. (S. Korea). The scanning electron microscope (SEM)
images were obtained using a Cambridge Stereoscan 240. A JEOL
JEM-2010 electron microscope (Jeol High-Tech. Co., Japan) with an

acceleration voltage of 200 kV was used to obtain (transmission
electron microscopy) TEM images. UV—visible spectra were ob-
tained using UV-3101PC, Shimadzu (Japan). The QCM experiment
was performed using a SEIKO EG & G model QCA 917 and a PAR
model 263A potentiostat/galvanostat (USA). An Au-coated working
electrode (area: 0.196 cm?; 9.0 MHz; AT-cut quartz crystal) was
used for the QCM experiment. The X-ray photospectroscopy (XPS)
experiments were performed using a VG Scientific ESCALAB 250
XPS spectrometer with a monochromatic Al Ko source including
charge compensation at KBSI (S. Korea).

2.3. Fabrication of GR-NADPH biosensor probe

To fabricate a biosensor, AuNPs were first electrodeposited
onto the GCE in a 0.5 M H;SO4 solution containing 0.001% HAu-
ClO4 using linear sweep voltammetry (LSV) from +1.5 to +0.4 V.
The electrodeposition conditions were as follows: 60.0 s deposi-
tion time, —0.60 V deposition potential, 100.0 mV/s scan rate, and
the potential was cycled three times [20]. The polyTTBA layer was
formed on the AuNPs/GCE through electropolymerization of
1.0 mM TTBA monomer in a 0.1 M TBAP/CH,Cl, solution by
a single potential cycle from 0.0 to +1.4 V at a scan rate of
100.0 mV/s [23]. For in vivo measurements, a microelectrode was
manufactured according to procedures discussed in a previous
work [13]. The final length of the Pt microelectrode was ~40 mm.
The diameter of the microelectrode was 100.0 pm. The Pt
microelectrode was cleaned by cycling the applied potential
between +14 and -0.2 V for ten cycles at a scan rate of
200.0 mV/s in a 0.5 M H;SO4 solution, followed by washing with
distilled water, where it was used in all subsequent experiments.
The Pt microelectrode was modified with polyTTBA followed by
GR and NADPH immobilization onto the polyTTBA coated
microelectrode.

2.4. Electrochemical measurements

Cyclic voltammograms (CVs) were separately recorded for the
polyTTBA/AuNPs/GC, NADPH/polyTTBA/AuNPs/GC, GR/polyTTBA/
AuNPs/GC, and GR-NADPH/polyTTBA/AuNPs/GC electrodes
from +0.25 to —0.35 V versus Ag/AgCl in 0.1 M PBS (pH 7.4).
Chronoamperometric experiments were carried out using an
applied potential of —0.70 V at the GR-NADPH/polyTTBA/AuNPs/
GCE. Under the optimized conditions, GR-NADPH/polyTTBA/
AuNPs/GCE was tested in different concentrations of GSSG. The
chronoamperometric experiments were performed with consecu-
tive injections into the measuring vessel in different concentrations
of GSSG. All electrochemical experiments were performed in 0.1 M
PBS with sodium sulfite (oxygen scavenger), and the solution was
purged with nitrogen gas for 20.0 min to avoid any oxygen
interference.

2.5. In vivo monitoring: animal studies

Adult male Sprague—Dawley rats (200.0—250.0 g) were ob-
tained from Hyo-Chang Science Co. (Daegu, S. Korea). Rats were
individually housed in a controlled environment during all exper-
iments. Food and water were provided ad libitum, while main-
taining a 6.0 h light/dark cycle. Animal handling was approved by
the institutional animal care and use committee and was done in
accordance with the provisions of the NIH “Guide for the Care and
Use of Laboratory Animals”. Appropriate amounts (200.0 umol/kg)
of diquat and t-BHP were separately administered intraperitoneally
to monitor the oxidative stress. Controls experiments were per-
formed by monitoring the GSSG level in rats that were not treated
with diquat and t-BHP.
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3. Results and discussion
3.1. Electrochemical behavior of GR-NADPH/polyTTBA/AuNPs/GCE

As shown in Scheme 1, electropolymerization of the TTBA
monomer was performed on the AuNPs/GCE in dichloromethane.
In the first anodic scan from 0.0 to +1.4 V, in a 1.0 mM TTBA
monomer solution, the oxidation peak of the monomer appeared
at +1.2 V, and in the reverse scan from +1.4 V, showed a small
cathodic peak at +0.8 V, corresponding to a reduction of the
oxidized polymer film formed in the first anodic scan (data not
shown). These results are in agreement with those previously re-
ported [23]. After polymerization, the carboxylic acid groups of the
polyTTBA layer were activated with EDC/NHS, and GR and NADPH
were simultaneously immobilized to form the GR-NADPH/
polyTTBA/AuNPs/GCE biosensor. The formation of these modified
electrodes was examined by CV.

Fig. 1 shows the CVs recorded for the (a) polyTTBA/AuNPs/GC,
(b) NADPH/polyTTBA/AuNPs/GC, (c) GR/polyTTBA/AuNPs/GC, and
(d) GR-NADPH/polyTTBA/AuNPs/GC electrodes in 0.1 M PBS (pH
7.4). No redox peaks were observed for the polyTTBA/AuNPs/GC.
For the NADPH immobilized electrode, an oxidation peak
at —0.05 V appeared due to the oxidation of NADPH. The
oxidation peak position of NADPH was similar to previous
reports [24]. In the case of the GR immobilized electrode, a redox
peak at +0.087/+0.03 V (vs. Ag/AgCl) was observed due to the
redox behavior of GR, which is consistent with previously re-
ported results [25]. The results for the GR-NADPH electrode
displayed two sets of redox peaks corresponding to GR and
NADPH direct electrochemical processes, which clearly indicates
the successful immobilization of GR and NADPH on the polyTTBA
surface.
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Fig. 1. CVs recorded for the (a) polyTTBA/AuNPs/GC (black line), (b) NADPH/polyTTBA/
AuNPs/GC (magenta line), (c) GR/polyTTBA/AuNPs/GC (blue line), and (d) GR-NADPH/
polyTTBA/AuNPs/GC (red line) electrodes in 0.1 M PBS (pH 7.4). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)

3.2. Characterization of the biosensor surface

In order to confirm the successful biosensor fabrication, the
sensor probe was characterized using SEM, TEM, and XPS. Fig. 2(A)
shows SEM images of the (a) AuNPs/GC, (b) polyTTBA/GC, and (c)
polyTTBA/AuNPs/GC electrodes. The SEM image of the AuNPs/GC
layer shows the presence of the AuNPs approximately 20.0 + 1.5 nm
in size (Fig. 2(A, a)). The morphology of the polyTTBA/AuNPs/GC
layer shows a homogeneous layer of polyTTBA, while nanoparticles
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Scheme 1. Schematic preparation of the biosensors.
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were not observed in this case due to the coverage of the electrode by XPS. All XPS spectra were taken after 50.0 s of Ar ion gas etching
surface by the polyTTBA (Fig. 2(A, c)). An adsorption band at and calibrated using a C1s peak at 284.6 eV as an internal standard.
522 nm in the UV—visible spectrum (data not shown) and the TEM Fig. 2(B) shows the XPS spectra of (a) Au4f, (b) S2p, (c) Cls, (d) N1s,
image (Fig. 2(A, d)) confirmed that the particles size in this solution and (e) Ol1s peaks for the polyTTBA/AuNPs/GC and GR-NADPH/
was ~20.0 nm. The modified electrodes were further characterized polyTTBA/AuNPs/GC electrode surfaces. After electrodeposition of
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Fig. 2. (A) SEM images of (a) AuNPs/GC, (b) polyTTBA/GC, and (c) polyTTBA/AuNPs/GC electrodes and a TEM image of (d) AuNPs solution. (B) XPS spectra of the (a) Au4f, (b) S2p,
(c) Cls, (d) N1s, and (e) O1s peaks for the polyTTBA/AuNPs/GC and GR-NADPH/polyTTBA/AuNPs/GC electrodes.
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the AuNPs on the GC, two sharp peaks were observed at 82.0 and
85.6 eV (Fig. 2(B, a)). This implies the successful deposition of
AuNPs onto the GC surface. The intensity of the peaks in the Au4f
spectra of the polyTTBA/AuNPs electrode surface diminished after
NADPH and GR were immobilized on the polymer film, indicating
that the polyTTBA surface was covered with NADPH and GR
(Fig. 2(B, a)). The S2p spectrum exhibited one peak at about
162.1 eV, corresponding to the C-S bonds for the polyTTBA layer.
After immobilization of GR and NADPH, however, the intensity of
this peak decreases, which also confirms the immobilization of GR
and/or NADPH (Fig. 2(B, b)). The Cl1s spectrum of the polyTTBA
exhibited two peaks at 283.0 and 284.2 eV, which correspond to the
C=C, C-C, C-H, or C-S (red line) and COOH (blue line) bonds,
respectively (Fig. 2(B, ¢)) [23]. Additional peaks were observed after
the immobilization of GR and NADPH on the polyTTBA surface at
283.3 (C=C(, C-C, C-H or C-S, red line), 284.3 (COOH, blue line),
284.9 (C-N, magenta line), and 286.6 eV (C=N, green line). The
peaks at 283.0 and 284.2 eV are slightly shifted to higher binding
energies, due to the formation of a covalent bond between the
carboxylic acid groups in polyTTBA and the amine groups in GR
and/or NADPH. The spectral deconvolution of N1s for the GR-
NADPH/polyTTBA/AuNPs modified electrode shows clear peaks at
398.3 (red line), 399.0 (blue line), and 399.5 eV (magenta line)
corresponding to C-N, -C=NH, and —NH bond formation, respec-
tively, while no peak appeared in the case of the polyTTBA/AuNPs/
GC (Fig. 2(B, d)). This indicates that NADPH and GR were success-
fully immobilized onto the polyTTBA layer. The O1s spectrum of
polyTTBA exhibited two peaks at 529.8 (red line) and at 531.0 eV
(blue line), which correspond to C=0 and C-O, respectively. The
peaks at C=0 (530.0 eV, red line) and C-O (531.2 eV, blue line) are
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slightly shifted to higher energies after the immobilization of
NADPH and GR (Fig. 2(B, e)).

Further studies were performed through QCM experiments to
estimate the amount of GR and NADPH immobilized on the poly-
mer film based on the frequency change (data not shown). In the
case of NADPH immobilization, the decrease in frequency reaches
a complete steady state after about 2.0 h, with an overall frequency
change (Af) of 0.14 kHz, corresponding to a mass change (Am) of
152.8 + 8.5 ng based on a previously defined equation [18]. The
number of molecules per area for NADPH on the surface was
determined to be 2.1 x 10~'° mol/cm?. In the case of GR immobi-
lization, the frequency decrease attained a steady state within 1.5 h,
with an overall frequency change (Af) of 0.40 kHz and a corre-
sponding mass change (Am) of 436.4 + 12.5 ng. The number of
molecules per area for GR on the surface was determined to be
4.4 x 10712 mol/cm?. These results confirm that GR and NADPH are
successfully immobilized onto the polyTTBA layer.

3.3. Optimization of the analytical parameters

The analytical parameters for the detection of GSSG with the
biosensor were optimized in terms of applied potential, NADPH:GR
ratio, temperature, and pH, where the GSSG concentration was kept
constant. First, the effect of the applied potential on the electro-
chemical reduction of GSSG was studied between -0.45
and —0.75 V (Fig. 3(a)). The reduction current gradually increased
from -0.45 to -0.70 V but did not increase significantly
over —0.70 V. Thus, —0.70 V was used in subsequent experiments.
The effect of the relative amounts of GR and NADPH immobilized
on biosensor performance was investigated for a range of

b
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Fig. 3. Effects of the (a) applied potential, (b) NADPH:GR ratio, (c) temperature, and (d) pH on the LSV peak currents obtained for the GR-NADPH/polyTTBA/AuNPs/GCE in 0.5 mM

GSSG.
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NADPH:GR from 1.0:0.25 up to 1.0:2.0 (Fig. 3(b)). The current
response gradually increased up to a ratio of NADPH:GR of 1:1 and
then remained stable. Thus, this ratio of NADPH:GR was selected as
the optimum ratio for analytical performance of the fabricated
biosensor. The effect of temperature on the performance of the
biosensor was studied between 15 and 60 °C (Fig. 3(c)). The current
response increased as the temperature increased from 15 to 35 °C,
and the current response decreased as with the temperature
increased from 35 to 60 °C due the deactivation of GR-NADPH. The
optimized temperature is almost similar to the body temperature
employing use of fabricated biosensor in in vivo GSSG detection. On
the basis of temperature dependency, 35 °C was selected for further
experiments. The effect of pH on GSSG detection was studied over
a range of 5.6—9.0. (Fig. 3(d)). The reduction current gradually
increased as pH increased from pH 5.6 to 7.4 and decreased with
a further increase in pH up to 9.0. The maximum reduction current
was observed at a pH of 7.4. The maximum response of pH 7.4 was
possibly due to the highest enzyme activity. In addition, in high
acidic or alkaline pH, the GR is irreversibly inactivated [26]. The
optimized pH was similar to the pH of extracellular fluids in the
human body, making the proposed biosensor desirable for use in
biological fluids. Thus, pH 7.4 was selected as the optimum pH for
subsequent experiments.

3.4. Analytical performance of the GR-NADPH/polyTTBA/AuNPs/
GCE

Analytical performance of the GR-NADPH/polyTTBA/AuNPs/GC
biosensor was examined under the optimized conditions. The
biosensor was dipped into 0.1 M PBS (blank/no GSSG), and the LSV
was recorded by potential sweep between +0.25 and —0.75 V (vs.
Ag/AgCl) (Fig. 4 (A)). A reduction peak at +0.03 V (vs. Ag/AgCl) was
observed due to the reduction process of the immobilized GR.
Thereafter, the biosensor probe was dipped in the test solution
containing 0.5 mM GSSG. A very clear reduction peak was observed
at —0.60 V due to the catalytic reduction of GSSG by NADPH and GR,
which clearly demonstrated that the modified electrode responded
well to GSSG. In order to completely reduce the test compound, we
selected a potential —0.10 V more negative than the reduction
potential. Thus, an applied potential of —0.70 V was used to obtain
the chronoamperometric response. To obtain a calibration plot, the
biosensor was dipped in a blank buffer solution and different
concentrations of GSSG were added into the test solution and
chronoamperograms were obtained, as shown in Fig. 4(B). A cali-
bration plot (Fig. 4(B), inset (a)) was obtained for concentrations of
GSSG between 0.1 pM and 4.0 mM with the dynamic range
occurring between 0.1 pM and 2.5 mM. The linear regression
equation is expressed as follows: I, (uA) = 0.66 (+0.49) + 34.38
(£0.59) [GSSG mM], with a correlation coefficient of 0.999. The
detection limit for GSSG was determined to be 12.5 + 0.5 nM
(RSD < 5%) based on measurements performed five times for the
standard deviation of the blank solution (95% confidence level,
k = 3, n =5). This detection limit is lower than the value previously
obtained for GSSG using another electrochemical method [12]. The
inset (b) in Fig. 4B shows the response current at a steady state after
the addition of GSSG, where 95% of steady state currents were
achieved after about 10 s. The fabricated biosensor responded
within 10 s to GSSG which is acceptable for its in vivo diagnostic
applications [27].

We also examined the interference of the electroactive
compounds commonly present in real samples. For this purpose,
ascorbic acid, uric acid, acetaminophen, and dopamine were
examined under the optimized experimental conditions (data not
shown). No foreign peaks were observed, which means that these
chemical species were not catalytically reduced by the GR-NADPH
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Fig. 4. (A) LSVs recorded for the (a) GR-NADPH/polyTTBA/AuNPs/GCE (magenta line)
in 0.1 M PBS (pH 7.4) and (b) NADPH/polyTTBA/AuNPs/GC (black line), (c) GR/poly-
TTBA/AuNPs/GC (blue line), and (d) GR-NADPH/polyTTBA/AuNPs/GC (red line) elec-
trodes in PBS containing 0.5 mM GSSG. Inset: calibration plot for different
concentrations (0.1, 0.25, and 0.5 mM) of GSSG. (B) Chronoamperometric responses
observed at the GR-NADPH/polyTTBA/AuNPs/GCE in 0.1 M PBS (pH 7.4) after successive
injection of GSSG. Inset: (a) corresponding calibration plot and (b) response time of
biosensor. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

probe and thus did not interfere with the biosensor. Furthermore,
the biosensor was tested in a real plasma sample and no foreign
peaks were observed, indicating that none of the plasma compo-
nents interfered in the detection of GSSG.

The lifetime of the biosensor was determined by monitoring its
response with respect to the time of storage. The biosensor was
stored in PBS with a pH of 7.4 at 4.0 °C. The response of the elec-
trode was regularly checked every five days and plotted against the
storage time (data no shown). The sensitivity of the biosensor for
the reduction of GSSG was about 95% of its initial value after
a storage time of 10 weeks and then gradually started to decrease.
The deterioration of the biosensor response after this time was
possibly caused by the denaturation of the immobilized enzyme.
These results suggest that the lifetime of the fabricated biosensor
electrode is 10 weeks.

3.5. In vivo GSSG analysis

The practical applicability of the biosensor was first investigated
through the detection of GSSG in a human plasma sample because
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the plasma GSSG concentration is a sensitive index of oxidative
stress in the human body [28]. For this purpose, the biosensor was
used to detect the GSSG concentration in 25-fold diluted plasma
sample. Under the optimized conditions GSSG was detected in the
similar dynamic range as in the blank buffer. The obtained cali-
bration plot is shown in (Fig. 5(A), inset chronoamperogram). The
linear regression equation for GSSG detection in plasma is
expressed as follows: I, (nA) = 0.52 (+£0.38) + 33.64 (+0.70) [GSSG
mM], with a correlation coefficient of 0.999. The detection limit of
GSSG in plasma samples is 15.6 + 0.7 nM (RSD < 5%) based on
measurements performed five times for the standard deviation of
the blank solution (95% confidence level, k = 3, n = 5). The recov-
eries of GSSG from the spiked plasma samples were calculated
based on the calibration curve and presented in Table 1. The
concentration recovery for GSSG was between 94 and 97% with
RSD < 5%. These results clearly indicate that the developed
biosensor is stable in plasma sample and can detect GSSG in the
complex plasma matrix.

The performance of the GSSG biosensor was then examined
in vivo, where a microbiosensor was fabricated by a similar approach
to that previously reported [13]. The purpose of using a micro-
biosensor was to monitor the oxidative stress in terms of in vivo
GSSG concentrations. First, the microbiosensor was tested for its
ability to detect standard GSSG concentrations (Fig. 5(B)). For this
purpose, varying concentrations of GSSG were tested using chro-
noamperometry with a —0.70 V applied potential. The current
response increased exponentially for concentrations of GSSG
between 0.1 uM and 50.0 pM. The linear regression equation for
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Table 1

Recoveries of GSSG from spiked plasma sample (n = 5).
Sample Level added Level found 4+ S.D. RSD (%) Recovery (%)

(hM) (nM)

1 0.1 0.095 + 0.003 3.95 95
2 10.0 9.4 + 0.38 4.04 94
3 25.0 24.1 + 0.96 3.98 96
4 50.0 48.6 + 1.89 3.88 97
5 100.0 96.0 + 3.94 4.10 96
6 500.0 475.8 + 18.51 3.89 95
7 1000.0 970.2 + 38.91 4.01 97

(40.029) + 0.025 (+0.001) [GSSG uM], with a correlation coefficient
of 0.999. Thus, the fabricated microbiosensor is capable of GSSG
detection. The hepatic GSSG formation is a sensitive indicator of
oxidative stress [29], which can be induced using diquat and t-BHP
[21]. Thus, we examined the in vivo GSSG concentrations using
a microbiosensor to monitor oxidative stress. First, a transverse
abdominal incision was made on with the rats treated with diquat
under isoflurane anesthesia. Thereafter, the microbiosensor was
inserted into the rats’ livers, allowing the experiments to be per-
formed. Fig. 5(C) shows chronoamperograms obtained for (a) blank
(no diquat administration) and (b) - (g) after diquat administration.
The current response obtained for the in vivo GSSG concentration
increases with an increase in the exposure times of diquat from 10
to120 min (RSD < 5%, n = 5). For the 10 min exposure time, the
current response was low but increased distinctly as the diquat
exposure time increased. The increase in the current is due to the

GSSG detection is expressed as follows: I, (uA) = 0.07 formation of more GSSG because of the diquant administration [29].
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Fig. 5. (A) Calibration plot for the determination of GSSG in real plasma sample (inset: chronoamperogram). (B) Chronoamperograms recorded using a microbiosensor for various
standard solutions of GSSG: (a) blank, (b) 0.1 (red line), (c) 25.0 (blue line), and (d) 50.0 (green line) uM (inset: calibration plot). (C) In vivo chronoamperometric responses of GSSG
after: (a) 0, (b) 10, (c) 30, (d) 60, (e) 90, () 120, and (g) 150 min diquat administration (inset: calibration plot). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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A calibration plot was obtained between diquat exposure time and
the current response due to GSSG reduction. The linear regression
equation is expressed as follows: I, (LA) = 0.87 (£0.025) + 0.012
(£0.0003) [GSSG uM], with a correlation coefficient of 0.997. This
proves that the fabricated microbiosensor is capable of monitoring
oxidative stress as indicated by increased GSSG concentration. The
results obtained in terms of increased GSSG concentration with
diquat exposure time are in agreement with previously reported
results [21]. A similar response was observed when t-BHP was
administered (data not shown). All in vivo experiments were per-
formed in three separate biological replicates.

4. Conclusions

We have successfully developed a highly sensitive, selective, and
stable biosensor for GSSG detection using GR and NADPH immo-
bilized onto a nanocomposite conducting polymer film. The
biosensor surface was successfully characterized using SEM, TEM,
UV—Vis, XPS, QCM, and electrochemical techniques. The detection
limit of the proposed biosensor was 12.5 + 0.5 nM (k = 3, n = 5),
which is lower than previously reported results. The present
biosensor exhibited long term stability of up to 10 weeks and was
successfully used to detect GSSG in plasma samples. A GR-NADPH
microbiosensor was also fabricated and successfully applied to
detect GSSG concentrations in vivo to monitor oxidative stress. The
strategy described here has many attractive features: simplicity,
rapidity, low cost, and no requirement for a specific label (i.e.,
a fluorescent or reactive moiety), all of which indicate that this
could be a useful method for medical diagnosis of oxidative stress.
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