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A novel glutathione (GSH) photoelectrochemical biosensor was fabricated using the newly synthesized
graphene—CdS (GR-CdS) nanocomposites. The GR—CdS nanocomposites were prepared by a fast,
one-step, aqueous reaction. The as-prepared GR—CdS structure inherited the excellent electron
transport of GR and facilitated the spatial separation of photo-generated charge carrier, therefore
resulting in the enhanced photocurrent, and making it a promising candidate for developing
photoelectrochemical biosensors. The proposed GSH sensor displays satisfactory analytical
performance with an acceptable linear range from 0.01 to 1.5 mmol L' with a detection limit of 0.003
mmol L™" at a signal-to-noise ratio of 3, and also shows an excellent specificity against anticancer drugs
and can be successfully applied for GSH detection in real samples. The as-synthesized GR—CdS
nanocomposites exhibited obviously enhanced photovoltaic properties, which could be extended to the
detection of other enzymes and biomolecules, thus providing a promising platform for the development

of photoelectrochemical biosensors.

Introduction

Glutathione (GSH), a thiol-containing tripeptide (y-L-glutamyl-
L-cysteinyl-glycine), as the most abundant non-protein, low-
molecular-weight thiol source in most mammalian tissues, plays
an important role in many biological functions involving anti-
oxidant defense, signal transduction, and cell proliferation.’™
Upon oxidation, GSH is transformed to glutathione disulfide
(GSSG). The concentrations of GSH and GSSG and their molar
ratio are indicators of cell functionality and oxidative stress.’
Thus, based on the biological importance of GSH, many
strategies have been developed for the quantification of GSH.5'2

As a newly developed technique for the detection of biomole-
cules, photoelectrochemical measurement has attracted more
and more interest.’*'® In the case of the photoelectrochemical
detection process, light is used to excite active species on the
electrode, and current is used as the detection signal, which is just
the reverse process of electrochemiluminescence. Benefiting from
the different forms of energy for excitation and detection, its
sensitivity and specificity could potentially match that of elec-
trochemiluminescence.™ In addition, the use of electronic
readout makes the instrument simpler, cheaper, and easier to
miniaturize than that of optical methods. Coupling photo-
irradiation  with an  electrochemical system, photo-
electrochemical sensors have the advantages of both optical and
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electrochemical methods.'”*® Thus, this technique shows
promising analytical applications and has attracted considerable
interest. Nowadays, more and more new materials with excellent
optoelectronic properties were prepared for various high-
performance photovoltaic devices.!*1*2

Traditionally, semiconductor nanoparticles have been regar-
ded as attractive candidates for photoelectric applications due to
their size-tunable optical and electronic properties, as well as
their efficient multiple charge carrier generations. To enhance the
photocurrent generated by the semiconductor materials, it is
essential to retard the recombination of electron—hole species in
the semiconductors by molecular electron-relay semiconductor
structures or efficient electron-transport matrices, such as
conductive polymer films or carbon nanotubes (CNTSs).?>>5 The
assembly of semiconductors on these matrices has been exten-
sively studied for their promising optoelectronic applica-
tions.”*?’ Graphene (GR), for its zero band gap and high
electron mobility (15000 cm? V' s7'),%® has been extensively
considered as a promising candidate for an electron acceptor and
transport matrix.?® The incorporation of GR in photovoltaic
devices can enhance the charge separation and facilitate the
charge transport, and thus improve the photovoltaic perfor-
mances, which has attracted more and more interest. Some GR
based optoelectronic systems have been reported.?** CdS is one
of the most widely studied semiconductors as a photoanode in
photoelectrochemical cells due to its excellent photo-
electrochemical propeties.'**'** Herein, we reported a novel,
facile, one-step synthetic route for graphene-CdS nano-
composites that showed promising optoelectronic properties, as
illustrated in Scheme 1. In this reaction the reduction of GO and
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Scheme 1 Schematic illustration of the one-step synthesis of GR-CdS
nanocomposites.

the deposition of CdS nanocrystals (NCs) on GR nanosheets was
performed simultaneously. The novel route for the fabrication of
GR-CdS was based on the modification of our previous work.3?
It is worth mentioning that the introduction of hydroxylamine
(NH,OH) facilitated the coordination with cadmium, enriching
much more cadmium ions on the GO sheets, and more nucle-
ation sites were formed, which made a higher-coverage of CdS
nanocrystals on the GR sheets. In addition, in the presence of
NH,OH, it also contributed to the assisted reduction of GO and
the stabilization of CdS NCs via attachment with the negatively
charged -COO~ and ~OH~ groups on GO.3*3¢ The good crys-
talline structure and dispersion of the obtained GR—CdS nano-
composites endowed them with enhanced photoelectric
properties. The size and crystalline phase of CdS NCs in this
work were different from our previous work, and the uniform
and small size led to a higher-coverage of CdS on GR sheets so
that an enhanced photocurrent was observed at the same
measurement conditions as before.** In the basis of the efficient
photoelectrochemical performance of the GR-CdS nano-
composites, a sensitive biosensor was successfully fabricated for
the detection of GSH, which showed good performance in the
monitoring of GSH with a rapid response, wide concentration
range, low detection limit and good selectivity. It could
successfully be applied to real sample detection of Isethion
(Tathion eye drops). The GR-CdS nanocomposites provided a
robust approach for the photoelectrochemical detection of
biomolecules.

Experimental
Materials and reagents

All chemicals were obtained from commercial sources and used
without further purification. Graphite powder (KS-10) and
hydroxylamine solution (NH,OH, 50 wt% in H,O, 99.999%)
were purchased from Sigma-Aldrich (St. Louis, MO). Reduced
L-glutathione (GSH, 99%) was from Aladdin Chemistry Co. Ltd.
Polyvinylpyrrolidone (PVP, K-30) was purchased from Sino-
pharm Chemical Reagent Co., Ltd (Shanghai, China),
CdCl,-2.5H,0 (99%) was from Shanghai Jinshanting New
Chemical Reagent Co., Ltd (China) and thioacetamide (TAA,
=99%) was from Lingfeng Chemical Reagent Co., Ltd
(Shanghai, China). All other reagents were of analytical grade
and were used without further purification. All aqueous solutions
were prepared using ultrapure water (Milli-Q, Millipore). Phos-
phate buffer solution (PBS, 0.1 mol L', pH = 7.0) was always
employed as the supporting electrolyte after being de-aerated

with high-purity nitrogen. Tathion eye drops (Isethion, 5 mL/
100 mg) was from ISEI Company, Incorporated, Japan.

Instrument

High-resolution transmission electron microscopy (HR-TEM)
images were measured on a JEOL 2100 transmission electron
microscope using an accelerating voltage of 200 kV. The speci-
mens were prepared by placing two drops of the solution with
dispersed nanoparticles on a carbon film coated copper grid (400
mesh) and then dried under room temperature. Wide-angle
powder X-ray diffraction (XRD) patterns were obtained with a
Philips X’pert Pro X-ray diffractometer (CuKa radiation, A =
0.15418 nm). The UV-visible (UV-vis) spectrum was recorded
using a Shimadzu UV-3600 UV-visible spectrophotometer.
Fourier transform infrared (FT-IR) spectra were obtained using
a Bruker Vector 22 spectrometer in the frequency range of 4000—
500 cm~'. Photoelectrochemical measurements were performed
with a home-built photoelectrochemical system. A 500 W Xe
lamp equipped with a monochromator was used as the irradia-
tion source to produce the monochromatic illuminating light.
The photocurrent intensity was recorded on a CHI 660D elec-
trochemical workstation (Shanghai Chenhua Apparatus
Corporation, China) with a three-electrode system. In the
system, a modified ITO electrode (0.5 cm x 0.5 cm) was used as
the working electrode, a Pt wire was used as the counter electrode
and an Ag/AgCl electrode was used as the reference electrode. All
the photocurrent measurements were carried out in PBS (0.1 M,
pH 7.0), which was de-aerated by highly pure nitrogen for 15 min
before experiments and then kept over a N, atmosphere for the
entire experimental process. The applied potential was 0 V
(versus Ag/AgCl) and the light wavelength was 470 nm.

Synthesis of GR-CdS nanocomposites

Graphite oxide (GO) was prepared from graphite powder by a
modified Hummers method,?” and then dispersed into water to
yield a yellow brown dispersion by ultrasonication for 2 h,
followed by centrifugation at 3000 rpm for 20 min to remove
unexfoliated GO. In order to prepare GR—CdS nanocomposites,
GO dispersion (200 pL, 0.5 mg mL~") with 1.3 pL of NH,OH
and 0.2 g of PVP were dispersed into twice-distilled water
(50 mL). After vigorous stirring, 0.114 g CdCl,-2.5H,O and 0.1 g
TAA were added. The obtained solution was then reacted at
80 °C for 2 h under vigorous stirring. Finally, the product was
centrifuged at 9000 rpm, and dried in a vacuum drier. As a
control, the free GR and CdS NCs were also prepared under the
same reaction conditions without adding CdCl,-2.5 H,O or GO,
respectively.

Results and discussion
Morphology and spectroscopic characterizations

The morphologies of GR-CdS nanocomposites were observed
by transmission electron microscopy (TEM). The TEM images
(Fig. 1A) show that all of the GR sheets are well decorated with
CdS NCs densely and evenly. Neither free GR sheets nor
undecorated CdS NCs are observed in this sample. The indi-
vidual CdS NCs had an average diameter ~6 nm, which were
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Fig.1 (A) TEM image of a GR sheet densely coated with CdS NCs. (B)
Magnified TEM image of CdS NCs on a GR sheet. (C) High-resolution
TEM image of CdS NCs on the GR sheet.

well separated from each other and well spread out on the GR
sheets (Fig. 1B). In the HR-TEM image (Fig. 1C), the lattice
fringe with interplanar distance is 0.336 nm, which can be
assigned to the (100) plane of the cubic CdS. The good distri-
bution and high-coverage of CdS on the GR sheets can guarantee
efficient  optoelectronic  properties of the GR-CdS
nanocomposites.

X-Ray diffraction (XRD) measurements were employed for
the investigation of the phase and structure. As shown in Fig. 2A,
the XRD pattern of the pristine GO (curve a) shows a sharp peak
at 260 = 10.2°, corresponding to the (001) reflection of graphite
oxide.?® After the reduction by TAA and NH,OH, no obvious
peaks were observed in the GR (curve b), indicating that GO was
reduced completely. All the diffraction peaks of free CdS (curve
¢) matched well with that of cubic CdS phase (JCPDS no. 65-
2887). XRD peaks of the CdS heterostructure in GR-CdS (curve
d) show scattering angles of 26.52°, 44.12° and 52.18°, corre-
sponding to crystal planes (111), (220) and (311) of CdS,
respectively. The results suggest that CdS NCs decorated on
graphene sheets are in cubic zinc blende form.3?> Meanwhile, the
broad diffraction peaks in the XRD patterns indicate the size of
the CdS is small.

Fig. 2B shows the UV-vis absorption spectra of the samples.
The pristine GO shows a strong absorption peak at 230 nm
(curve a), while GR shows a characteristic peak at 270 nm (curve
b), which is generally regarded as the excitation of the 7t-plasmon
of graphitic structure.’® The absorption peaks of the free CdS
and GR-CdS nanocomposites are at around 450 nm (curve c)

and 470 nm (curve d), respectively. Furthermore, in the case of
GR-CdS nanocomposites, the absorption peak of GO at about
230 nm disappears, indicating that GO is reduced to GR.

The FT-IR spectra of samples are shown in Fig. 2C. The
oxygen-containing functional groups of GO are revealed by the
bands at 1750 cm~', 1410 cm~" and 1245 cm™!, corresponding to
C=0 stretching of COOH groups, the C-O-H deformation
peak and C-OH stretching peak, respectively.***' The peak at
1620 cm™! can be assigned to the vibration of the adsorbed water
molecules and the skeletal vibration of unoxidized graphitic
domains.*"+** All of these bands related to the oxygen-containing
functional groups almost disappear in the FT-IR spectra of GR
and the GR-CdS nanocomposites, revealing that the oxygen-
containing functional groups of GO are almost removed by the
reduction of TAA with the assistance of NH,OH, and thus GO
was transformed to GR.

The Raman spectrum in Fig. 2D also confirms the reduction of
GO. Raman spectrum of the pristine GO displays two prominent
peaks at around 1600 cm~" and 1360 cm™', corresponding to the
G and D bands, respectively (curve a). A general feature of the
reduction of GO is that the G band shifts to lower wavenumber.*?
In the case of GR and GR-CdS, the G band shifted to 1586 cm™!
and 1590 cm™', respectively, indicating the reduction of GO.
Furthermore, an obvious decrease of the D/G ratio in GR and
GR-CdS can be observed in comparison with that of GO, also
indicating the decrease in the average size of the sp? domains
upon reduction of the exfoliated GO.3>*

Photoelectrochemical oxidation of GSH

The photocurrent generation of the films was studied by
employing the modified ITO electrodes as photoanodes. As is
shown in Fig. 3A, upon irradiation with light at a wavelength of
470 nm, in 0.1 M PBS (pH 7.0), the CdS/ITO electrode shows a
photocurrent of 0.81 pA at an applied potential of 0 V (curve a),
whereas the GR-CdS/ITO electrode shows a photocurrent of
1.35 pA (curve b), indicating the improvement of the photo-
current conversion efficiency of CdS by the addition of GR.
However, in the blank PBS solution, there were not enough
effective electron donors for scavenging of the photogenerated
holes. Once there is an effective electron donor for scavenging of
the holes, the photocorrosion reaction and the electron—hole
recombination are inhibited and the photocurrent intensity can
be enhanced. For example, ascorbic acid (AA) was well known as
a non-toxic electron donor under a mild solution medium.** In
this case, 0.1 mol L~!' PBS (pH = 7.0) containing 0.1 mol L' AA
was used as the electrolyte solution, the photocurrent intensity of
the GR-CdS/ITO electrode with light on and off increased
greatly compared with that of the CdS/ITO electrode (Fig. 4A),
indicating that the incorporation of GR did efficiently enhance
the photoelectric responses of the GR-CdS nanocomposites.
Moreover, the GR-CdS/ITO electrode shows a strong and rather
stable photocurrent response in phosphate buffer solution (PBS,
pH 7.4) containing 0.1 M AA, even after the GR-CdS/ITO
electrode was stored for two months (Fig. 4B).

Due to the biological importance of glutathione, GSH was
used as an antioxidant model molecule, upon addition of
500 pmol L' GSH, the photocurrent of GR-CdS/ITO electrode
increased to 4.18 pA and remained steady (Fig. 3A, curve c). The
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Fig.3 (A) Photocurrent responses of (a) CdS/ITO, (b) GR-CdS/ITO in
0.1 M pH 7.0 PBS 0 V, and (c) photocurrent responses of GR-CdS/ITO
in 0.1 M pH 7.0 PBS in the presence of 500 pumol L~' GSH at 0 V to a light
excitation at 470 nm. (B) Schematic illustration of photoelectrochemical
process for oxidation of GSH at GR—CdS modified ITO electrode.

increase of photocurrent was attributed to the oxidization of
GSH by the photogenerated holes, avoiding electron—hole
recombination effectively. The photoelectrochemical process of
the GR-CdS film for GSH oxidation is proposed in Fig. 3B.
Upon irradiation with light, CdS NCs were excited and

604 A —CdSNTO
b —— GR-CdS/ITO
50 -
gm-
]
=3o-
=
8
3 20
£
o
10
0
[ 20 40 60 80 100 120
Time/sec
60
B
50+ -
nannnnnnnnm
Sl
2
3 30+
%
3
£ 20
o
104
o_—\_L_L-L_u._Js_u.ux.u

5‘0 160 1;0 2“)0 250
Timelsec

Fig. 4 (A) Photocurrent responses of (a) CdS/ITO, (b) GR-CdS/ITO
electrode in 0.1 M pH = 7.0 PBS containing 0.1 M AA with light on and
off. The applied potential was 0 V and the light wavelength was 470 nm.
(B) Time-based photocurrent responses of the GR-CdS/ITO electrode
measured in 0.1 M pH = 7.0 PBS containing 0.1 M AA with light on and
off after being stored for two months.

underwent charge separation to yield electrons (¢7) and holes
(h*). Bulk CdS has a band-gap of 2.42 eV; however, the band-gap
energy of CdS NCs should be higher than 2.42 eV due to the
quantum confinement regime. Since the energy levels of the
conduction band of GR and ITO are lower than that of CdS,*5
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the electron transfer from the conduction band of CdS NCs to
GR and then from GR to ITO are an energetically favorable
process. Due to the superior electrical conductivity of GR, it
serves as an excellent electron-transport matrix to capture elec-
trons and transport electrons from excited CdS to ITO rapidly,
avoiding electron—hole recombination effectively, resulting in a
much more sensitive response to light on and off. Thus, the
favorable band energy, good distribution of CdS and strong
coupling of CdS and GR efficiently enhance the photoelectric
responses of the GR-CdS nanocomposites. Because the light
absorption of GR can adversely affect the excitation of CdS
nanoparticles, leading to a sharp decrease of photocurrent, the
ratio of GR and CdS should be controlled carefully. In this work,
we have tried to decrease and increase the GR loadings, but both
lead to photocurrent decrease. Hence, the ratio of GR and CdS
as the optimum condition was chosen. At this ratio, the GR—
CdS/ITO electrode shows a stronger and stable photocurrent
that is suitable for the fabrication of biosensors. In the presence
of GSH, it served as the electron donor (hole scavenger) and
sacrificial reagent can transfer electrons to the holes located on
the excited state of CdS, avoiding electron—hole recombination
effectively, leading to a sharp increase of the photocurrent.
During this process, GSH was oxidized to glutathione disulfide
(GSSG).

Condition optimization

To optimize the experimental conditions for GSH measurement,
the effects of applied potential and the excitation wavelength
were investigated. Applied potential is an important factor
relevant to the photocurrent response. As seen in Fig. 5A, upon
addition of 500 umol L~' GSH, with an increase of potential
from —0.2 V to 0 V (vs. Ag/AgCl), the photocurrent increased
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Fig. 5 Effects of (A) applied potential (vs. Ag/AgCl) and (B) excitation

wavelength on photocurrent responses of GR-CdS/ITO electrode in
0.1 M pH 7.0 PBS containing 500 umol L~ GSH.

sharply, and as the potential increased from 0 V to +0.3 V, the
photocurrent decrease gradually. Therefore, 0 V was selected as
the applied potential for the determination of GSH. A negative
potential (—0.2 V, —0.1 V) can inhibit the electron transfer from
GR-CdS to the electrode, which may lead to electron—hole
recombination. In the potential range from 0 to 0.3 V, the
responses showed a slight decrease with the increase of the
applied potential. The increase of the positive potential could
cause electrochemical oxidization of GSH, thus the GSH (hole
scavenger) decreased, resulting in the decrease of the photo-
current. The potential in this method was more negative than
that of +0.2 V for the photoelectrochemical oxidation of GSH at
the FeTPPS-TiO,-modified ITO electrode.* The low applied
potential was beneficial to the elimination of interference from
other reductive species that coexisted in the real samples.

The irradiation wavelength is another significant factor that is
relevant to the photocurrent response. As shown in Fig. 5B, upon
addition of 500 umol L~' GSH, the photocurrent increased as the
exciting wavelength was increased from 420 nm to 470 nm at the
applied potential of 0 V. Afterward, the photocurrent quickly
decreased. Moreover, consider that biomolecules may suffer
from irradiation with light of excessively short wavelength. Thus,
470 nm was chosen for the photoelectrochemical biosensing of
GSH.

Photoelectrochemical detection of GSH

The photocurrent—time curve of the GR—CdS/ITO electrode
clearly shows the rapid response of the modified electrode to
GSH at an applied potential of 0 V (Fig. 6A). Under the optimal
conditions, a good linear relationship between the photocurrent
increase value and logarithmic value of GSH concentration
could be obtained in the range of 0.01-1.5 mmol L' with a
detection limit of 3 umol L~! at 3¢, which was much lower than
the detection limit reported for a previous photoelectrochemical
sensor.*® The linear regression equation was i (LA) = —0.2329 +
1.6044logCssy (umol L) with a correlation coefficient of
0.9986. The linear response range was wider than those of other
strategies for the quantitative detection of GSH.!>4® Further-
more, the detection limit of 0.003 mmol L~' was rather lower
than the earlier report,'**¢-*® achieving the sensitive detection for
GSH. Hence, the proposed photoelectrochemical biosensor
based on GR-CdS nanocomposites showed promising applica-
tion in the sensitive monitoring of GSH over a wide concentra-
tion range.

Interference and assays of real sample

GSH is the most abundant thiol species in the cytoplasm and the
major reducing agent in biochemical processes. It is often used as
the auxiliary for the chemotherapy of cancer. Hence, the effects
of anticancer drugs as interfering species on the photo-
electrochemical biosensing response of GSH were investigated.
For example, as is shown in Fig. 6B, etoposide, actidione,
cisplatin and adriamycin did not interfere with the photo-
electrochemical response of GSH. In the presence of interferents,
the photocurrent responses remained almost unchanged. Thus,
the proposed photoelectrochemical biosensor based on the
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various interferent species (etoposide, actidione, cisplatin and adria-
mycin) at 0 V to light excitation at 470 nm (i, and 7 are the photocurrents
of the GR—CAS/ITO electrode before and after addition of interferents).

GR-CdS nanocomposites had an excellent specificity for the
detection of GSH in samples with anticancer drugs.

Glutathione-containing drugs are widely applied in clinics,
significantly to strengthen immunity, cancer therapies, efc., and
play a part in the treatment of human immunodeficiency virus
(HIV).*” Hence, real sample assays about glutathione-containing
drugs are also expected. The proposed sensor could realize the
direct, sensitive, and continuous detection of the glutathione-
containing drug Isethion (5 mL/100 mg, Tathion eye drops,
Japan). The concentration of reduced glutathione in Isethion was
detected with the proposed photoelectrochemical biosensor to be
62.35 + 0.05 mmol L' (five measurements) without any need of
sample pretreatment except for appropriate dilution. This value
was consistent with the 65 mmol L' (5§ mL/100 mg) value given
in the instructions of Isethion, indicating acceptable accuracy of
the photoelectrochemical biosensor. This photoelectrochemical
biosensor reflected its actual application in glutathione-con-
taining drug detection, indicating its potentiality in physiological
assays.

Conclusion

In this work, a novel photoelectrochemical biosensing platform
for GSH detection was developed using newly synthesized GR—
CdS nanocomposites, which were prepared by a facile, one-step,
aqueous reaction. The GR—CdS heteronanostructure inherited
the excellent electron transport advantage of GR and facilitated
the spatial separation of charge carriers, therefore resulting in the

enhanced and stable photocurrent, and making it a promising
candidate for the development of a photoelectrochemical
biosensor. Using GSH as a hole scavenger, the fast photoelec-
tronic communication among GSH, CdS, GR sheet and ITO
electrode led to a novel strategy for the photoelectrochemical
detection of GSH. The proposed photoelectrochemical biosensor
showed good analytical performance, such as low applied
potential, rapid response, wide linear range, and rather low
detection limit. Moreover, it showed excellent specificity for
excluding the interference of other anticancer drugs and
acceptable accuracy in real sample detection. The GR-CdS
nanocomposites with excellent photovoltaic properties can be an
efficient candidate material for the construction of other high-
performance photovoltaic devices.
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