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Introduction

Based on its extended sp2-hybrid carbon network, 2D mor-
phology, extremely large surface area, and superior electri-
cal conductivity, graphene (GR) has found widespread ap-
plications in, for example, electronics, sensors, supercapaci-
tors, transistors, and photovoltaic devices.[1–7] In particular,
owing to its zero band gap and high electron mobility
(15 000 cm2 V�1 s),[8] GR has been extensively considered as
a promising candidate for electron-acceptor and electron-
transport matrices.[9] For photovoltaic devices, the incorpora-
tion of GR can enhance the charge-separation and facilitate
charge-transport, and thus improve the photovoltaic perfor-
mance. However, intrinsic GR is a semi-metal, or zero-gap
semiconductor, and the electrons and holes in GR prefer to
recombine and then quench rapidly. Directly introducing
GR as an active layer into photovoltaic devices can neither

facilitate electron–hole separation, nor improve the device
performance. On the other hand, semiconductor nanoparti-
cles (NPs) have been regarded as attractive candidates for
photoelectric applications, owing to their size-tunable opti-
cal and electronic properties, as well as their efficient multi-
ple charge-carrier generations. However, with respect to
semiconductor NPs, efficient electron–hole disassociation
and electron-collection remain a challenge for developing
high-performance photoelectric devices.

Considering the intrinsic properties and shortcomings of
GR and semiconductor NPs, respectively, nanocomposites
can provide new nanostructures with low electron–hole re-
combination, fast electron-transfer, and enhanced photovol-
taic performance. Recently, there has been significant inter-
est in the fabrication of various GR–semiconductor nano-
composites, including GR–TiO2,

[10] GR–SnO2,
[11] GR–

CdSe,[12] and GR–CdS.[4,13, 14] Of particular interest are GR–
CdS nanocomposites, which combine the intrinsic properties
of GR and CdS NPs to generate a photocurrent from visible
light with high efficiency. These structures have aroused ex-
tensive interest for potential photocatalytic, electrochemical,
and optoelectronic applications. Compared with bare CdS
NPs, GR–CdS nanocomposites, which have a fast and effi-
cient electron-transfer from the CdS semiconductor NPs
(donor) to GR (acceptor), can lead to a distinct increase in
the photogenerated current.

There have been several reports on the synthesis of GR–
CdS nanocomposites; however, most of them involved rela-
tively complicated synthetic procedures.[4,13–15] Therefore, it
is necessary to develop simple and effective methods for the
preparation of GR–CdS nanocomposites and for investigat-
ing the incorporation of such nanocomposites into optoelec-
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tronic devices. Herein, we report a facile, one-step synthetic
route for the fabrication of GR–CdS nanocomposites
(Scheme 1), wherein the reduction of GO and the deposi-
tion of CdS NPs onto GR nanosheets were performed si-
multaneously. Thioacetamide (TAA) served not only as
a gentle reducing agent to reduce GO, but also as a sulfur
source to form CdS. In addition, GO was reduced to GR by
TAA under the same conditions, without the addition of
CdCl2 and poly(vinyl pyrrolidone) (PVP). As a capping
agent, PVP prevented the aggregation of GR–CdS nano-
composites. CdS NPs were directly decorated on the GR
sheets, and no molecular linkers were used to bridge CdS
and the GR nanosheets. Moreover, different cadmium pre-
cursors affected the size and crystalline structure of the CdS
NPs, which had an obvious influence on the photovoltaic
performance (see the Supporting Information). Photographs
of the samples are shown in Scheme 1, inset. GO was re-
duced to GR by TAA, which was indicated by a color
change of the solution from brown to black (Scheme 1,
inset a and b). The introduction of GO into the system
caused a change in the color of the solution from yellow
(Scheme 1, inset c) to dark yellow (Scheme 1, inset d), which
indicated the formation of GR–CdS.

The good crystalline structure and dispersion of the ob-
tained GR–CdS nanocomposites endowed them with en-
hanced photoelectric properties, as compared with bare CdS
NPs. Based on the efficient photoelectrochemical perfor-
mance of the GR–CdS nanocomposites, a sensitive photo-
electrochemical cytosensor was fabricated for the targeted
capture and detection of living cells.

Results and Discussion

Morphological and spectroscopic characterization : TEM
(Figure 1 A) and SEM analysis (Figure 1 B) showed that the
GR sheet was evenly and densely decorated with uniform
CdS NPs (d�40 nm). Moreover, neither undecorated parti-
cles nor obvious aggregation was observed (see the Support-
ing Information, Figure S3). Moreover, no free GR sheets
were found, thereby indicating a high coverage of the CdS
NPs. The good distribution and coverage of CdS on the GR
sheets guaranteed efficient optoelectronic performance of
the GR–CdS nanocomposites. The CdS NPs were composed

of tens of small primary nanocrystals (Figure 1 C). HRTEM
analysis showed that the lattice fringe had an interplanar
distance of 0.35 nm, which was assigned to the (100) plane
of hexagonal CdS (Figure 1 D). The CdS NPs that were at-
tached onto GR were polycrystalline (Figure 1 D), thus con-
firming that CdS NPs were stacked up by small primary
CdS nanocrystals (Scheme 1).

XRD was used to investigate the phase and structure of
the nanostructures. The XRD pattern of pristine GO (Fig-
ure 2 A, curve a) showed a sharp peak at 10.28, which corre-
sponded to the (001) reflection of GO.[16] After reduction by
TAA, no obvious peak was observed in the sample (Fig-
ure 2 A, curve b), thus indicating that GO was completely
reduced into GR. All of the diffraction peaks of free CdS
(Figure 2 A, curve c) matched well with those of the hexago-
nal CdS phase (JCPDS PDF 6-0314). The XRD pattern of
the GR–CdS composites (Figure 2 A, curve d) only showed
the peaks for the hexagonal CdS phase; no GO peaks were
observed, which indicated the formation of CdS and the re-
duction of GO. The average size was calculated to be 8.7 nm
in diameter, according to the Debye–Scherrer formula,[17]

which was consistent with the HRTEM data.
Figure 2 B shows the UV/Vis absorption spectra of the

GR–CdS nanocomposites, together with pristine GO, TAA-
reduced GR, and bare CdS for comparison. Pristine GO
showed a strong absorption at 230 nm (Figure 2 B, curve a),
while TAA-reduced GR showed a characteristic peak at
270 nm (Figure 2 B, curve b), which is generally regarded as
the excitation of the p-plasmon of the graphitic structure.[18]

The absorption peaks of bare CdS and of the GR–CdS com-
posite were at about 450 nm (Figure 2 B, curve c) and
470 nm (Figure 2 B, curve d), respectively. Furthermore, in
the case of the GR–CdS nanocomposites, the absorption
peak of GO at about 230 nm disappeared, whilst a new ab-

Scheme 1. The one-step synthesis of GR–CdS nanocomposites. Inset:
photograph of a) pristine GO, b) TAA-reduced GR, c) free CdS NPs, and
d) GR–CdS nanocomposites.

Figure 1. A) TEM image of a GR sheet that is densely coated with CdS
NPs; B) SEM image of the GR–CdS nanocomposites; C) magnified
TEM image of CdS NPs on the GR sheet; D) high-resolution TEM
image of CdS NPs on the GR sheet.
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sorption peak appeared at about 260 nm, thus indicating
that GO was reduced into GR.

Figure 2 C shows the FTIR spectra of these samples. The
oxygen-containing functional groups of GO afforded bands
at 1740, 1410, and 1250 cm�1, which corresponded to the C=

O stretches of the COOH groups, the C�O�H deformation
peak, and the C�OH stretch, respectively.[19,20] The peak at
1620 cm�1 was assigned to the vibration of adsorbed water
molecules and to the skeletal vibration of the unoxidized
graphite domains.[20,21] All of these bands that related to the
oxygen-containing functional groups almost completely dis-
appeared in the FTIR spectra of GR (TAA-reduced) and of
the GR–CdS nanocomposites, thus revealing that the
oxygen-containing functional groups of GO were almost re-
moved by the reduction of TAA; thus, GO was transformed
into GR.

The Raman spectra (Figure 2 D) also confirmed the re-
duction of GO. Pristine GO displayed two prominent peaks
at about 1600 and 1360 cm�1, which corresponded to the G
and D bands, respectively. After GO was transformed into
GR and GR–CdS, the G band shifted to 1576 and
1589 cm�1, respectively. The fact that the G band shifted to
lower wavenumbers indicated the reduction of GO.[14] Fur-
thermore, a significant decrease in the D/G intensity ratio
were observed in GR and GR–CdS, in comparison with that
of GO, which confirmed the reduction of GO.[11,14, 19]

X-ray photoelectron spectroscopy (XPS) was also used to
confirm the reduction of GO and the formation of CdS. The
O/C ratio of TAA-reduced GR and GR–CdS notably de-

creased compared with that of
GO (Figure 3 A), which demon-
strated that the oxygenated
groups in GO were reduced
during the synthesis of the GR–
CdS nanostructures. As shown
in Figure 3 B, four peaks were
observed in the C 1s deconvolu-
tion spectrum of GO (284.5,
285.6, 286.5, and 288.6 eV),
which correspond to the C�C,
C�OH, C�O, and O�C=O
groups, respectively. Compared
with GO, the intensities of the
C�O peaks in GR (Figure 3 C)
and GR–CdS (Figure 3 D) de-
creased dramatically, thus im-
plying that most of the oxygen-
containing functional groups
were removed during the trans-
formations. Therefore, the XPS
data was consistent with the
XRD, UV/Vis, FTIR, and
Raman results, thereby con-
firming the complete reduction
of GO and the formation of
GR–CdS nanocomposites in the
presence of TAA. In addition,

the amount of CdS in the GR–CdS products was about
21.2 %, which was calculated on the basis of the XPS results
(Figure 3 A).

Optoelectronic properties of the GR–CdS nanocomposites :
Electrochemical impedance spectroscopy (EIS) was used to
study the electron-transport properties of GR–CdS nano-
composites (see the Supporting Information, Figure S5). The
photoelectrode that was modified with GR–CdS nanocom-
posites had a smaller electron-transfer resistance (Ret) than
the ITO electrode that was modified with pure CdS, which
implied that GR was an excellent electric conductor for
electron-transfer. Considering its efficient electron-transport
properties, GR was expected to significantly increase the
photocurrent. The photoelectrochemical experiment was
also performed. The photocurrent-generation of the films
was studied by using the GR–CdS nanocomposites as photo-
anodes. Based on the absorption spectra, and the fact that
the photocurrent of the GR–CdS nanocomposite film
reached a peak value at about 470 nm (see the Supporting
Information, Figure S6A), 470 nm was used as the optimal
excitation wavelength in subsequent experiments. Ascorbic
acid (AA) was chosen as a nontoxic electron donor in
a mild solution medium,[22] and a concentration of 0.1 m was
chosen for the photocurrent measurements because the in-
tensity of the photocurrent increased with increasing con-
centrations of AA and reached a maximum for 0.1 m AA
(see the Supporting Information, Figure S6B). As shown in
Figure 4 A, no photoresponse was observed at the GR/ITO

Figure 2. A) XRD patterns and B) UV/Vis spectra of a) GO, b) TAA-reduced GR, c) free CdS, and d) GR–
CdS nanocomposites; C) FTIR spectra and D) Raman spectra of a) TAA-reduced GR, b) GO, and c) GR–
CdS nanocomposites.
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electrode (Figure 4 A, curve a) because GR could not be ex-
cited. For the CdS/ITO electrode, upon irradiation with
light, the CdS NPs were excited and underwent charge-sepa-
ration to yield electrons (e�) and holes (h+). As the holes
were scavenged by AA, the electrons were collected by the
ITO electrode to generate a photocurrent (Figure 4 A,
curve b). The photocurrent intensity of the GR–CdS/ITO
electrode (Figure 4 A, curve c) with the light on and off in-
creased notably compared with that of the CdS/ITO elec-
trode. A possible process for the electron-transfer in the
GR–CdS film from excited CdS to GR is shown in Fig-
ure 4 B. Bulk CdS has a band-gap of 2.42 eV; however, the
band-gap energy of CdS NPs should be higher than 2.42 eV,

owing to the quantum-confine-
ment regime. The actual band-
gap of the CdS nanocrystals
used in this study was about
2.88 eV, which was approxi-
mately calculated from the UV/
Vis spectra (see the Supporting
Information, Figure S1F). Be-
cause GR has a work function
of about �4.5 eV,[23] electron-
transfer from the conduction
band of CdS NPs to GR was an
energetically favorable process.
The work function of ITO
(�4.8 eV) further facilitated the
electron-transfer from GR to
ITO, thereby leading to the
generation of a photocurrent.
In addition, GR is well-known
to possess superior electrical
conductivity, which serves as an
excellent electron-transport
matrix to rapidly capture and
transport electrons from excited
CdS to ITO, thereby effectively
avoiding electron–hole recom-
bination, and resulting in
a much more sensitive response
with the light on and off. Thus,
the favorable band energy,
good distribution of CdS, and
strong coupling of CdS and GR
efficiently enhanced the photo-
electric responses of the GR–
CdS nanocomposites. However,
at higher GR loadings, light ab-
sorption by GR adversely af-
fected the excitation of CdS
nanoparticles, thereby leading
to a sharp decrease in the pho-
tocurrent. Hence, an optimum
GR loading was needed. At the
appropriate ratio, the GR–CdS/
ITO electrode showed a stron-

ger and more-stable photocurrent response in PBS (pH 7.4,
containing 0.1 m AA), even after the GR–CdS/ITO elec-
trode was stored for 100 days (see the Supporting Informa-
tion, Figure S7). Owing to the introduction of GR, the pho-
tocurrent of the GR–CdS/ITO electrode (26.8 mA) was
higher than the previously reported photoelectrochemical
sensor (5.4 mA for PDDA/CdS, and 22.5 mA for CdS–
PAMAM) under similar experimental conditions.[22,25]

Photoelectrochemical cytosensing : As a newly developed
photoelectric technique, photoelectrochemical biosensors
with the advantages of both optical and electrochemical sen-
sors has shown promising applications owing to their high

Figure 3. A) XPS spectra of GO, GR, and GR–CdS; C 1s XPS spectra of B) GO, C) TAA-reduced GR, and
D) GR–CdS.

Figure 4. A) Photocurrent responses of a) GR/ITO, b) CdS/ITO, and c) GR–CdS/ITO electrodes in 0.1m PBS
(pH 7.4) containing 0.1m AA with and without light irradiation. The applied potential was �0.2 V, the light
wavelength was 470 nm. B) The electron-transfer process at the GR–CdS/ITO electrode under illumination.
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sensitivity.[22, 24,25] Recently, living-cell detection has received
much attention owing to its close relationship with toxicity
monitoring, clinical diagnostics, and public health protec-
tion.[26] Based on the efficient photoelectrochemical perfor-
mance of the GR–CdS nanocomposites, we constructed
a sensitive cytosensor for the targeted capture and detection
of living cells. The detailed fabrication process of the photo-
electrochemical cytosensor is shown in Scheme 2.

Polyethylenimine (PEI) is a highly cationic charge-dense
polymer at physiological pH, and it has been recognized as
one of the most-effective and most-powerful cationic gene-
delivery vectors owing to its “proton-sponge effect”.[27] Zeta
potentials showed that the PVP-enwrapped GR–CdS com-
posites were electronegative (see the Supporting Informa-
tion, Figure S8). Thus, PEI was incorporated into the GR–
CdS composite film through electrostatic interactions. Folate
receptor (FR) is a kind of tumor-associated antigen, which
is over-expressed in many human tumors. The high affinity
between FR and folic acid (FA) makes them act as a bridge
between medicine and cancer cells, and is attractive for
tumor therapy.[28] In our experiments, a layer of FA was con-
jugated to the GR–CdS film through covalent reactions be-
tween the amine groups on the film surface and the carboxy
groups on FA with PEI as a bridge. The modified electrode
was studied as a sensor for targeted cell-capture and cell-de-
tection through affinity interactions between FA and FR on
the cell surface.

The stepwise assembly process of the cytosensor was in-
vestigated by EIS and by the photocurrent responses of the
modified electrodes. The EIS spectra included semicircular
and linear portions: the semicircular portion (at higher fre-
quencies) corresponded to the electron-transfer-limited pro-
cess, whilst the linear portion (at lower frequencies) repre-
sented the diffusion-limited process. The diameter of the
semicircle was equal to the electron-transfer resistance (Ret).
The impedance spectra (Figure 5 A) showed a low Ret value
for the bare ITO electrode (Figure 5 A, curve a). After the
GR–CdS nanocomposites were coated onto ITO, Ret in-
creased (Figure 5 A, curve b), thereby indicating that the
formed compact GR–CdS film hindered the access of the
redox probe ([Fe(CN)6]

3�/[Fe(CN)6]
4�) to the electrode sur-

face. In the case of PEI/GR–CdS/ITO (Figure 5 A, curve c),

the positive electricity of PEI promoted the transfer of the
redox probe to the electrode, owing to static attraction, and
thus led to a decrease of the Ret value. Subsequently, FA was
covalently incorporated onto the PEI/GR–CdS film to lead
to an increase in the Ret (Figure 5 A, curve d), thus suggest-
ing that FA was immobilized on the electrode and that the

Scheme 2. The fabrication of a photoelectrochemical cytosensor.

Figure 5. A) Nyquist diagrams of EIS, recorded from 0.01 Hz to 100 kHz
for [Fe(CN)6]

3�/[Fe(CN)6]
4� (10 mm, 1:1) in 0.1 m KCl at a) bare ITO,

b) GR–CdS/ITO, c) PEI/GR–CdS/ITO, d) FA/PEI/GR–CdS/ITO, and
e) FA/PEI/GR–CdS/ITO electrodes, with incubation in Hela cells solu-
tion for 1 h after BSA blocking; B) photocurrent responses of a) bare
ITO, b) GR–CdS/ITO, c) PEI/GR–CdS/ITO, d) FA/PEI/GR–CdS/ITO,
and e) BSA/FA/PEI/GR–CdS/ITO electrodes.
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electron exchange between the redox probe and the elec-
trode was blocked. Subsequently, after the blocking of
bovine serum albumin (BSA) and the capture of Hela cells,
Ret increased again (Figure 5 A, curve e), owing to the die-
lectric behavior of cells for interfacial electron-transfer.

The fabrication process of the cytosensor was also moni-
tored by photoelectrochemical experiments (Figure 5 B). As
expected, no photoresponse was observed at the bare ITO
electrode (Figure 5 B, curve a). After the GR–CdS nanocom-
posites were modified on ITO, a large photocurrent was ob-
served (Figure 5 B, curve b). The photocurrent decreased
sharply with the immobilization of PEI (Figure 5 B, curve c),
and even further with FA conjugation and BSA blocking
(Figure 5 B, curves d and e). The decrease in the photocur-
rent may be due to the immobilization of the non-photo-
electroactive species (PEI, FA, and BSA), which prevent
the diffusion of AA onto the CdS surface and the reaction
with the photogenerated holes. Inverted fluorescence mi-
croscopy images were recorded to investigate the cell-cap-
ture ability of the FA/GR–CdS film. Hela cells were chosen
as model cells, on which FR was over-expressed. Figure 6 A,
B shows images of Hela cells that were captured by a FA/
GR–CdS film before and after staining with calcein-acetoxy-
methylester (CAM). CAM is a membrane-permeable, fluo-
rogenic esterase substrate that is hydrolyzed intracellularly
to a green-fluorescent product (calcein); thus, the green
fluorescence indicates viable cells. CAM is the most-suitable
fluorescent probe for staining living cells because of its low
toxicity.[29] A large number of viable cells with a high level

of activity were captured by the FA/PEI/GR–CdS films (Fig-
ure 6 B). In the presence of the PEI/FA film, the cytotoxicity
of the GR–CdS nanocomposite decreased dramatically;
thus, the FA/PEI/GR–CdS film not only offered a biocom-
patible surface for cell-capture but also provided a sensitive
photoelectric interface for cytosensing. As the incubation
time increased, the number of captured cells increased,
owing to the specific binding ability of FA to FR on the cell
surface. However, the cell activity decreased over time;
thus, 1 h was chosen as the optimum incubation time for
Hela cells.

After the electrode was incubated with Hela cells, the
photocurrent decreased. On the basis of this decrease with
the capture of cells, a photoelectrochemical cytosensor was
fabricated. The decrease in photocurrent intensity was di-
rectly associated with the number of Hela cells captured by
the FA/PEI/GR–CdS film. As shown in Figure 6 C, the pho-
tocurrent of the modified electrode decreased gradually
with an increase in the number of incubative cells, thereby
revealing that the cells were target-captured by the photo-
sensitive film. Figure 6 D shows the linear calibration plots
of the decrease in photocurrent versus the concentrations of
the Hela cells by using the cytosensor. A linear relationship
between the decrease in the photocurrent and the logarith-
mic value of the Hela-cell concentration was obtained in the
range 1.0 � 102–5.0 � 106 cells mL�1. The linear regression
equation was ~i(mA)=0.1886+1.3725 log c (cells mL�1),
with a correlation coefficient of 0.997. The detection limit
for cell concentration was estimated to be 100 cells mL�1 at

3s, which was much lower than
the detection limit reported by
the photoelectrochemical
sensor.[25] What is more, the de-
tection limit for the cytosensor
was lower than 620 cells mL�1

for an electrochemical cytosen-
sor for BGC cells,[30] 5.0 �
102 cells mL�1 for an electro-
chemical cytosensor for Hela
cells,[31] 5.0 � 103 cells mL�1 for
an impedance sensor for HL-60
cells,[32] and 750 cells ml�1 for
a quartz crystal microbalance
biosensor for the detection of
Escherichia coli.[33] The pro-
posed cytosensor exhibited
a wide linear range and ex-
tremely low detection limit for
cancer cells, perhaps because
the GR–CdS nanocomposites
had excellent conductivity to
greatly accelerate the electron-
transfer and improve the photo-
current. Besides, FA showed
great cell-capture ability to-
wards Hela cells, owing to the
specific reaction between FA

Figure 6. Images of Hela cells captured by the FA/PEI/GR–CdS film on ITO, incubated for 1 h A) before and
B) after staining with CAM; C) effect of different concentrations of Hela cells on the differential photocurrent
(~i= i0�i) responses (i0 and i are the photocurrents of the FA/PEI/GR–CdS/ITO electrode before and after
incubation in Hela cell solution for 1 h, respectively); D) calibration curve of the photocurrent versus
log [cell] .
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and FR. Finally, the modified PEI and FA films greatly de-
creased the cytotoxicity of GR–CdS composites, thus result-
ing in the capture and detection of living cells. All of these
advantages greatly improved the sensitivity of the cytosen-
sor. Thus, this strategy could afford a simple and applicable
way for cancer-cell quantification with acceptable sensitivity,
and satisfactory stability and reproducibility.

Conclusion

GR–CdS nanocomposites with enhanced optoelectronic
properties were synthesized from a one-step, aqueous reac-
tion. GO was simultaneously reduced to GR during the dep-
osition of CdS. This synthetic approach was simple and fast,
and it may be extended to the synthesis of other GR–metal-
sulfide composites. The as-prepared GR–CdS nanocompo-
site films inherited the excellent electron-transport proper-
ties of GR. In addition, the heteronanostructure of the GR–
CdS nanocomposites facilitated the spatial separation of the
charge carriers, thus resulting in enhanced photocurrent in-
tensity, which makes it a promising candidate for photoelec-
trochemical biosensors. This strategy was used for the fabri-
cation of an advanced photoelectrochemical cytosensor,
based on such GR–CdS nanocomposites, by using a layer-
by-layer assembly process. The cytosensor showed a good
photoelectronic effect and cell-capture ability, and had
a wide linear range and low detection limit for Hela cells.
GR–CdS nanocomposites with obviously enhanced photo-
voltaic properties are an efficient candidate material for the
fabrication of other high-performance photovoltaic devices.

Experimental Section

Synthesis of GR–CdS nanocomposites : Graphite powder (KS-10) was
purchased from Sigma. Graphite oxide (GO) was prepared from graphite
powder according to a modified Hummers method[34] and then dispersed
in water by ultrasonication for 2 h to yield a yellow-brown dispersion, fol-
lowed by centrifugation at 3000 rpm for 20 min to remove any unexfoliat-
ed GO. The resultant homogeneous yellow-brown GO dispersion was
stable for several months. To prepare the GR–CdS nanocomposites, PVP
(0.2 g, K-30, Sinopharm Chemical Reagent Co. Ltd., Shanghai, China)
and the GO dispersion (250 mL, 0.4 mg mL�1) were dispersed in doubly-
distilled water (40 mL). After vigorous stirring, CdCl2·2.5H2O (0.114 g,
99%, Shanghai Jinshanting New Chemical Reagent Co. Ltd., China) and
TAA (0.1 g, Shanghai Lingfeng Chemical Reagent Co. Ltd., China) were
added. The obtained solution was heated at 80 8C for 2 h under vigorous
stirring. Finally, the product was centrifuged at 9000 rpm, and dried in
a vacuum drier. As a control experiment, the free GR and CdS nanopar-
ticles were also synthesized under the same reaction conditions without
the addition of CdCl2·2.5H2O or GO, respectively.

Cell-line and culture : The Hela cells, which were obtained from a human
epithelial carcinoma cell-line, were cultured in a flask in an RPMI 1640
medium (Gibco, Grand Island, NY) that was supplemented with 10%
fetal calf serum (FCS, Sigma), penicillin (100 mgmL�1), and streptomycin
(100 mg mL�1) in an incubator (5 % CO2, 37 8C). During the logarithmic
growth phase, the cells were trypsinized and washed twice with sterile
phosphate buffer saline (PBS, pH 7.4, containing 137 mm NaCl, 2.7 mm

KCl, 87 mm Na2HPO4, and 14 mm KH2PO4) followed by centrifugation at
1000 rpm for 10 min. The sediment was then resuspended in PBS (0. 1m,

pH 7.4, containing 1 mm Ca2+ and 1 mm Mn2+) to obtain a homogeneous
suspension. The cell number was determined by using a Petroff–Hausser
cell counter.

Preparation of the cytosensor and cell-capture : Indium-tin-oxide slices
(ITO, sheet resistance: 20 W/square) were boiled in 2m NaOH solution
after successive sonication in acetone, alcohol, and deionized water for
15 min. Then, the ITO electrodes were rinsed with deionized water and
allowed to dry at RT. As shown in Scheme 2, the solution with GR–CdS
nanocomposites (25 mL, 0.2 mg mL�1) was dropped onto the pretreated
ITO sheet (0.5 cm � 0.5 cm) and dried at RT. The coated electrode was
then immersed in a 1 % PEI solution (20 K, 50 wt %, Sigma–Aldrich)
overnight. Afterwards, the electrode was dipped in a solution of FA
(5 mg mL�1, �97%, Sigma–Aldrich) that had been activated with
1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide (EDC, 10 mg mL�1,
Sigma–Aldrich) and N-hydroxysuccinimide (NHS, 5 mg mL�1, Sigma–Al-
drich) for 1 h. The modified electrode was kept in an FA solution at 4 8C
overnight. Following rinsing with PBS (0.01 m, pH 7.4, containing 137 mm

NaCl, 2.7 mm KCl, 87 mm Na2HPO4, and 14 mm KH2PO4), the FA/PEI/
GR–CdS/ITO electrode was immersed into BSA (1 %, w/v, Sigma–Al-
drich) for 1 h at RT to block the nonspecific binding sites, and washed
carefully with PBS. Next, the FA/PEI/GR–CdS/ITO electrode was
dipped into a suspension of Hela cells (300 mL) at a certain concentration
and incubated at 37 8C for 1 h. After carefully rinsing with PBS to
remove the non-captured cells, the obtained Hela/FA/PEI/GR–CdS/ITO
electrode was used for subsequent assays.

Apparatus : SEM images were obtained with a Hitachi S4800 scanning
electron microscope. High-resolution TEM (HRTEM) images were mea-
sured on a JEOL 2100 transmission electron microscope with an acceler-
ating voltage of 200 kV. The specimens were prepared by placing two
drops of the solution of dispersed nanoparticles onto a carbon-film-
coated copper grid (400 mesh) and then drying at RT. Wide-angle
powder X-ray diffraction (XRD) patterns were obtained with a Philips
X’pert Pro X-ray diffractometer (CuKa radiation, l= 0.15418 nm). FTIR
spectra was performed on a Bruker Vector 22 spectrometer in the fre-
quency range 4000–500 cm�1. UV/Vis spectra were recorded on a Shimad-
zu UV-3600 UV/Vis spectrophotometer. Electrochemical impedance
spectroscopy (EIS) was performed by using a three-electrode system on
an Autolab PGSTAT-30 potentiostat/galvanostat (Eco Chemie BV, The
Netherlands) in a [Fe(CN)6]

3�/[Fe(CN)6]
4� (1:1, 10 mm) mixture with KCl

(1.0 m) as the supporting electrolyte, by using an alternating current volt-
age of 5.0 mV, over the frequency range 0.01 Hz–100 kHz. The fabricated
ITO electrode served as the working electrode, and a platinum wire elec-
trode and a saturated calomel electrode (SCE) worked as a counter elec-
trode and a reference electrode, respectively. Photoelectrochemical meas-
urements were performed with a home-built photoelectrochemical
system. A 500 W Xe lamp equipped with a monochromator was used as
the irradiation source to produce the monochromatic light. The photocur-
rent intensity was recorded on a CHI 660D electrochemical workstation
(Shanghai Chenhua Apparatus Corporation, China) with a three-elec-
trode system. In this system, the modified-ITO electrode (0.5 cm �
0.5 cm) was used as the working electrode, a platinum wire was used as
the counter electrode, and a Ag/AgCl electrode was used as the refer-
ence electrode. All of the photocurrent measurements were carried out
in PBS (0.1 m, pH 7.4) containing AA (0.1 m, Sinopharm Chemical Re-
agent Co., Ltd, China), which was deaerated by highly pure nitrogen for
15 min before experiments and then kept in a N2 atmosphere for the
entire experimental process. The applied potential was �0.2 V (versus
Ag/AgCl) and the light wavelength was 470 nm.
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