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Introduction

Photoelectrochemical immunosensing is a newly emerged
and promising analytical method for rapid and high-
throughput biological assays.[1] Benefitting from two sepa-
rate forms of signals for excitation and detection, a photo-
electrochemical immunosensor possesses the advantages of
both sensitivity of photoelectrochemistry and high selectivity
of a immunoassay.[2–4] Besides, a photoelectrochemical in-
strument is simple, cheap, and readily miniaturized. Among
the usually used photoelectrochemically active materials,
semiconductor nanoparticles (NPs) such as CdS,[1,5–8]

CdSe,[3,9] TiO2,
[2,4,10–13] ZnO,[14, 15] SnO2,

[16] and CdTe[17] have
attracted much attention in the fabrication of sensors. De-
spite of the unique size- and shape-dependent optic and
electronic properties of semiconductor NPs, the low photo-
to-current conversion efficiency is still a big challenge.
Therefore, it is essential to improve the photocurrent re-
sponse efficiency of semiconductor NPs.

To improve the conductivity of semiconductor NPs and to
reduce the recombination of electron–hole pairs, several ap-
proaches have been developed for the enhancement of the
photocurrent intensity. Owing to the outstanding electron-
transfer and acceptor feature of carbon-based nanomateri-
als, for instance, C60

[18, 19] and carbon nanotubes,[20,21] empha-
sis is placed on graphene in particular. It is well known that
as a one-atom-thick layer of carbon, graphene has excellent
electrical, mechanical, and structural properties.[22] Thus, it is
readily to be incorporated into semiconductor NPs to cap-
ture and facilitate instant charge transport from excited
semiconductor NPs to the electrode, and speed up electron
collection to lead to the enhanced photoelectrochemical per-
formance eventually.[3,23, 24] In addition, quantum dots[12, 15]

(QDs) as light-harvesting media to sensitize wide band gap
semiconductors (e.g., TiO2 or ZnO) not only eliminate the
destructive effect of UV light[10, 12] and the strong oxidation
ability of the photogenerated holes, but also greatly enhance
the separation of photogenerated electron–hole pairs
through suitable energy levels. However, narrow and low-ACHTUNGTRENNUNGeffective light absorption of QDs limit their use as light-har-
vesting assemblies or sensitizers in photovoltaic conversion.
In this extent, dyes,[11] such as porphyrin[14] and phthalocya-
nine (Pc), are appealing alternatives as light-harvesting
units, especially in organic planar heterojunction solar cells
due to their intense absorption in the 600–800 nm region of
the solar spectrum.[25] Pc belongs to a family of aromatic
macrocycles based on delocalized 18 p-electron systems
with the most thermally stable organic structure and good
electron transfer properties. Furthermore, other attractive
properties of Pc, like resistance to chemical attack, good
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electrical property, catalytic activity, and low cost of manu-
facture, make Pc a suitable photosensitizer candidate for in-
tegration in low-cost light energy conversion system.[25]

So far, the photoelectrochemical biosensors only involve
one or two photoactive components, which undergo their
own limitations. To this end, an intelligent strategy is to con-
struct multiple electron transfer system composed of a pho-
tosensitizer, semiconductor NPs, and an electron-accepting
medium without impairing the respective donor–acceptor
components. Herein, we developed a fascinating photoelec-
trochemical immunosensor by using Pc-sensitized graphene–
CdS (G–CdS) nanocomposites, which exhibited remarkably
high photocurrent generation. This hierarchical electron
transfer cascade system achieves the ultimate purposes of
broad absorption of solar light, reduced recombination of
photogenerated electron–hole pairs, and high-speed transfer
of the excited electrons to the electrode. CdS NPs were in
situ deposited onto simultaneously reduced graphite oxide
(GO), which was noncovalently functionalized by sodium 1-
pyrene sulfonate through p–p stacking interaction. Subse-
quently, cobalt 2,9,16,23-tetraaminophthalocyanine
(CoTAPc) was self-assembled on the G–CdS nanocompo-
sites through electrostatic interactions, and presented as a
photoelectrochemical biosensor for the quantitative detec-
tion of the prostate-specific antigen (PSA). As a biomarker,
early and accurate detection of PSA is crucial for the diag-
nosis, prognosis, and treatment of prostate cancer. Previous-
ly developed strategies for the detection of PSA include
electrochemical methods,[26] fluorescence,[27] piezoelectric
techniques,[28] surface plasmon resonance (SPR),[29] and sur-
face-enhanced Raman scattering (SERS).[30] In spite of dis-
tinct advantages, each strategy also suffers from its own limi-
tations. For this reason, this work, by using triple compo-
nents to form a novel photoelectrochemical biosensor,
opens a new perspective for an accurate, sensitive, and low-
cost detection of PSA and other cancer biomarkers.

Results and Discussion

Preparation and photoelectrochemical property of G–CdS
nanocomposites : The flexible one-atom-thin 2D feature and
the superior electrical conductivity of graphene make it a
fascinating electron-transport matrix to be incorporated into
semiconductor NPs, which leads to an enhanced photocur-
rent intensity.[23, 24] However, graphene a single-layer sheet is
not stable in aqueous solution and tends to aggregate gradu-
ally. Thus, compared to the traditional mechanical and
vacuum-based preparation methods, GO as the starting ma-
terial to produce graphene–NP composites[23, 24] has turned
out to be an efficient, low-cost, and mass production proc-
ess. Besides, abundant electronegative oxygen-containing
groups on GO sheets allow the expedient synthesis of hy-
brids, wherein the NPs were attached onto GO in aqueous
solution, and when GO was reduced, graphene–NP compo-
sites were simultaneously obtained. The anchoring sites on
the surface of GO for NPs usually locate on its edges, which
results in the insufficient or uneven decoration of gra-
phene.[31] Therefore, in order to obtain an uniform disper-
sion of the NPs on the graphene sheets, sodium 1-pyrene
sulfonate was introduced into the preparation process of G–
CdS nanocomposites. The synthetic strategy for the G–CdS
nanocomposites was proposed and is shown in Scheme 1.
Briefly, a solution of GO was mixed with certain amount of
sodium 1-pyrene sulfonate under ultrasonication to ensure
the absorbance of the aromatic pyrene units onto the GO
sheets through strong p–p stacking interaction. This made
the negative charges distribute evenly on the entire GO sur-
face. Subsequently, Cd2+ ions were absorbed on the nega-
tively charged GO sheets through electrostatic interaction.
After addition of TAA to the preparation solution, TAA
slowly released S2� ions to react with the Cd2+ ions, and also
played a role of reducing agent, leading to in situ growth of
CdS NPs on simultaneously reduced GO sheets uniformly.
As shown in Figure 1 a, CdS NPs tend to deposit on the
edge of a graphene sheet without sodium 1-pyrene sulfo-
nate. However, with an increased amount of sodium 1-
pyrene sulfonate in the solution, the negative charges in-

Scheme 1. Synthetic process for the formation of graphene–CdS (G–CdS) nanocomposites. TAA = thioacetamide.
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crease among the GO surface. Hence, more Cd2+ ions could
absorb on noncovalently functionalized GO sheets, which
resulted in an increased loading of CdS NPs on graphene
sheets. Therefore, the loading of CdS NPs increased along
with the concentration of sodium 1-pyrene sulfonate and
dispersed more uniformly (Figures 1 a–d). Unfortunately,
further increasing the amount of sodium 1-pyrene sulfonate
brought about the agglomeration of CdS NPs as shown in
Figures 1 e and f.

It is of great interest to point out that an ultrafast elec-
tron-transfer process from the excited CdS NPs to the gra-
phene matrix has been observed under illumination and that
the photocurrent generation capability of G–CdS nanocom-
posites varies with the different loadings of CdS NPs.[24] As
clearly shown in Figure 2, the photocurrent first increases
along with the increasing loading of CdS NPs, and then de-
creases dramatically. The photoresponse of the G–CdS
nanocomposites with different CdS loadings was in good
agreement with the SEM observation. The higher loading
and uniform distribution of the CdS NPs on the graphene
sheets resulted in a better photocurrent response. Because
the small aromatic pyrene favors the electron transfer from
the conduction band (CB) of the CdS NPs into the graphene
nanosheets, the significantly enhanced photoresponse could
be contributed to fast charge-transfer and accepting feature
of graphene owing to its excellent electronic conductivity.
However, an excessive amount of CdS NPs on the graphene
sheets blocked the photogenerated electron-transfer path-

ways, which severely hindered the photocurrent intensity.
Therefore, a concentration of 1 mm of sodium 1-pyrene sul-
fonate was chosen to produce the optimal loading of CdS
NPs attached on both sides of graphene sheets, which led to
G–CdS nanocomposites with excellent light energy conver-
sion efficiency.

Characterization of G–CdS nanocomposites : X-ray diffrac-
tion (XRD) measurements were performed to investigate
the phase and structure of GO and the G–CdS nanocompo-
sites. As can be seen from Figure 3 a, GO exhibits a charac-
teristic diffraction peak at 2q= 10.68 corresponding to an in-
terlayer d spacing of 0.849 nm, which attributes to the ex-
pansion of 0.335 nm spacing between typical graphene
sheets by introducing oxygen-containing functional
groups.[32] The diffraction peak at around 428 is associated
with the (100) plane of the hexagonal structure of carbon.
In contrast to the XRD pattern of GO, the G–CdS nano-
composites show three main peaks at the scattering angles
24.8, 26.5, and 28.28, which are ascribed to the (100), (002),
and (101) crystal planes of CdS NPs, respectively. Moreover,
the other four diffraction peaks at 2q= 36.6, 43.7, 47.9, and
51.98 corresponding to the characteristic (102), (110), (103),
and (112) crystalline planes of CdS NPs further confirm that
the CdS NPs on the graphene sheet are of hexagonal struc-
ture (JCPDS 06-0314). These results demonstrated the
single-crystal quality of the CdS NPs on the graphene sheet,
which made the diffraction peaks of the CdS NPs sharp and
well identified.

FTIR spectroscopy was used to indicate the deoxygena-
tion degree of the G–CdS nanocomposites (Figure 3 b). The
representative FTIR peaks of oxygen-containing functional
groups of GO,[23] including the peaks of C�O stretching vi-
brations (ñ=1058 cm�1), C�OH stretching vibrations (ñ=

1227 cm�1), O�H groups stretching (ñ= 1391 cm�1), and C=

O stretching of carboxylic acid and carbonyl moieties (ñ=

1736 cm�1), were almost absent in the FTIR spectrum of G–
CdS nanocomposites. This could imply that these oxygen-
containing functional groups were reduced during the prepa-
ration process by TAA. The band at around ñ=3400 cm�1

could be assigned to the O�H stretching mode of intercalat-

Figure 1. Scanning electron microscopy (SEM) images of G–CdS nano-
composites prepared with different initial concentrations of sodium 1-
pyrene sulfonate: a) 0, b) 0.25, c) 0.5, d) 1, e) 2, and f) 5 mm. Scale bars =

200 nm.

Figure 2. Photocurrent responses of G–CdS nanocomposites obtained
with different initial concentrations of sodium 1-pyrene sulfonate.
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ed water. Moreover, the peak at ñ=1624 cm�1 arising from
C=C skeletal vibrations of unoxidized graphitic domains
pointed out that parts of the sp2 hybridization of the carbon
atoms in the GO sheets were still remained, which facilitat-
ed the effective absorption of sodium 1-pyrene sulfonate on
the GO sheets. Thus, GO as a precursor of graphene is an
effective and low-cost choice. Compared to GO, a new ad-
sorption band at ñ= 1168 cm�1 attributed to sulfuric acid ap-
peared in the FTIR spectrum of G–CdS nanocomposites,
confirming that sodium 1-pyrene sulfonate was strongly at-
tached on the G–CdS nanocomposites through p–p stacking
interaction. This brought about a convenience to its further
usage for building-up photoelectrochemical immunosensor

by introducing appropriate negative charges on the G–CdS
nanocomposites to attract positively charged CoTAPc.

To further investigate the nature of the G–CdS nanocom-
posites, X-ray photoelectron spectroscopy (XPS) was em-
ployed to confirm the elemental compositions and reduction
extent of graphene from the starting material GO. The C1s

peak for sp2-hybridized carbon atoms usually appears near
284.5 eV for pure graphite powder, and its intensity is signif-
icantly reduced after oxidation. The addition peak of GO
shown in Figure 3 c could be identified as hydroxyl, epoxide
and carboxyl groups, which indicated that graphite was fully
oxidized into GO by introducing these oxygenated function-
al groups. After the formation of G–CdS nanocomposites,
the carbon–carbon skeleton was re-established and the in-
tensity of an additional peak of oxygen-containing function-
al groups was substantially reduced as shown in Figure 3 c.
This demonstrated that TAA employed as the precursor of
sulfur and as reducing agent for GO was quite efficient and
may broaden its applications in preparation of other gra-
phene–sulfide nanocomposites. Figure S1 in the Supporting
Information revealed the presence of carbon, oxygen, cad-
mium, and sulfur atoms arising from sodium 1-pyrene sulfo-
nate, further suggesting the formation of G–CdS nanocom-
posites.

G–CdS/CoTAPc films for immunosensing : In order to fabri-
cate photoelectrochemical immunosensor with optimal pho-
tovoltaic response, G–CdS nanocomposites with negative
charges (zeta potential, �16.5 mV) were drop casted onto
an indium tin oxide (ITO) electrode, and then immersed in
a 0.1 mm solution of CoTAPc in DMF with different pH
values. By varying the pH value of the solution of CoTAPc
in DMF with concentrated HCl, the photoelectrochemical
properties of the ITO/G–CdS/CoTAPc electrode could be
tuned. As shown in Figure 4 a, the photoinduced charge
transfer between the donor (CoTAPc) and the accepter (G–
CdS) first increased substantially with a decreasing pH
value from 11 to 5, and then decreased slightly. Such an en-
hanced photoelectochemical activity could be ascribed to
the fact that CoTAPc behaved effectively as light harvester,
resulting in a higher photoresponse of the ITO/G–CdS/
CoTAPc electrode than that of the ITO/G–CdS electrode.
To better understand the tremendous photosensitizing dif-
ferences of CoTAPc, the UV/Vis absorbance spectra of a
0.1 mm solution of CoTAPc with different pH values were
measured. Figure 4 b shows that a solution of CoTAPc with-
out HCl (pH 11) has a typical B band at l=320 nm and a Q
band at l=710 nm. Besides, the shoulder peak at around
l=635 nm is an evidence of nitro groups being reduced to
amino groups.[33] Due to the decreasing organic p-conjugat-
ed system,[34] all peaks appeared blue shifted with a lower
pH value. The weak T peak between l=400 and 500 nm dis-
appeared immediately after one drop of concentrated HCl
was added into the CoTAPc solution.[34] This indicated that
the T peak was caused by the electron transfer from elec-
tron-rich amino groups to the center Co2+ ion through the
Pc ring, owing to the fact that the amino groups were trans-

Figure 3. a) X-ray diffraction patterns, b) FTIR transmittance spectra,
and c) X-ray photoelectron spectra of the high-resolution C1s peaks of
graphite oxide and G–CdS nanocomposites.
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formed from electron-donating groups (�NH2) to electron-
withdrawing groups (�NH3

+). A lower pH value of the solu-
tion of CoTAPc led to more positively charged amino
groups, causing much more effective absorption of CoTAPc
on the ITO/G–CdS electrode and hence increased photocur-
rent intensity. However, further decreasing the pH value of
the solution of CoTAPc severely reduced the organic p con-
jugation, which might affect the electronic excitation and
cause a slightly decreased photocurrent. Thus, the pH value
of the solution of CoTAPc in DMF considerably affects the
photoelectrochemical performance of the G–CdS/CoTAPc
film and could be tuned to obtain the optimal photocurrent
response. In this study, pH 5 was chosen to fabricate the

ITO/G–CdS/CoTAPc immunosensor. The immersion time
of the ITO/G–CdS electrode in the CoTAPc solution (pH 5)
is another important factor to influence the absorption of
CoTAPc on the ITO/G–CdS electrode, which affects the
photoelectrochemical performance of the immunosensor. As
shown in Figure 4 c, with the increasing immersion time, the
photocurrent is enhanced greatly from 1 to 3 h and then
trends to increase slowly. More absorption of CoTAPc on
the ITO/G–CdS electrode led to abundant absorption of
light, which gave rise to an enhanced photocurrent response.
Therefore, 3 h were selected as the optimum time for con-
structing the immunosensor considering the practical effect.

The photocurrent generation mechanism of the ITO/G–
CdS/CoTAPc electrode is shown in Scheme 2. An effective
matching of energy level was established between the lowest
unoccupied molecular orbital of CoTAPc and the conduc-
tion band of the CdS NPs. Therefore, the strongly attached
CoTAPc on the ITO/G–CdS electrode was illuminated
under light, allowing fast electron injection from the excited
CoTAPc into the conduction band of the CdS NPs, and then
graphene further facilitated the electron transfer to the ITO
electrode, resulting in the enhanced photocurrent genera-
tion. Ascorbic acid (AA) was employed as an efficient and
nontoxic electron donor in a mild solution medium.[1] It
scavenged the photogenerated holes of CoTAPc thus hin-
dered electron–hole recombination processes, which largely
increased the photovoltaic efficiency. In addition, the ap-
plied potential is another important parameter relevant to
the photocurrent response. As shown in Figure 5 a, a signifi-
cant increase of the photocurrent is observed at potentials
from 0 to �0.4 V, and then leveled off to a steady-state
value. This indicates that the photogenerated electrons are
effectively driven to the counter electrode by the negative
potential,[4] which benefits for charge separation. Therefore,
�0.4 V was selected as the applied potential for the photo-
electrochemical immunosensor. Figure 5 b shows the stabili-
ty of the photocurrent response of the ITO/G–CdS/CoTAPc
electrode, which was recorded as the light was turned on
and off every ten seconds. As the light source was turned
on, the ITO/G–CdS/CoTAPc electrode reached a steady-
state current within 1 s, and the system immediately re-
turned to its initial state after the light source was turned
off. The photocurrent was fairly reversible and very stable
over 400 seconds without any noticeable decrease. Even
after the ITO/G–CdS/CoTAPc electrode was stored at room
temperature for four weeks, the photocurrent intensity did
not show any changes. The results demonstrated that the
chemical and photophysical properties of the G–CdS/
CoTAPc films possessed high stability, which indicated that
the film was quite suitable for the construction of a photo-
electrochemical biosensor.

Construction of the photoelectrochemical immunosensor :
As an effective and convenient tool for the characterization
of the interface properties of electrodes, electrochemical im-
pedance spectroscopy (EIS) was used to monitor the fabri-
cation process of the immunosensor.[1] Figure 6 A shows the

Figure 4. a) Photocurrent responses of the G–CdS/CoTAPc film prepared
in a 0.1 mm solution of CoTAPc at varied pH values adjusted by concen-
trated HCl and b) the corresponding UV/Vis absorption spectra of
CoTAPc in DMF. c) Time effect of the ITO/G–CdS electrode immersed
in a CoTAPc solution (pH 5) on the photocurrent responses of a G–CdS/
CoTAPc film.
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Nyquist plots of different modified electrodes by using
K3[Fe(CN)6]/K4[Fe(CN)6] as a redox probe. The electron-
transfer resistance (Ret) equals with the semicircle diameter,

which reflects the restricted dif-
fusion of the redox probe
through the multilayer films.
Compared with the bare ITO
electrode (Figure 6 A, curve a),
the impedance spectrum of the
ITO/G–CdS electrode (Fig-
ure 6 A, curve b) exhibits a
bigger semicircle, indicating
that the compact film hindered
the access of the redox probe to
the electrode surface. Subse-
quently, CoTAPc was absorbed
on G–CdS films through elec-
trostatic interactions, and then
the Ret increased again (Fig-
ure 6 A, curve c). After being
modified with CS, covalently
immobilized with the anti-PSA
antibody through a glutaralde-
hyde bridge, blocked with
bovine serum albumin (BSA),
and subsequently immobilized
with 10 ngmL�1 of PSA, the Ret

increased gradually as the ex-
periment proceeds (Figure 6 A,

curves d–g), turning out the successful construction of the
photoelectrochemical immunosensor. The reason for the in-
creased resistance is that the nonconductive property of the
proteins acts as an inert layer to obstruct electron transfer
from the redox probe to the electrode surface.[1] The immu-
nosensor fabrication could also be monitored by corre-
sponding photocurrent. As shown in Figure 6 B, the photo-
current increased significantly (Figure 6 B, curves a and b)
when the G–CdS nanocomposites was drop casted onto the
ITO electrode. It further increased almost up to two times
after the absorption of CoTAPc (Figure 6 B, curve c), indi-
cating that CoTAPc as an excellent photosensitizer could
greatly enhance the photoresponse of G–CdS nanocompo-
sites. After stepwise fabrication of CS, anti-PSA antibodies,
BSA, and PSA, the photocurrent decreased correspondingly
(Figure 6 B, curves d–g). Owing to the enhanced steric hin-
drance that the immobilized proteins generated, these insu-
lating layers severely hindered the diffusion of AA to the
surface of CoTAPc for efficient scavenging of photogenerat-
ed holes. This result illustrated that the buildup of an insu-
lating layer could greatly alter the interfacial electron-trans-
fer feature, and consequently influenced the photocurrent
generation, suggesting that a label-free photoelectrochemi-
cal immunosensor for quantitative detection of PSA was
successfully fabricated.

Optimization of the experimental conditions : In the fabrica-
tion of the immunoassay, the incubation temperature and
the incubation time for the antigen–antibody interaction
greatly influence the sensitivity. To this end, the effect of the
incubation temperature on the photocurrent responses for

Scheme 2. Schematic diagram of the stepwise immunosensor fabrication process, the corresponding energy
level diagram, and the possible charge-transfer mechanism. CS= chitosan solution, Ab =antibody, Ag=anti-
gen, VB =valence band.

Figure 5. a) Influence of the applied potential and b) time-based photo-
electrochemical responses of the ITO/G–CdS/CoTAPc electrode meas-
ured in 0.1 m phosphate-buffered saline (PBS, pH 7.4) containing 0.1m

AA.
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10 ngmL�1 of PSA was determined in the range from 20 to
50 8C (Figure S2a in the Supporting Information). The pho-
tocurrent responses first decreased with an increasing tem-
perature up to 37 8C, and then increased, which might be at-
tributed to the denaturation of proteins at higher tempera-
ture. Additionally, a temperature below 37 8C could reduce
the immunoreaction rate, thus lengthening the incubation
time. Consequently, 37 8C were selected as the optimal incu-
bation temperature for the immunoassay in this study. At
the optimized temperature, the photocurrent response de-
creased along with the incubation time and reached a pla-
teau at 40 min (Figure S2b in the Supporting Information),
and did not show obvious changes at a longer time. Thus,
subsequent experiments employed 40 min as the optimum
time for all the incubation steps of the immunoassay.

Detection of PSA : Because the decrease in the photocur-
rent intensity was directly related to the increased concen-
tration of PSA, a sensitive label-free PSA biosensor could
be fabricated by tracking the photocurrents to monitor the
immunoreaction extent of anti-PSA antibody and PSA. Fig-

ure 6 C displays the relationship
between the decreased photo-
current intensity and the varia-
ble concentration of PSA,
whereas Figure 6 D shows the
derived calibration curve corre-
spondingly. The photocurrent
decrements are proportional to
the logarithmic value of the
PSA concentrations ranging
from 1 pgmL�1 to 5 mg mL�1,
and the correlation coefficient
is 0.9997. The detection limit
for the PSA concentration is
0.63 pgmL�1, which is much
lower than those of previous
methods such as electrochemi-
cal (4 pg mL�1),[26] fluorescence
(7.0 pgmL�1),[27] piezoelectric
(1.5 ngmL�1),[28] SPR
(10.2 ngmL�1),[29] or SERS
(1 pgmL�1)[30] immunosensors.
The results showed that the im-
munosensor developed in this
study possesses a largely in-
creased linear range and a rela-
tively low detection of limit,
suggesting that the immunoas-
say owned the sensitivity of
photoelectrochemistry and the
specificity of the immunoreac-
tion. Thus, by virtue of these
two techniques, this novel pho-
toactive superstructure of the
G–CdS/CoTAPc film is very
promising in other similar bio-
detections.

Reproducibility, specificity, stability, and application in real
sample : The reproducibility and precision of an assay are
usually evaluated by within-batch (intra-assay) and a be-
tween-batch (inter-assay) relative standard deviation (RSD).
Analyzed from the experimental results, the intra-assay
RSD were 2.17, 4.46, and 0.47 % at 5 and 10 pgmL�1 as well
as 5 mg mL�1, respectively, whereas the inter-assay RSD of
0.55, 1, and 4.03 % were obtained by measuring the same
samples with five electrodes prepared independently at the
identical experimental conditions. These results suggested
an acceptable reproducibility and precision of the proposed
protocol.

Specificity is an essential criterion for an immunoassay
because nonspecific adsorption is a major problem in label-
free immunosensing. To confirm that the as-observed photo-
current changes arise from specific binding between anti-
PSA antibody and PSA, controlled experiments were per-
formed. The photocurrent decrement of the BSA-modified
photoelectrode to a-fetoprotein (AFP), carcinoembryonic

Figure 6. Nyquist diagrams of EIS (A) recorded from 0.01–100 kHz in a 0.1 m solution of KCl containing a
5 mm K3[Fe(CN)6]/K4[Fe(CN)6] mixture as redox probe, and the corresponding photocurrent response (B) of a
bare ITO electrode (a), the ITO/G–CdS electrode (b), the ITO/G–CdS/CoTAPc electrode (c), the ITO/G–
CdS/CoTAPc/CS electrode (d), the ITO/G–CdS/CoTAPc/CS/anti-PSA antibody electrode (e), the ITO/G–
CdS/CoTAPc/CS/anti-PSA antibody/BSA electrode (f), and the ITO/G–CdS/CoTAPc/CS/anti-PSA antibody/
BSA/PSA electrode (g). C) Effect of the PSA concentrations on the differential photocurrent responses. I0

and I are the photocurrents of the ITO/G–CdS/CoTAPc/CS/anti-PSA antibody/BSA electrode before and
after incubated with different concentrations of PSA from 1 pg mL�1 to 5 mg mL�1. D) The corresponding cali-
bration curve of the photocurrent decrement after incubation with varied PSA concentrations. The insert re-
gression equation is the linear relationship between the photocurrent decrement (I0�I) and the logarithmic
value of the PSA concentration; R represents the correlation coefficient. The photocurrent measurement was
carried out in 0.1m PBS (pH 7.4) containing 0.1 m AA under an applied potential of �0.4 V.

www.chemeurj.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2013, 19, 4496 – 45054502

J.-J. Zhu et al.

www.chemeurj.org


antigen (CEA), human IgG (HIgG), and interleukin-6 (IL-
6) at a concentration of 100 ngmL�1 that is ten-fold to PSA
are shown in Figure 7. As can be seen, the photocurrent

decrements from AFP, CEA, HIgG, and IL-6 were much
lower than that of PSA, demonstrating that the photocur-
rent reduction was mainly caused by a specific antibody–an-
tigen immunoreaction. The specificity of the proposed im-
munoassay was also evaluated by measuring the photocur-
rent decrement of a mixed sample composed of 10 ng mL�1

PSA and 100 ng mL�1 of AFP, CEA, HIgG, and IL-6, re-
spectively. No significant change of photocurrent difference
could be observed as compared to the result obtained in the
presence of 10 ngmL�1 PSA only. All these results revealed
that the proposed immunosensor had an acceptable selectiv-
ity without apparent interference from nonspecific adsorp-
tion.

The long-term stability of the immunoassay was also in-
vestigated. After the anti-PSA-antibody-modified electrode
was stored at 4 8C in darkness with a moist environment
over two weeks, no obvious change was observed in the de-
tection of 10 ngmL�1 PSA, which indicates its good long-
term storage stability.

In clinical diagnosis of prostate cancer, a concentration of
total PSA (tPSA) above 10 ngmL�1 is regarded as positive
and indicates high probability of prostate cancer; below
4.0 ngmL�1 it is considered as the opposite case; between
4.0 and 10 ngmL�1 is the so-called “gray zone”. Therefore,
several real samples from three healthy males and three pa-
tients were used to investigate the feasibility of the pro-
posed immunosensor for clinical application. These serum
samples were used either as received or diluted to specific
concentration with 10 mm PBS (pH 7.2). The proposed
method and the enzyme-linked immunosorbent assay
(ELISA) results for 0.0058, 0.058, 0.57, 1.26, 27.94, and
101.3 ng mL�1 of PSA were listed in Table 1. These two re-
sults were in good agreement, demonstrating that the devel-
oped immunosensor with high sensitivity, selectivity, and sta-

bility has a potential application in clinical diagnosis in
future.

Conclusion

In summary, CdS nanoparticles were uniformly decorated
on graphene sheets forming graphene–CdS nanocomposites
(G–CdS) with reversible and stable photoresponse. By intro-
duction of sodium 1-pyrene sulfonate (1 mm) in the synthet-
ic process, the negatively charged G–CdS nanocomposites
facilitated electrostatic adsorption of positively -charged
CoTAPc (pH 5). The resulting phthalocyanine-sensitized G–
CdS nanocomposites showed much higher and stable photo-
current intensity than that of G–CdS nanocomposites, which
made it a promising in photoelectrochemical biosensor
system without a sophisticated lock-in amplifier. In addition,
its feasibility to quantitative detection of prostate-specific
antigen was investigated by employing an ITO/G–CdS/
CoTAPc electrode as an enhanced photoelectrochemical im-
munosensing platform. A reproducible linear relationship
was observed between the photocurrent decrement and the
PSA concentration in the range of 1 pg mL�1 to 5 mg mL�1

with a detection limit of 0.63 pg mL�1. The sensor developed
in this study offers high selectivity, high current outputs, fast
response, easy and inexpensive fabrication, and simple use.
It is very attractive for practical application, and can be
readily used for sensing other important biorecognition
events.

Experimental Section

Chemicals and materials : CdCl2·2.5H2O was obtained from Shanghai Jin-
shan Tingxin Chemical Plant. Thioacetamide (TAA) was obtained from
Shanghai Lingfeng Chemical Reagent Co., Ltd (Shanghai, China). Ascor-
bic acid (AA) was obtained from Chinasun Specialty Products Co., Ltd.
Glutaraldehyde (GLD) (25 % aqueous solution) was purchased from Si-
nopharm Chemical Reagent Co., Ltd (Shanghai, China). Bovine serum
albumin (BSA) was purchased from Nanjing Bookman Biotechnology
Co. Ltd. (Nanjing, China). Mouse monoclonal antibody to total prostate-
specific antigen (tPSA) and prostate-specific antigen (PSA) were ob-
tained from Shanghai Linc-Bio Science Co. Ltd (Shanghai, China). All
other reagents were of analytical grade and used as received. All aqueous
solutions were prepared with deionized water (DI water, 18 MWcm�1),
which was obtained from a Milli-Q water purification system. Phosphate
buffer solution (PBS, pH 7.2, 10 mm) was used for the preparation of the
antibody and antigen solutions, washing buffer solution and blocking

Figure 7. Selectivity of the proposed immunoassay to 10 ng mL�1 of PSA
by comparing it to the interfering proteins at the 100 ng mL�1 level and
the mixed sample. I0 and I represent the photocurrents of the ITO/G–
CdS/CoTAPc/CS/anti-PSA antibody/BSA electrode incubated with dif-
ferent proteins before and after. The error bars showed the standard de-
viation of five replicate determinations.

Table 1. Assay results of real sera sample by using the ELISA and the
proposed methods.

Serum
sample

ELISA
[ng mL�1]

Proposed method
[ng mL�1]

Relative deviation
[%]

1 0.0058 0.0057 �1.7
2 0.058 0.056 �3.4
3 0.57 0.58 1.8
4 1.26 1.22 �3.2
5 27.94 28.28 1.2
6 101.3 105.2 3.8
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buffer solution, which contained 1% (w/v) BSA. GO,[35] sodium 1-pyrene
sulfonate,[36] and CoTAPc[37] were synthesized according to previously re-
ported literatures.

Synthesis of G–CdS nanocomposites : The synthetic strategy of G–CdS
nanocomposites is shown in Scheme 1. In a typical procedure, GO
(250 mL, 0.4 mg mL�1) and an aqueous solution of sodium 1-pyrene sulfo-
nate (30 mL) were mixed together, and ultrasonically treated for 30 min.
Then an aqueous solution of CdCl2·2.5 H2O (10 mL, 11.4 mg mL�1) was
added and continuing treated by ultrasonication for another 30 min. Fi-
nally, an aqueous solution of TAA (10 mL, 10 mg mL�1) was added and
kept at 80 8C for 2 h under constant stirring. In order to obtain the opti-
mal coverage of CdS NPs on graphene sheets, different concentrations of
sodium 1-pyrene sulfonate (0, 0.25, 0.5, 1, 2, and 5 mm) were used. The
G–CdS nanocomposites were finally separated by centrifugation at
9000 rpm for 10 min, washed with DI water for three times, and then dis-
persed in DI water (5 mL) for further use.

Immunosensor construction : The photoelectrochemical immunosensor
was fabricated on an ITO slice (type JH52, Beijing Zhongjingkeyi Tech-
nology Co., Ltd, Nanjing, China, ITO coating (30�5) nm, sheet resist-
ance �10 W square�1). Briefly, the ITO electrodes were sonicated in ace-
tone, NaOH (1 m) in an ethanol/water mixture (1:1, v/v), and water, re-
spectively, for 15 min each. The fabrication procedure of the immunosen-
sor is shown in Scheme 2. In a typical procedure, a solution of G–CdS
(25 mL) was drop casted on the ITO electrode and dried at room temper-
ature. Then the ITO/G–CdS electrode was immersed in a solution of
CoTAPc (0.1 mm) in DMF for 1–6 h with pH value adjusted to 3, 5, 7, or
9 by concentrated HCl. After drying at room temperature, a chitosan sol-
ution (CS, 0.075 wt %, 25 mL) dissolved in acetic acid (1 %) was coated on
the ITO/G–CdS/CoTAPc electrode and dried at 50 8C followed by wash-
ing with aqueous NaOH solution (1 m) and DI water, respectively. A sol-
ution of GLD (5 %, 25 mL) was drop casted on the electrode and left at
room temperature for 30 min, it was then rinsed with DI water thorough-
ly to remove physically adsorbed GLD. The PSA antibody (anti-PSA)
were introduced onto the ITO/G–CdS/CoTAPc/CS/GLD-activated elec-
trode by dropping antibody (Ab, 25 mL, 50 mgmL�1) dissolved in PBS
(pH 7.2, 10 mm), and allowed to incubate at 4 8C overnight. The as-pre-
pared antibody-modified electrode was rinsed with a washing buffer solu-
tion and then incubated with 25 mL of BSA (1 %) at 37 8C for 30 min to
block nonspecific binding sites. After being rinsed with washing buffer
solution, the electrode was used as a photoelectrochemical immunosen-
sor and incubated in PSA (Ag, 25 mL) solution with a variety of concen-
trations at 37 8C for 40 min. Finally the electrode was rinsed with washing
buffer solution and readily to be measured.

Serum specimens of PSA from three healthy persons and three patients
were provided by the Affiliated Drum Tower Hospital of Nanjing Uni-
versity, and measured by the same procedure applied for the above PSA
detection. The serum specimens of PSA from three healthy persons and
three patients were provided by the Affiliated Drum Tower Hospital of
Nanjing University and the informed, signed consent was obtained from
either the patient or next of kin.

Apparatus : Morphologies of the G–CdS nanocomposites were character-
ized by using a Hitachi S4800 scanning electron microscope. X-ray
powder diffraction (XRD) was carried out with a Philips X’pert Pro X-
ray diffractometer with CuKa radiation (l=0.15418 nm), and recorded for
2q angles between 5 and 708. Fourier transform infrared (FTIR) spectro-
scopy was performed by using a Bruker Vector 22 spectrometer. The
UV/Vis spectra were recorded by a Shimadzu UV-3600 UV-visible spec-
trophotometer. X-ray photoelectron spectroscopy (XPS) was performed
on an ESCALAB MK II X-ray photoelectron spectrometer. Electro-
chemical impedance spectroscopy (EIS) was performed on an Autolab
potentiostat/galvanostat (PGSTAT 30, Eco Chemie B.V., Utrecht, The
Netherlands) with a three-electrode system in KCl solution (0.1 m) con-
taining a K3[Fe(CN)6]/K4[Fe(CN)6] (5 mm, 1:1) mixture as redox probe,
and recorded at an open circuit potential of 192 mV with an amplitude of
5 mV over a frequency range of 0.01–100 kHz. Photoelectrochemical
measurements were carried out with a homemade photoelectrochemical
system. A 500 W Xe lamp was used as the irradiation source with the
light intensity about 400 mW cm�2 estimated with a radiometer (Photo-

electric Instrument Factory of Beijing Normal University). The photocur-
rent was measured on a CHI 660D electrochemical workstation (Shang-
hai Chenhua Apparatus Corporation, China) with a three-electrode
system, whereas the modified ITO electrode with an area of 0.25 cm2 was
used as the working electrode, a Pt wire and a saturated Ag/AgCl elec-
trode were used as the counter electrode and the reference electrode, re-
spectively. All photoelectrochemical detection was carried out at a con-
stant potential of �0.4 V (vs. a saturated Ag/AgCl electrode) in PBS
(pH 7.4, 0.1m) containing AA (0.1 m), which was deaerated by highly
pure nitrogen for 15 min prior to any measurements and then kept under
a N2 atmosphere for the entire experimental process.
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