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A B S T R A C T

An all-solid-state metal-mediated Z-scheme photoelectrochemical (PEC) immunoassay was designed for sensitive
detection of prostate-specific antigen (PSA) by using WO3-Au-CdS nanocomposite as photoactive material and
copper ion (Cu2+) as an inhibitor. The Z-scheme PEC system comprising of CdS nanoparticle (photosystem I; PS
I), WO3 nanorod (photosystem II; PS II) and gold nanoparticle (Au NP; solid electron mediator) was reasonably
established by a simple and green synthetic method. As an important part of Z-scheme system, the sandwiched
gold nanoparticles between electron donor materials and hole provider materials could accelerate electron
transfer from positive conduction band (CB) of WO3 to negative valence band (VB) of CdS, thus resulting in high-
efficient separation of the carriers. In the presence of target PSA, a sandwiched immunoreaction was executed
between capture antibody-coated microplate and CuO nanoparticle-labeled detection antibody. Thereafter, CuO
nano labels were dissolved into Cu2+ ions under acidic condition to decrease the photocurrent of Z-scheme WO3-
Au-CdS thanks to the formation of exciton trapping center of CuxS (x=1,2) on the surface. Under optimum
conditions, Z-scheme PEC immunoassay exhibited good photocurrents toward target PSA within a linear range of
0.01–50 ngmL−1 at a limit of detection of 1.8 pgmL−1. Moreover, the Z-scheme PEC immunoassay had high
selectivity and accuracy. Importantly, this method provides a new horizon for detection of disease-related
biomarkers with high sensitivity.

1. Introduction

With the growing demands on detection of the trace analytes, de-
veloping an advanced and highly selective method with future social
development is particularly significant. Photoelectrochemical (PEC)
sensing system, as a newly emerged yet useful analytical technique, has
promptly attracted great attention because to its superior performances,
such as higher sensitivity and lower background signal (Kong et al.,
2018; Tu et al., 2016; Zhao et al., 2017). In this regard, PEC strategies
have been widely utilized in many research fields such as biological
analysis and food safety monitoring (Wang et al., 2017a). During the
photon-to-electricity signal-conversion process, the electron-hole pairs
of the photoactive materials are initially separated, and the electron/
hole then transfers to the electrode interface under light irradiation
(Qiu et al., 2018; Zhao et al., 2015). The output photocurrent signal,
referring to the charge separation, is changed upon the introduction of

electron acceptor/donor via the biological reaction (Luo et al., 2018;
Sun et al., 2014; Zhao et al., 2014). To improve the detectable sensi-
tivity, the low electron-hole recombination is desired (Gao et al., 2018).
Despite many advances in this field, there is still the challenge to realize
low electron-hole recombination for the development of PEC sensing
schemes. To this end, it is the urgent requirement for exploiting in-
genious and efficient protocols and strategies to enhance the effective
separation of carriers, e.g., by using an artificial Z-scheme photoexcited
system mimicking the photosynthesis of the plants.

Naturally, plants can effectively achieve solar-to-chemical energy
conversion accompanying two sequential photoexcited charge-separa-
tion processes, followed by a Z-scheme principle (Kothe et al., 2013;
Wang et al., 2018). The chlorophylls in photosystem II (PS II; as reac-
tion center) firstly capture the light (λ≤ 680 nm) to generate the
electron-hole pairs. The photoinduced holes are used for water splitting
to produce O2, whereas the as-produced electrons are passed to the
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valence band (VB) of the photosystem I (PS I) through an electron
transport chain to produce a chemiosmotic potential for the formation
of ATP. Also, the charges are capable of separation in PS I upon light
harvesting (λ≤ 700 nm). Meanwhile, the photoinduced holes in PS I
are quenched by the generated electrons from PS II, and the homo-
logous electrons are combined with the nicotinamide adenine dinu-
cleotide phosphate (NADP+) to produce NADPH. The formed NADPH
together with ATP is desired to convert CO2 to sugars (Barber, 2009;
Favereau et al., 2016; Yun et al., 2011). One major advantage of using
Z-scheme photosynthesis system is that the charge-separation quantum
efficiency of this process approaches ∼100% (Tachibana et al., 2012).
Inspired by the photosynthesis, an artificial Z-scheme photocatalytic
system can be designed by coupling two narrow-band gap semi-
conductors for improving utilization of visible light with an electron
mediator (e.g., gold nanoparticles; Au NPs). To effectively operate this
system, one critical issue is selecting an appropriate electron mediator
to realize efficient electron relay in a Z-scheme system (Iwase et al.,
2011; Tada et al., 2006). Compared with common aqueous mediators,
the solid electron mediators (e.g., graphene oxide, carbon dots and Au
NPs) are capable of avoiding backward reaction and exhibit superiority
in stability (Iwase et al., 2016; Li et al., 2016; Zhou et al., 2014). Re-
cently, all-solid-state Z-scheme systems have been widely reported in
the fields of water splitting (Wang et al., 2017b), CO2 conversion (Li
et al., 2015) and biosensors (Lv et al., 2018). Liang et al. (2018) pre-
pared Au@g-C3N4/SnS yolk-shell Z-scheme photocatalyst for reduction
of CO2 with a Z-scheme system. Wang et al. (2016) combined
SrTiO3:La,Rh/BiVO4:Mo with Au NPs for water splitting. Also, our
group recently constructed a Z-scheme PEC aptasensing system along
with a signal-amplification strategy on the basis of DNA walker (Lv
et al., 2018). Unfortunately, this process is time-consuming, and nucleic
acid-related signal amplification requires very stringent control for
their self-assembled process. Therefore, our motivation of this study is
to explore a suitable optoelectronic material and signal-changed mode
for construction of Z-scheme PEC platform.

Herein, we report on a double photosystem-excited Z-scheme PEC
immunoassay for the sensitive detection of prostate-specific antigen
(PSA; as a model analyte in disease-related biomarkers), using WO3-Au-
CdS-based Z-scheme photoactive materials (Scheme 1). In this system,
cadmium sulfide (CdS; a favorable narrow band gap of ∼2.4 eV) and
tungsten oxide (WO3; a favorable narrow band gap of 2.4–2.8 eV) are
served as the PS I and PS II for visible light absorption, respectively.
Gold (Au) nanoparticles are employed as efficient solid electron med-
iators. Under visible-light (the large proportion of total solar energy)
irradiation, WO3 and CdS generate electron-hole pairs, respectively.
The sandwiched Au between WO3 and CdS expedites effective electron
relay since the electrons in the conduction band (CB) of WO3 are easily

migrated to Au and captured by the valence band (VB) of CdS. The
special electron shuttle efficiently shortens the surviving time of free
electrons and holes between the CB of CdS and the VB of WO3, thus
increasing the photocurrent. Additionally, a simple sandwiched im-
munoreaction in the capture antibody-coated microplate is carried out
by using CuO nanoparticle-labeled antibody as the signal tracer. Sub-
sequently, CuO nanoparticles are dissolved under acidic condition to
release copper ion, following by rapid reduction reaction of Cu2+

(Cu2+ → Cu+) under the illumination (Wang et al., 2010). In this case,
CuxS (x=1,2; as the exciton trapping sites) generates on Z-scheme
photosensitive electrode by a chemical displacement reaction between
Cu2+/Cu+ and Cd2+ (Liu et al., 2015). Because of the electron-hole
recombination occurring in the introduced new energy level (CuxS), the
photocurrent significantly reduces. In this way, a WO3-Au-CdS-medi-
ated Z-scheme PEC immunosensing platform is established for the
quantitative detection of PSA by measuring the change of this system in
the photocurrent relative to PSA concentration.

2. Experimental

2.1. Chemical and reagent

Monoclonal anti-PSA capture antibody (mAb), polyclonal anti-PSA
detection antibody (pAb) and humans PSA ELISA kit including PSA
standards with different concentrations were purchased from Biosynth.
Biotechnol. Co., Ltd (Beijing, China). HAuCl4·4H2O, Na2S·9H2O and
Na2WO4·2H2O were purchased from Sinopharm Chem. Re. Co., Ltd.
(Shanghai, China). Bovine serum albumin (BSA), CuO nanoparticles
(∼50 nm in diameter), Cd(NO3)2·6H2O and phosphate-buffered saline
(PBS) buffer were the products of Sigma-Aldrich. Na2CO3 buffer solu-
tion (0.05M, pH 9.6) was acquired by adding the chemicals (0.2 g
NaN3, 2.93 g NaHCO3 and 1.59 g Na2CO3) into ultrapure water
(1000mL). All the high-binding polystyrene 96-well microplates were
achieved from Greiner Bio-One (Frickenhausen, 705071, Germany).
The washing and blocking buffer solutions were prepared by adding
BSA (1.0%, w/v) and Tween 20 (0.05%, v/v) to PBS solution (0.01M,
pH 7.4), respectively. All other reagents were of analytical grade and
used without purification. Ultrapure water purified by a Millipore water
purification system (18.2MΩ cm, Milli-Q, Millipore) was used in all
runs.

2.2. Synthesis of WO3 nanorods

WO3 nanorods (NRs) were prepared through typical hydrothermal
treatment according to the report (Jiang et al., 2017). Initially, 0.107M
Na2WO4·2H2O and 0.53M NaCl were dissolved in ultrapure water with
continuous stirring, and then HCl aqueous solution was injected to
adjust the pH of the mixture for reaching pH 2. Following that, the
mixture was stirred for 2 h to form a homogeneous solution. The final
reaction was carried out in a 100-mL Teflon-lined autoclave at 180 °C
for 24 h. After cooling to room temperature, the obtained product was
centrifuged at 10,000 g for 10min and washed with ultrapure water.
The as-prepared WO3 nanorods (precipitates) were dried at 60 °C for
use.

2.3. Preparation of WO3-Au-CdS-modified fluorine-doped tin oxide (FTO)
electrode

Prior to preparation, fluorine-doped tin oxide (FTO) electrode was
first washed by using ultrapure water, ethanol and acetone in sequence
under sonication, and then dried at 50 °C. Following that, 30 μL of WO3

suspension (4.0 mgmL−1; dispersed in ultrapure water) was dropped
on the cleaned FTO electrode (Active area: 0.28 cm2) and dried at 60 °C.
Next, gold nanoparticles deposited onto the resulting electrode by using
a simple reduction method in 10mM pH 4.5 HAuCl4 aqueous solution
(note: The pH of HAuCl4 aqueous solution was adjusted to 4.5 by using

Scheme 1. (A) Schematic illustration of WO3-Au-CdS-based Z-scheme photo-
electrochemical immunosensing platform, and (B) enhanced photoexcited
charge-separation process for WO3-Au-CdS-based Z-scheme system.
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NaOH) (Pu et al., 2013). After washing with ultrapure water, the as-
prepared Au-WO3-modified FTO electrode was used for the deposition
of CdS nanoparticles on the surface consulting to the literature (Fan
et al., 2014; Tang et al., 2015). Detailedly, the Au-WO3-modified FTO
electrode was initially immersed in a methanol solution containing
0.1 M Cd(NO3)2, and incubated for 60 s at room temperature. There-
after, the resultant electrode was transferred to methanol/water (1 : 1,
v/v) solution containing 0.1M Na2S for another 60 s. The above two-
step dipping process was regarded as one-time coating, and the coating
process was repeated four times. Finally, CdS-Au-WO3-modified FTO
electrode was washed with methanol and ultrapure water, and stored in
a closed 7.0-mL centrifugal tube at 4 °C for further usage.

2.4. Preparation of CuO nanoparticle-labeled pAb detection antibody (CuO
NP-pAb)

CuO nanoparticle-labeled pAb detection antibody (CuO NP-pAb)
was prepared similar to previous works with minor modification (Qu
et al., 2011; Yang et al., 2018). Initially, 1.0 mg of the purchased CuO
NP powder was dispersed in PBS (1.0 mL, 10mM) under sonication
(∼15min), and then 200 μL of 0.5mgmL−1 pAb detection antibody
was injected into the suspension. Note that the mixture was slightly
shaken for 3 h on a shaker at 4 °C. During this process, pAb detection
antibody was physically adsorbed to the surface of CuO nanoparticles.
Excess antibodies were removed through centrifugation (15min,
10,000 g, 4 °C). Finally, the obtained CuO NP-pAb conjugates were
dispersed in PBS (1.0 mL, pH 7.4, 10mM) containing 1.0 wt % BSA, and
stored at 4 °C until use.

2.5. Immunoreaction protocol and PEC measurement

Scheme 1 represents the schematic illustration of the photoelec-
trochemical immunoassay toward target PSA by coupling CuO-labeled
detection antibody with Z-scheme WO3-Au-CdS photoactive materials.
Prior to measurement, mAb-coated microplate was prepared as follows.
The mAb capture antibody (50 μL per well, 10 μgmL−1) was initially
injected to a high-binding 96-well microtiter plate. Then the resulting
microplate was covered with adhesive plastics plate sealing film and
incubated overnight at 4 °C. After washing with the washing buffer,
mAb-coated microplate was incubated with the blocking buffer (300 μL
per well) for 60min at 37 °C. The resulting microplate was washed as
before. Following that, 50 μL of PSA standard/sample was added into
the well and incubated for 40min at 37 °C with slight shaking on a

shaker (note: The different-concentration PSA standards or samples
were prepared by diluting with 0.1 M PBS, pH 7.4). After washing with
the washing buffer, 50 μL of the above-prepared CuO NP-pAb suspen-
sion was injected into the well and reacted for 40min under the same
conditions to form the sandwiched immunocomplexes. Following that,
20 μL of 1.0 mM HCl was thrown in the well after washing as before,
and reacted for 10min at room temperature. Subsequently, the re-
sulting mixture containing the as-released copper ion (Cu2+) was
transferred to 5.0mL PBS (0.1M, pH 7.0) in a transparent beaker for
photocurrent measurement. The photoelectrochemical measurement
was carried out on a CHI 630D Electrochemical Workstation (CH In-
struments Inc., Shanghai, China) equipped with a 500-W Xe lamp (as
the light source) at the applied potential of 0 V by using WO3-Au-CdS-
modified FTO electrode as the working electrode, a Pt wire as the
auxiliary electrode and a saturated calomel electrode (SCE) as the re-
ference electrode. All the data referred to the average response of re-
action with the corresponding standard deviation (Mean ± SD) in
triplicate, unless otherwise indicated. All measurements were per-
formed at room temperature (25 ± 1.0 °C).

3. Results and discussion

3.1. Characterization of WO3-Au-CdS-modified FTO electrode

In this system, the photocurrent was produced on the WO3-Au-CdS-
modified FTO electrode. To investigate the surface morphologies of
different components-modified FTO electrodes, we used scanning
electron microscopy (SEM; JEOL-3010, Japan) and transmission elec-
tron microscope (TEM; Hitachi 7700, Japan) to characterize the as-
synthesized WO3, Au-WO3 and CdS-Au-WO3 nanostructures, respec-
tively. As seen from SEM image in Fig. 1A, the as-prepared WO3 na-
nomaterials displayed the rod-like structure. Upon reduction of HAuCl4,
numerous nanoparticles with a mean size of 30–40 nm in diameter were
evenly dispersed on the surface of WO3-modified FTO electrode
(Fig. 1B), preliminarily suggesting the formation of gold nanoparticles.
Moreover, another additonal layer of nanostructures was also observed
on the Au-WO3-modified FTO electrode after interaction of the resulting
electrode with the mixture containing Cd(NO3)2 and Na2S (Fig. 1D).
Meanwhile, the thickness and roughness of the modified layer increased
to some extent. In addition, the sandwiched CdS-Au-WO3 nanos-
tructures could clearly observed, as shown from TEM image in Fig. 1E.
Many CdS and gold nanoparticles were enwrapped around the WO3

nanorods with a good interfacial contact. Such a topological structure

Fig. 1. SEM images of (A) WO3-, (B) Au-WO3- and (D) CdS-Au-WO3-modified FTO electrode; (C) XRD patterns of (a) WO3, (b) CdS, (c) Au-WO3 and (d) CdS-Au-WO3;
(E) TEM image and (F) XPS pattern of CdS-Au-WO3 nanocomposites.
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can provide a facilitation for the construction of Z-scheme photoactive
materials.

Logically, one puzzling question arises as to whether the as-pre-
pared materials derived from the intrinsic WO3, Au and CdS because it
is difficultly confirmed on the results of SEM and TEM. In this case, we
utilized X-ray diffraction (XRD) to investigate the crystal structures of
the as-obtained products including WO3, CdS, WO3-Au and WO3-Au-
CdS (Fig. 1C). Curve ‘a’ gives typical XRD pattern of WO3 nanorods,
which well matched with the hexagonal-phase of pure WO3 (JCPDS
card 75–2187) (Weng et al., 2014). The WO3 NRs with exceedingly
strong and sharp diffraction peaks had a well crystallinity. The peaks at
26.6°, 44.0°, and 51.9° (marked with “•“) in the XRD pattern of pure CdS
NPs (Fig. 1C, curve ‘b’) corresponded to the (111), (220), and (311)
crystal planes of cubic-phase CdS (JCPDS card 65–2887), respectively
(Jiang et al., 2013). In contrast, four peaks at 38.2°, 44.4°, 64.6° and
77.5° (marked with “*“) in the XRD patterns of WO3-Au (curve ‘c’) and
WO3-Au-CdS (curve ‘d’) samples were correspond to the crystal planes
of (111), (200), (220) and (311) of cubic Au (JCPDS card 04–0784)
(Park et al., 2013), indicating the formation of gold nanoparticles.
However, we did not seemly find the crystal planes of CdS nanos-
tructures in the XRD pattern of WO3-Au-CdS (curve ‘d’ vs. Curve ‘b’).
The reason might be most likely as a consequence of the fact that the
characteristic peaks of CdS nanostructures were partially obscured by
the characteristic peaks of WO3. Significantly, the components of WO3-
Au-CdS could be proved by X-ray photoelectron spectroscopy (XPS)
(Fig. 1F), suggesting the existence of W, O, Au, Cd and S elements in the
nanostructures. The C element in the XPS spectrum originated from the
CO2 absorbed on the sample. High-resolution XPS spectra of all ele-
ments are described in Fig. S1 of the Supporting Information. On the
basis of these results, we might make a conclusion that WO3-Au-CdS
nanostructures could be successfully synthesized by using our designed
route.

3.2. Photoelectrochemical characterization of CdS-Au-WO3-modified FTO
electrode

As mentioned above, CdS-Au-WO3-modified FTO electrode played
an important role during the PEC measurement. The photocurrent
could be generated under light irradiation. Prior to measurement, we
used electrochemical impedance spectroscopy (EIS) to investigate the

fabrication process of CdS-Au-WO3-modified FTO electrode after each
step (Fig. 2A). Typically, the charge-transfer resistance can be calcu-
lated on the basis of the diameter of the semicircle in the Nyquist
diagram. Plots ‘a’ represents the Nyquist diagram of the cleaned FTO
electrode. After coating with WO3 nanorods on the FTO electrode, the
resistance of the resulting electrode (plots ‘b’) heavily increased in
comparison with that of plots ‘a’, indicating that WO3 nanorods had
weak conductivity. After formation of gold nanoparticles on the WO3-
modified FTO electrode, significantly, the resistance of largely de-
creased (plots ‘c’), suggesting that the deposited gold was favorable for
the electron transfer. Furthermore, modification of the subsequent CdS
nanoscales caused the increasing resistance of the modified electrode
(plots ‘d’ vs. plots ‘c’). These results revealed that CdS-Au-WO3 could be
immobilized on the FTO electrode.

Another question for the development of Z-scheme PEC sensing
strategy is whether the prepared CdS-Au-WO3 nanocomposites could
enhance the electron transfer and charge separation on the FTO elec-
trode by gold and CdS nanoparticles. To clarify this issue, the photo-
current characteristics of the differently modified electrodes were in-
vestigated in PBS (0.1M, pH 7.0) (Fig. 2B). Curve ‘a’ shows the
photocurrent (∼94.3 nA) of WO3-modified FTO electrode. In contrast,
the photocurrent increased to 373 nA after gold nanoparticles were
coated onto the WO3/FTO electrode (curve ‘b’), indicating that gold
nanoparticles could facilitate electron transfer and electron-hole pairs.
Favorably, the photocurrent largely increased after the formation of Z-
scheme CdS-Au-WO3 on the FTO electrode (curve ‘c’). Moreover, the
absence of gold nanoparticles between WO3 and CdS nanomaterials also
relatively decreased the photocurrent of the modified electrode (curve
‘d’), which was ascribed to the fact that the photogenerated charge
carrier recombination in the PEC sensing system was significantly in-
hibited by special Z-scheme electron shuttle. The reason for higher
photocurrent of CdS-WO3/FTO than that of Au-WO3/FTO was attrib-
uted to the fact that CdS and WO3 could be used as the donor and
acceptor of the electrons for the generation of photocurrent. Therefore,
Z-scheme CdS-Au-WO3 could enhance the photocurrent of the photo-
sensitive electrode in the simultaneous presence of CdS, Au and WO3

nanostructures.

Fig. 2. (A) Nyquist plots of (a) FTO electrode, (b)
WO3/FTO, (c) Au-WO3/FTO and (d) CdS-Au-WO3/
FTO in PBS (0.1M, pH 7.4) containing Fe(CN)64−/3−

(5.0 mM) within the range from 10−2–105 Hz at an
alternate voltage of 5 mV; (B) Photocurrents of (a)
WO3/FTO, (b) Au-WO3/FTO, (c) CdS-Au-WO3/FTO
and (d) CdS-WO3/FTO; (C) Photocurrents of (a,d)
CdS-Au-WO3/FTO and (b,c) WO3-CdS in the absence
(a,b) and presence (c,d) Cu2+ ion; (D) Photocurrents
of CdS-Au-WO3-based PEC immunoassay in the ab-
sence (b) and presence (c) of target PSA
(1.0 ngmL−1 used in this case) relative to back-
ground signal of (a) CdS-Au-WO3/FTO (note: Curve
‘d’ represents the photocurrent of CdS-Au-WO3/FTO
after reaction with the mixture containing mAb, PSA
and pAb). All the PEC measurements were carried
out in PBS (0.1 M, pH 7.0).
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3.3. Evaluation of feasibility and control experiments

As described above, the photocurrent of CdS-Au-WO3-modified FTO
electrode could be decreased in the presence of Cu2+. To verify this
point, the photocurrents of CdS-Au-WO3/FTO were monitored upon
addition of Cu2+ ion in the detection solution. As seen from curve ‘d’ in
Fig. 2C, the photocurrent of CdS-Au-WO3/FTO with Cu2+ ion decreased
relative to curve ‘a’ without it, indicating that Cu2+ ion could quench
the photocurrent. To highlight the advantage of gold nanoparticles in
the Z-scheme system, we also evaluated the change of CdS-WO3-mod-
ified FTO electrode in the photocurrent toward Cu2+ ion as the control
experiment. Similarly, the photocurrent decreased upon Cu2+ ion in-
troduction. Significantly, the change of photocurrent at the CdS-Au-
WO3/FTO was clearly more than that of CdS-WO3/FTO, suggesting the
enhanced efficiency of gold nanoparticles in the Z-scheme system. In
addition, these results further indicated that Cu2+ ion could be used as
the quencher for the CdS-Au-WO3 photoactive materials.

Typically, Cu2+ ions can be released by using CuO nanoparticles
under acidic conditions. By using CuO nanoparticle-labeled antibody, a
CdS-Au-WO3-based PEC immunoassay was developed for the detection
of target PSA with a sandwich-type assay format, as described in the
Experimental section. As indicated in Fig. 2D, the photocurrent of PEC
immunoassay in the absence of target PSA (curve ‘b’) was almost the
same as the background signal of CdS-Au-WO3/FTO (curve ‘a’), while
the photocurrent sharply decreased in the presence of target PSA (curve
‘c’). As control test, 20 μL of 1.0 mM HCl solution containing mAb, PSA
and pAb was directly determined on the CdS-Au-WO3/FTO, and the
obtained photocurrent (curve ‘d’) slightly decreased in comparison with
background signal (curve ‘a’), indicating that the decreasing photo-
current of CdS-Au-WO3/FTO derived from the labeled CuO nano-
particles on the detection antibody under acidic conditions. Through
the interaction of CdS in the Z-scheme system with the released Cu2+

ion, the produced CuxS impeded the electron transfer thanks to the
generation of the new energy levels for electron-hole recombination
(Scheme 1). Hence, PEC immunoassay could be employed to detect
target PSA on the CdS-Au-WO3/FTO by using CuO-labeled secondary
antibody.

3.4. Optimization of experimental conditions

To achieve a high sensitivity of CdS-Au-WO3-modified FTO elec-
trode, the following parameters were optimized such as the number of
CdS coating on the Au-WO3-modified FTO electrode, the pH of 0.1 M
PBS detection solution and the immunoreaction time for the formation
of immunocomplex. In this photosensitive system, the light was cap-
tured by CdS nanoparticles. The capture efficiency relied on the
thickness of CdS nanoparticles. As shown in Fig. 3A, the maximum
photocurrent was obtained at the number of 4 coating CdS. Typically, a
low-amount CdS was unfavorable for the light adsorption, whereas a
high-amount CdS increased diffusion resistance of electron transfer and
formed many recombination centers (Han et al., 2018; Wang et al.,
2017c). So, 4 of the coating CdS layers were used for the fabrication of
Z-scheme CdS-Au-WO3 nanocomposites.

Similarly, the photocurrents of CdS-Au-WO3-modified FTO elec-
trode relied on the pH of detection solution. As exhibited in Fig. 3B, the
photocurrents initially increased with the increasing pH of PBS, and
then decreased. An optimum photocurrent was achieved in pH 7.0 PBS.
At the pH values of below 7.0, H+ ion acted as the competitor of Cu2+

ion to consume photogenerated electrons of CdS for formation of H2

(Wang et al., 2010). A high-pH solution was favorable for Cd2+ exposed
on the surface defect sites of CdS nanoparticles to adsorb the OH− and
inhibit the contact of the electrons of nanoparticles with electron ac-
ceptor (O2), thereby resulting in the decreeing photocurrent (Lin et al.,
2016; Zang et al., 2014). Hence, pH 7.0 of 0.1 M PBS was used as the
supporting electrolyte for PEC measurement.

In addition, the immunoreaction time directly affects the sensitivity
of PEC immunoassay. Usually, the antigen-antibody reaction rate in-
creases with the increasing time, then gradually decreases, and then
tends to the dynamic equilibrium. To avoid confusion, the reaction time
of mAb with target PSA was paralleled with those of PSA-mAb with
CuO NP-pAb in this case. As seen from Fig. 3C, the photocurrent
reached a plateau after 40min. A longer immunoreaction time did not
cause significant increase of the photocurrent. To save the assay time,
40min of immunoreaction time was selected for the formation of im-
munocomplex.

3.5. Analytical performance of CdS-Au-WO3-based PEC immunoassay

By using Z-scheme CdS-Au-WO3 as the photoactive materials, PSA
standards with different levels were determined by the developed PEC
immunosensing platform under optimum conditions. The labeled CuO
NP on the detection antibody was used as the quencher of photoactive
materials under acidic solution. As indicated in Fig. 4A, the photo-
currents decreased with the increment of target PSA concentrations. A
good linear relationship between the photocurrent and the decimal
logarithm of PSA level was acquired within the dynamic range of
0.01–50 ngmL−1. The linear regression equation was as follows: I
(μA)=8.884–1.057× log(C[PSA]/ng mL−1) (R2= 0.9979, n=8). The
limit of detection (LOD) was evaluated to 1.8 pgmL−1 at 3σ (where σ is
the standard deviation of a blank sample, n=11). To further embody
the merits of Z-scheme CdS-Au-WO3-based PEC immunoassay, the
analytical properties of our system including the linear range and LOD
were compared with other PSA detection schemes. As analyzed from
Table S1 in the Supporting Information, the LOD of our strategy was
comparable with those of other methods, despite a relatively narrow
linear range in comparison with partial detection platforms. The reason
was attributed to the fact that the released Cu2+ ions from the nano-
particles in the microplate were diluted to 5.0 mL PBS (0.1M, pH 7.0)
detection solution during the photocurrent measurement. Since the
threshold of PSA in normal human serum is 4.0 ngmL−1 (Yang et al.,
2010), our strategy completely meets the needs of PSA detection in
clinic diagnosis.

Next, the stability and life time of the as-prepared CdS-Au-WO3/
FTO electrode were studied as follows. First, we monitored the stability
of the modified electrode during continuous photocurrent measure-
ments under the ‘on-off' light irradiation. As shown in Fig. 4C, all the

Fig. 3. Effects of (A) coating number of CdS, (B) pH of PBS detection solution, and (C) immunoreaction time on the photocurrent of CdS-Au-WO3-modified FTO
electrode (1.0 ngmL−1 PSA used in these cases).
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photocurrents were almost the same at the ‘on’ and ‘off’ states, re-
spectively. The relative standard deviations (RSDs) for the photo-
currents were 5.3% and 3.1% (n=10) for the ‘on’ and ‘off’ states, re-
spectively. Subsequently, the storage stability of the prepared CdS-Au-
WO3/FTO and CuO NP-pAb was determined during a six-month storage
period. They were stored at 4 °C when not in use. By using 1.0 ngmL−1

PSA as an example, the photocurrents could preserve 98.8%, 96.2%,
95.7%, 93.6%, 90.8% and 87.4% of the initial signal after storage them
at 1st, 2nd, 3rd, 4th, 5th and 6th months, respectively, suggesting a
long-time stability. Furthermore, the reproducibility of PEC im-
munoassay was evaluated by analyzing 1.0 ngmL−1 PSA with six par-
allel measurements, and the RSD was ∼8.46% (n=6) with good pre-
cision.

Except for selectivity and reproducibility, the specificity of PEC
immunoassay were monitored by analyzing other possible biomarkers,
e.g., alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), cancer
antigen 125 (CA 125) and human IgG (HIgG). Fig. 4D displays the
experimental results. Obviously, the strong shifts in the photocurrent
relative to background signal could be only observed in the presence of
target PSA. Importantly, the coexistence of non-targets with PSA did
not cause the significant change of the photocurrent in comparison with
target PSA alone. Thus, Z-scheme CdS-Au-WO3-based PEC

immunoassay had good selectivity for target PSA.

3.6. Screening of human serum specimens

To investigate the accuracy of the newly developed method, Z-
scheme CdS-Au-WO3-based PEC immunoassay was used for analysis of
human serum specimens. Initially, we collected eight human serum
samples including target PSA from Fujian Provincial Hospital, China,
according to the rules of the local ethical committee. Informed consent
was obtained from any experimentation with human subjects.
Following that, these samples were determined by using our developed
PEC immunoassay (note: All handing and processing were performed
carefully during the measurements, and all the tools in contact with
patient specimens were disinfected after use), and the obtained results
were compared with those from human ELISA kit. All data are pre-
sented in Table 1. The accuracy of this method was evaluated on the
basis of a classical t-test relative to commercial human ELISA kit. Ob-
viously, no significant difference at the 0.05 significance level were
encountered in the analysis of 8 clinical serum samples between the
developed PEC immunoassay and the commercially available ELISA kits
for detection of target PSA because all the texp values in all cases were
below tcrit (tcrit[4, 0.05]= 2.77). Hence, Z-scheme CdS-Au-WO3-based
PEC immunoassay could be preliminarily applied for the determination
of PSA in biological fluids.

4. Conclusions

In summary, this work successfully demonstrated an all-solid-state
CdS-Au-WO3-based Z-scheme photoelectrochemical immunoassay for
quantitative monitoring of disease-related biomarker (PSA used as an
example). CuO nanoparticles were used as the labels of the detection
antibody to release the quencher of CdS-Au-WO3 photoactive materials.
Compared to conventional PEC immunoassays, highlights of this study
can be summarized as follows: (i) the immunoreaction and PEC mea-
surement are carried out in different reaction and detection cells, thus
effectively avoiding the interfering of biomolecules; (ii) introduction of
gold nanoparticles between CdS and WO3 can enhance the signal of PEC

Fig. 4. (A) Photocurrent responses of Z-scheme CdS-
Au-WO3-based PEC immunoassay toward PSA stan-
dards in pH 7.0 PBS (0.1 M); (B) calibration plots; (C)
the stability of CdS-Au-WO3-modified FTO electrode
under the continuous measurements; (D) the speci-
ficity of Z-scheme CdS-Au-WO3-based PEC im-
munoassay against target PSA and non-targets in-
cluding AFP, CEA, CA 125 and HIgG (note:
1.0 ngmL−1 for target PSA and 100 ngmL−1 for non-
target analytes).

Table 1
Accuracy evaluation of Z-scheme CdS-Au-WO3-based PEC immunoassay
method relative to human PSA ELISA kit for human serum specimens.

Sample no. Method; Conc. (mean ± SD, ng mL−1, n=3) texp

PEC immunoassay ELISA kit

1 23.58 ± 2.46 21.43 ± 2.08 1.16
2 7.38 ± 0.53 8.03 ± 0.41 1.68
3 3.69 ± 0.19 3.41 ± 0.20 1.76
4 18.54 ± 1.89 21.04 ± 1.59 1.75
5 12.59 ± 1.25 11.03 ± 1.09 1.63
6 1.43 ± 0.09 1.51 ± 0.10 1.03
7 16.13 ± 1.39 18.39 ± 1.13 2.19
8 28.75 ± 2.49 26.31 ± 2.45 1.21
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detection system as a result of effective charge separation between WO3

and CdS driven by gold nanoparticles (solid electron mediators); (iii)
CuO NP-based immunoassay does not need the participation of nature
enzyme; and (iv) CuO NP-based nano label can release number Cu2+

ions under acidic conditions to quench the photocurrent of CdS-Au-
WO3 materials. Nevertheless, one disadvantage of this system is a re-
latively long time for the formation of sandwiched immunocomplex.
Actually, this shortcoming can be overcome by using two monoclonal
antibodies with different clone numbers. Future work should be focused
on improvement of the immune reaction mode.
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