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A split-type photoelectrochemical immunosensor was designed for ultrasensitive monitoring of prostate specific antigen
(PSA) based on Cu?-mediated catalytic reaction for inhibiting the in situ generation of CdS quantum dots (QDs) coupled

with the enhancement effect of CdS/MoS, heterojunction, which was constructed by the stepwise modification of MoS,
QDs and CdS QDs on ITO electrode surface. In the presence of PSA, CuO NPs-labeled anti-PSA antibody was immobilized

onto anti-PSA antibody modified 96-well plate via sandwich immunoreaction, and dissolved by hydrochloric acid to obtain

a large number of Cu?*. As Cu®*-triggered catalytic oxidization of glutathione occurred, in situ growth of CdS QDs as signal

indicator was significantly suppressed, resulting in the reduction of photocurrent response. Under optimal conditions, the

biosensor exhibited the desirable linearity in the range from 0.5 pg mL* to 10 ng mL?, low detection limit of 0.29 pg mL?,

satisfactory selectivity, good stability, and was applied to PSA detection in human serum, holding great potential for early

diagnostics of some cancer diseases.

Introduction

As the development of life quality and health awareness, people
have paid more attention to their medical security and life
safety, which arouses interest in exploiting the ingenious
sensing devices for the detection of trace disease markers at
very early stage. Among them, prostate specific antigen (PSA)
is a glycoprotein generated by prostate tissues, and usually
remains below 4 ng mL™! in normal male serum.!-3 The rapid
ascension of serum PSA level is identified as the important
indicator for prostate cancer, which becomes one of the biggest
concerns due to its high incidence and heartbreaking mortality.
46 Thus, the early diagnosis of prostate cancer is crucial to save
the threaten lives, and searching for a facile and highly
sensitive PSA detection method is great significance for the
continuous improvement of medical service in demand.

(PEC)-based
booming sensing technique, has particular superiority in

Photoelectrochemistry immunoassay, a

background signal and detection sensitivity in comparison with
traditional electrochemical methods owing to the different
energy forms of excitation light and photocurrent signal.”~!!

Meanwhile, it is found that the higher sensitivity of
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photoelectrochemical immunosensor can be achieved by means
of simplified modification procedures and suitable signal
amplification. On the one hand, since the assembly of
biomolecules onto electrode surface not only causes the
decrease of photocurrent response because of stereo-hindrance
effect but also weakens their own bioactivity stemmed from
light irradiation and photoactive materials, the selection of
split-type detection mode will efficiently avoid the mutual
disturbance between biomolecules and photoelectrochemical
measurement, in which biological recognition region is
separated from detection system.!>!3 For example, Yang et al.
reported a split-type photoelectrochemical immunosensor for
ultrasensitive detection of HIV-p24 antigen with a low
detection limit of 0.63 pg mL-! because the separation of light
excitation and liposomes-based signal amplification eliminated
the biomolecules damage.!* On the other hand, nanoparticle-
based signal amplification is usually adopted for trace and
quantitative analysis without the denaturation and leakage of
enzyme. Based on the merits of considerably stable and easily
conjugation with antibodies, CuO nanoparticles (NPs) as Cu?*
source are usually used in immunoassays, which can oxidize
thiol reagents into disulfide compounds in the presence of O,,
achieving the amplified detection signal.!>-!7 Inspired by this
catalytic ability, in situ growth of CdS quantum dots (QDs) can
be regulated by Cu?'-initiated catalytic oxidization of
glutathione (GSH) as stabilizer.!® Especially, compared with
pre-synthesized CdS QDs, the utilization of QDs in situ formed
can reduce the modification processes, decrease the background
signal, avoid the particle aggregation and photocorrosion after
long-term storage. 92!
Moreover, to further enhance the detection sensitivity, great
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Scheme 1 Fabrication and sensing strategy of photoelectrochemical immunosensor for ultrasensitive monitoring of PSA.

efforts have been made to facilitate the charge carrier
separation
of QDs by establishing efficient heterostructure with various
semiconductors. Molybdenum disulfide (MoS,) nanomaterials,
consisting of S-Mo-S triple atom layers bounded by van der
Waals forces,???? have been recognized as emerging candidates
to improve the photocatalytic activity of CdS because the
electron migration from CdS to MoS, was dramatically
accelerated.?*2¢ For example, CdS NPs/MoS, nanosheets-based
hybrid possessed the improved photocatalytic ability toward H,
evolution, indicating an effective inhibition for the
recombination of photoexited electron-hole pairs.?’ In
particularly, recent studies show that more exposed catalytic
edge sites and better uniform size distribution are available
when MoS, nanosheets convert to the structure of quantum dots
2830 However, MoS, QDs-based photoelectrochemical
immunoassay study has been less reported due to their
unfavourable biomolecule modification. So, the combination of
MoS, QDs and in situ formed CdS QDs is benefited to
construct a versatile photoelectrochemical detection platform.
In this work, a novel split-type photoelectrochemical
immunosensor was facilely designed for ultrasensitive detection
of PSA based on Cu?'-dependent catalytic reaction for
regulating the formed CdS QDs in situ and the signal
enhancement of CdS/MoS, heterostructure, where CuO NPs-
labeled anti-PSA antibody (CuO-Ab,) served as amplifier and
GSH as stabilizing agent of CdS QDs. Upon addition of target
PSA onto anti-PSA antibody (Ab;) modified 96-well plate,
CuO-Ab, can be immobilized via sandwich-type
immunoreaction (Scheme 1). After acid dissolution of CuO-
Ab,, an abundance of Cu?* was obtained, and then catalyzed the
oxidization of GSH to reduce the amount of in situ formed CdS
QDs, which was the efficient indicator further coated onto
MoS; QDs modified indium tin oxide (ITO) electrode, resulting
in a reduced photocurrent response. In addition, the high
precision and low detection limit of proposed immunosensor
are assured by virtue of split-type detection mode and
nanoparticle-mediated signal amplification.

2| J. Name., 2012, 00, 1-3

Experimental section

Materials and reagents

ITO electrodes were purchased from Zhuhai Kaivo Electronic
Components Co., Ltd. (China). Bovine serum albumin (BSA)
and ascorbic acid (AA) were bought from Sangon Biotech. Co.,
Ltd. (Shanghai, China). CuO NPs, GSH, MoS, power and
Cd(Ac), were obtained from Sigma-Aldrich. The monoclonal
Ab;, Ab,, PSA, carcinoembryonic antigen (CEA) and alpha-
fetoprotein (AFP) were obtained from Shanghai Linc-Bio
Science Co., Ltd. The high-binding polystyrene 96-well plates
were purchased from Greiner Bio-One (Frickenhausen,
Germany). All the reagents were of analytical grade and used
without further purification. All aqueous solutions were
prepared by deionized water from a Millipore water purification
system (=18 MQ-cm, Milli-Q, Millipore).

Construction and test of photoelectrochemical immunosensor

Prior to the construction of photoelectrochemical
immunosensor, ITO electrode was cleaned in boiling 2-
propanol solution containing 1.0 M NaOH for 15 min, followed
by ultrasonic treatments with 10% H,0,, acetone and deionized
water, respectively. After blow-dried with nitrogen, 10 pL of
MoS, QDs was applied to ITO electrode, and dried at room
temperature. Then, 10 pL of in situ formed CdS QDs was
coated to obtain CdS/MoS,/ITO electrode via a non-covalent
interaction, which was employed for photoelectrochemical
measurements in 0.1 M PBS of pH 7.4 containing 0.1 M AA
with a bias voltage of 0 V (versus Ag/AgCl).

Among them, the in situ generated CdS QDs were modulated
as follows: First, the high-binding polystyrene 96-well plate
was modified with 50 pL of 10 ug mL! Ab; as capture probe
for overnight at 4 °C, and was then rinsed three times by
washing buffer (10 mM PBS of pH 7.4 containing 0.05%
Tween 20) to remove the excess Ab;. After the addition of 200
pL of 10 mM PBS of pH 7.4 containing 1% (w/v) BSA for 2 h
to block the nonspecific binding sites, different concentrations

This journal is © The Royal Society of Chemistry 20xx
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of PSA in 50 pL of 10 mM PBS of pH 7.4 were added and
incubated for 40 min at 37.1 °C. Subsequently, CuO-Ab,
conjugates were incubated in 96-well plate for 60 min, and 30
uL of 1 mM HCI was dropped into each plate for 5 min to
release a large number of Cu?*. Following that, 4 uL of 10 mM
GSH and 5 pL of collected Cu?" were incubated in 10 mM
citrate buffer of pH 3.5 containing 10 mM KBr for 1 min under
dark conditions. Then, 10 pL of 0.25 mM Na,S and 10 pL of
10 mM Cd(Ac), were sequentially added into the above
mixture, and reacted for 5 min under vigorously vibration. It is
worth noting that the above plate was rinsed by washing buffer
after each assembly step. Moreover, the control experiments for
other proteins were tested in the same way.

Results and discussion

Characterizations of MoS, QDs, CuO-Ab, and in situ formed
CdS QDs

The characterizations of MoS, QDs were investigated in Fig. 1.
Compared with the SEM image of bulk MoS, (Fig. 1A), the
TEM image of MoS, QDs clearly revealed a highly dispersed
and round-shaped morphology with an average size of 3.2 nm
(Fig. 1B). Moreover, the thickness of MoS, QDs affected the
Raman peak positions and intensities of in-plane E,!' and out-
of-plane A, vibrational modes of Mo-S bond. As indicated in
Fig. 1C, two characteristic peaks at around 378.4 cm! and
404.0 cm™! were observed for bulk MoS, (curve a), as well as
around 380.0 cm’! and 402.4 cm’! for exfoliated MoS, QDs
(curve b), which was well-matched with the corresponding E,,!
and A, phonon modes, respectively.’! The lower intensity and
frequency difference between A, and E,,' modes implied that
MoS, QDs consisted of few-layered structure.3?

The optical properties of MoS, QDs were investigated by
fluorescence spectroscopy (Fig. 1D). The synthesized MoS,
QDs exhibited a light yellow and transparent solution (inset in
Fig. 1D), and a strong peak at 420 nm presented a direct band-
edge recombination.?® In addition, XPS measurements were
further performed to investigate the chemical compositions and
atomic valence states of MoS, QDs. From the high resolution
XPS of Mo 3d, two main peaks at 228.1 eV and 230.9 eV
corresponded to Cd 3ds, and Cd 3d;); levels, and a new small
peak located at 226.0 eV was attributed to the S 2s (Fig. 1E),
indicating that Mo atoms predominantly existed as Mo*" in our
sample.?*33 Similarly, S 2p;, and S 2p; at 162.1 €V and 163.5
eV were observed in Fig. 1F due to the existence of S?- state.3¢

Fig. 2A showed that in situ formed CdS QDs were quasi-
spherical granules with a mean diameter of 3.1 nm, which
agreed well with the average hydrodynamic diameter of 3.7 nm
recorded by dynamic light scattering (DLS) spectrum (Fig. 2B).
Besides, to verify the assembly of CuO NPs with Ab,, TEM
images of CuO NPs and CuO-Ab, conjugates were acquired for
comparison. From the Fig. S1A we could see that the average
size of CuO NPs tended to be 38 nm, while that of CuO-Ab,
conjugates measured up to be ~60 nm without aggregation (Fig.
S1B), supporting that Ab, was modified as expected.?”

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (A) SEM image of bulk MoS,. (B) TEM image of MoS, QDs. (C) Raman
spectra of bulk MoS, (a) and MoS, QDs (b). (D) Fluorescence, (E) Mo 3d, and
(F) S 2p states-based high-resolution XPS spectra of MoS, QDs. Inset of panel
D is the image of MoS, QDs solution.
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Fig.2 (A) TEM image and (B) DLS spectrum of CdS QDs in situ formed.

Feasibility of photoelectrochemical immunosensor

UV-vis absorption spectra were carried out to study Cu?"-
triggered catalytic process for GSH oxidization. As displayed in
Fig. 3A, there was an absorbance peak at 261 nm for GSH
(curve a), and a distinct shoulder at 300 nm appeared when
Cu?" was added to stimulate the formation of GS-Cu'-SG
complex (curve c), which served as catalyst for the oxidation of
GSH. Meanwhile, the absorbance at 260 nm decayed with the
consumption of GSH (curve b). These results were similar with
the reported Cu?*-dependent catalytic oxidization of cysteine.3®
Meanwhile, by means of electrospray ionization-mass
spectrometry (ESI-MS), we also found that the amount of GSH
was dramatically decreased after the addition of Cu?* (Fig. 3B),
accompanied with the increase of GSSG level (Fig. 3C),
inferring that GSH could be oxidized to GSSG by Cu?*
catalysis in the presence of O,, which was in agreement with

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins



https://doi.org/10.1039/c9an00636b

oNOYTULT D WN =

20844 Rl
WN—=0V®N»

(SN

WN = O V0NN

19£:D9Wrwaded@y AMRYCRD hgivﬁsw ol Belukon§/2812019

@ 18,5une 20
0 N O W»n

oL DSDSDSSSSS N R
SOOI RARUWN SOOI DWN—=O ©

Analyst
A A B
0.20F 6.0} 3p7.20 100 b 20f View Article Online
< 19.1039/COAN006368B
o GSH << L L
3] -~ - =
2 0.10 c 50 w10
: £ 20 : ¢
: = 3 25} - 5
2 0.05 . 8 15l 3
0.00} 2 0.0 L 0 a 0
210 240 270 300 330 200 400 600 800 00 03 06 09 300 400 500 600 700
Wavelength / nm m/z Potential / V Wavelength / nm
¢ D C 300f D
S8 612.51 ; 900 2 b
- o 3 < e
2 48l gssé | = < 200l - (\ & ”
X 2 600 £ 7]
2 3.0t @ 2
c
5 2 300 3 100; 4 _/—,.,.—("A.ar
3 1.5 307.24 = 2 h* AA
H Fro o CdS QDs
e JGS ; w 0 f o} - . : - MoS,QDs
7200 400 600 800 420 450 480 510 0 10 20 30
ml/z Wavelength / nm Time/s

Fig. 3 (A) UV-vis spectra of a solution of 200 uM GSH in 10 mM citrate
buffer of pH 3.5, before (a) and after addition of 10 uM Cu?* (b: as soon as
Cu?* is added; c: after 10 min at room temperature). ESI-MS spectra of 10
mM GSH before (B) and after (C) the addition of 200 nM Cu?". (D)
Fluorescence signals of in situ formed CdS QDs without (a) and with (b) the
catalytic oxidation of 200 nM Cu?* toward GSH.

with the previous experimental results.!® Thus, the probable
catalytic equation was described below:

Cu2+
2GSH + 0,—> GSSH + H;0,

The inhibitory action of Cu?" on in situ generated CdS QDs
was further examined by fluorescence spectra (Fig. 3D). It can
be seen that the fluorescence intensity of QDs solution was
strong in the absence of Cu?" (curve a), and largely decreased
with the lack of CdS QDs when 200 nM Cu?" was added as
catalyst to oxidize a large number of GSH ligands (curve b).
Thus, a desirable photoelectrochemical immunoassay can be
constructed by means of Cu?"-controlled in situ generation of
QDs.

Electrochemical impedance (EIS)
measurements were used for validating the preparation process
of developed immunosensor after each assembly step. As
shown in Fig. S2, the charge transfer resistance (R.) of ITO
electrode was 111.7 Q (curve a), and gradually increased to
203.8 Q (curve b) and 305.9 Q (curve ¢) when MoS, QDs and
CdS QDs with poor conductivity and steric hindrance were
modified, respectively. Thus, the successful preparation of
immunosensor was confirmed by the increasing of R;.

spectroscopy

Characterization of CdS/MoS; heterojunction

I-V experiments were performed to investigate the formed
CdS/MoS; heterostructure. As shown in Fig. 4A, the current of
CdS/MoS,/ITO electrode sharply increased from 0.65 V (curve
b) in comparison with that of CdS/ITO electrode (curve a) due
to the emerging of strong electrical breakdown.?® Moreover, we
found that incident-photon-to-current conversion efficiency
(IPCE) value of CdS/MoS,/ITO electrode was largely superior
to that of CdS/ITO electrode (Fig. 4B), which indicated the

4| J. Name., 2012, 00, 1-3

Fig. 4 (A) I-V curves of CdS (a) and CdS/MoS, (b) modified ITO electrodes in
0.1 M PBS of pH 7.4. Scan rate: 100 mV s%. (B) IPCE and (C) photocurrent
spectra of CdS (a) and CdS/MoS, (b) modified ITO electrodes in 0.1 M PBS of
pH 7.4 containing 0.1 M AA. (D) CdS/MoS, heterojunction-based
photocurrent generation mechanism.

light harvesting ability and photoelectric conversion efficiency
of designed heterojunction had an enormous elevation. Thus,
the significant increase of photocurrent was observed through
the integration of MoS; QDs and in situ formed CdS QDs (Fig.
4C). These results suggested that the recombination of electron-
hole pairs was suppressed by constructed heterostructure. The
possible photocurrent generation mechanism was illustrated by
Fig. 4D. Upon light irradiation, the reformed band edge in
CdS/MoS, heterostructure could facilely stimulate the
photoinduced electron transfer from the valence band (VB) of
CdS QDs to ITO electrode, while the holes of MoS, QDs could
migrate to the conduction band (CB) of CdS QDs and be
sacrificed by AA, leading to the improvement of photocurrent
response.

Optimization of experimental conditions

Some experimental parameters, including Na,S concentration
and incubation time of PSA with Ab,;, were optimized to
achieve the best immunoassay for PSA. Since the added Na,S
affected the amount of in situ formed CdS QDs through
chemical reaction between S?>* and Cd?*, the photocurrent of
CdS/MoS,/ITO electrode was elevated with the increase of
Na,S concentration up to 0.25 mM, and tended to decrease with
the further addition of Na,S (Fig. S3A). Thus, 0.25 mM Na,S
was used for subsequent experiments. Furthermore, the capture
of PSA was essential to the subsequent assembly of CuO-Ab,
probe, followed by modulating the in situ growth of CdS QDs.
As shown in Fig. S3B, the photocurrent of immunosensor
leveled off when the incubation time was extended to 40 min,
which indicated that the immunoreaction had reached
equilibrium. Thus, 40 min was selected for optimal time.

Photoelectrochemical immunoassay

The analytical performance of developed immunosensor was
evaluated under optimized conditions. Since in situ formed CdS QDs

This journal is © The Royal Society of Chemistry 20xx

Page 4 of 7


https://doi.org/10.1039/c9an00636b

Page 5 of 7

oNOYTULT D WN =

20844 Rl
WN—=0V®N»

(SN

WN = O V0NN

1%,:Dgwml@aded@y AMRYCRD hgiVﬁSW ol Belukon§/2812019

@ 18,5une 20
0 N O W»n

oL DSDSDSSSSS N R
SOOI RARUWN SOOI DWN—=O ©

A 300 B 300f

< a <

c =

= 200 £ 200t

Q (1]

E E

3 3

§ 100 K 8 100¢

=} Q ]
L =

o 9 o 0

0 10 20 30 41 0 1 2 3 4 5
Time/s log C,, / pg mL"

C 300 D sor

< I <

c < 60}

:‘Ezoo E

o g 4o

5 5

:6:100 . § 20t

s % s

T g o O

CEA AFP PSA Mixed 0 70 140 210 280
Time/s

Fig. 5 (A) Photocurrent responses of the proposed immunosensor at 0, 0.5,
1, 10, 100, 1000, 10000, 50000 pg mL™* target PSA (from a to h). (B)
curve of photocurrent versus the logarithm of PSA
concentration. (C) Specificity of photoelectrochemical immunoassay for

Calibration

target PSA in comparison to other interfering antigens at 10 ng mL™ level:
CEA, AFP, and the mixed sample containing CEA, AFP and PSA. (D) Time-
based photocurrent response of immunosensor.

were suppressed by Cu?*-triggered catalytic oxidation of GSH,
the photocurrent decreased as PSA level augmented (Fig. 5A).
Moreover, the calibration plot showed a good linear
relationship between photocurrent intensity and the logarithm
of PSA concentration in the range from 0.5 pg mL™! to 10 ng
mL-! (Fig. 5B). The regression equation was 7 (nA) = 235.87 —
41.53 log C (pg mL") with a correlation coefficient of 0.998,
where [ is the photocurrent detected, and C is the concentration
of PSA. The detection limit was estimated to be 0.29 pg mL! at
30. Apparently, the detection performance of designed
biosensor was superior or comparable to that of the previously
reported immunoassays (Table S1). The high sensitivity and
low detection limit was ascribed to the desirable catalytic
ability of Cu?" and the enhancement of CdS/MoS,
heterojunction. More importantly, the utilization of 96-well
plate and CuO-Ab, conjugates avoided the complex interface
modification procedures and expensive enzymes, respectively.

To validate the specificity of designed immunosensor, some
interfering biomarkers such as CEA and AFP were chosen for
the test. As depicted in Fig. 5C, the photocurrent response of
target PSA was largely quenched in contrast to that of single
CEA or AFP samples, and was similar to that of mixed sample
containing PSA and other two interfering antigens, revealing
the method had a satisfactory anti-interference ability.

The stability was also studied at 10.0 ng mL™' PSA. The
photocurrent of prepared immunosensor still remained 97.2%
of its initial value after continuous “off-on-off” light irradiation
for 9 cycles (Fig. 5D). Especially, 97.5% and 94.6% of the
original signal was observed when the immunosensor was
stored for 1 and 2 weeks at 4 °C, respectively. The relative
standard deviation (RSD) for five independent tests was 6.2%.
These results substantiated an excellent stability and acceptable
fabrication reproducibility for PSA assay.

This journal is © The Royal Society of Chemistry 20xx
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The feasibility of present immunosensor was Verl%e% by

standard addition method. As indicated in Table S2, the test
results of proposed method were 0.50 ng mL-! and 1.19 ng mL!
for the human serum samples from the First Affiliated Hospital
with Nanjing Medical University, which was similar to that
provided by commercial chemiluminescence immunoassay.
When spiked with 2.0, 4.0, and 6.0 ng mL"' standard PSA
solutions, the recoveries ranged from 96.5% to 105.5%.
Besides, the RSD of photoelectrochemical measurements was
no more than 7.12%, indicating the great potential in clinical
PSA detection.

Conclusions

In summary, we have constructed an efficient CdS/MoS,
heterostructure  for photoelectrochemical
immunoassay of PSA by using Cu?'-triggered catalytic reaction
to regulate the in situ growth of CdS QDs. The obtained
heterojunction can accelerate the spatial separation of electron-
hole pairs for the dramatic enhancement of photocurrent signal,
and the introduction of split-type detection mode and in situ
formation of QDs provide the convenient electrode assembly
processes for ensuring its desirable stability and sensitivity. In
the presence of PSA, Ab; can initiate the immunoreaction to
capture CuO-Ab, as amplifier on 96-well plate, and its
subsequent acidizing treatment releases the abundance of Cu?",
which greatly inhibits the in situ growth of CdS QDs via the
catalytic oxidization of GSH to GSSG, achieving a remarkable
decrease of photocurrent in PEC system. Moreover, the
developed immunosensor showed wide linear range, low
detection limit and satisfactory selectivity, and successfully
applied to the detection of PSA in human serum. The proposed
strategy also opens up a new horizon for the design of
photoelectrochenical sensing devices in biochemical analysis.
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