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Abstract

Based on the resonance energy transfer between CdS @CeO, and Cu,0@PdAg, a quenching immunosensor for sensitive
detection of prostate specific antigen (PSA) was constructed. The CdS @CeO, heterostructure was obtained by in situ
growth of CeO, particles on the surface of CdS nanorods, and stable cathodic ECL emission was achieved using K,S,0q as
coreactant. Cu,0@PdAg was composed of Cu,O with tetradecahedral structure and bimetallic PdAg nanospheres and has a
UV-V is absorption range between 600 and 800 nm. It overlaps with the ECL emission spectrum of CdS @CeQO,, realizing
the effective quenching of the ECL signal, which provides feasibility for subsequent practical application. The immunosen-
sor exhibited good linearity in the concentration range 10 fg-mL ™'~ 100 ng-mL ™!, with a detection limit of 5.6 fg-mL~". In
sample analysis, the recoveries were 99.8—-101%, and the relative standard deviation (RSD) was 0.85-1.6% showing great
potential and development value for the sensitive detection of prostate cancer.

Keywords Electrochemiluminescence - Immunosensor - Nanorods - CdS@CeQO, - Cu,0@PdAg - PSA - Resonance energy

transfer

Introduction

Cancer is considered to be one of the deadliest diseases fac-
ing human beings, among which prostate cancer is one of
the deadliest cancers in men. Early detection and treatment
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are the keys to defeating and curing cancer [1]. Accord-
ing to the American Cancer Society, prostate cancer can be
diagnosed early by the biological level of prostate specific
antigen (PSA) in the blood [2]. PSA is secreted by prostate
epithelial cells and is present in prostate tissue and semen
[3, 4]. PSA concentrations between 4 and 10 ng-mL‘1 are
considered suspicious, and patients need to be repeated
or tested with an alternative confirmatory assay [5, 6]. In
recent years, various immunoassays have been studied for
the detection of PSA, such as enzyme-linked immunoassay
[71, photoelectrochemical immunoassay [8], fluorescence
immunoassay [9], capillary electrophoresis immunoassay
[10], surface plasmon body resonance [11], and electro-
chemical immunoassay [12]. Electrochemiluminescence
(ECL) combines optical sensitivity with electrochemical
controllability and is a reliable means for biological detec-
tion [13, 14]. It has unique advantages such as high sensitiv-
ity, low background signal, high spatial resolution, strong
operability, high throughput, wide response range, and sim-
ple instrumentation. Finding a reliable electrochemilumi-
nescence material has become a hot spot and challenge in
current research [15-17].
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Furthermore, electrochemiluminescence-resonance
energy transfer (ECL-RET) is an analytical strategy based
on resonance energy transfer between efficient ECL emitters
and energy acceptors with overlapping spectra [18, 19]. This
analytical strategy is highly sensitive and can act as a kind
of ECL signaling switch to manipulate signal quenching or
amplification. Due to its high stability and large light absorp-
tion coefficient efficiency [20, 21], Cu,0O is widely used in
photovoltaics, photocatalysis, and other fields and is also one
of the commonly used quenchers in electrochemilumines-
cence sensors [18, 22]. The introduction of the second metal
can effectively modify the electronic structure of Pd and
produce a special synergistic effect with it, enhancing the
conductivity and enriching the superficial active sites [23].
Therefore, small-sized PdAg bimetallic nanospheres were
prepared by a one-pot method and loaded onto the Cu,O
surface with a regular tetrahedral structure with enhanced
electrical conductivity and biocompatibility.

In addition, the biological activity of the antigen—antibody
has a great influence on the performance of the immunosensor
[24]. The F(ab'), fragment is the active part of the antibody
that specifically binds to the antigen [25]. When only part
of it participates in the immobilization process, the antibody
activity will be significantly reduced. The development of
small peptide ligands opens the way for targeted antibody
immobilization on nanocarrier surfaces [26]. In particular,
HWRGWVC heptapeptide (HGC) has been shown to be able
to specifically bind to amino acids of antibody Fc fragments
with high affinity and has the advantages of low cost, easy
preparation, good stability, localization, and immobilization
of antibodies in immunoassays outstanding advantages [27].

In summary, rod CdS was synthesized, and CeO, was loaded
on its surface as the cathode near-infrared ECL emitter (energy
donor), and Cu,O@PdAg is used as the quencher (energy accep-
tor). Moreover, based on the resonance energy transfer between
them, a quenching ECL immunosensor for sensitive detection of
PSA was constructed and through a series of characterizations
and tests, the successful construction of the sensor is verified. For
the detection of PSA, the immunosensor exhibited good linearity
and low detection limit in a wide detection range and demon-
strated practical feasibility in sample detection.

Experimental section

All reagents and testing instruments can be viewed in the
support information.

Synthesis of CdS@Ce0, nanocomposites
The synthesis steps of CdS can be found in the supporting

literature. Then 2 mmol of CdS prepared above and 1 mmol
of Ce(NO;);-6H,0 were weighed and dissolved in 20 mL
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of ultrapure water by ultrasonic, and then 20 mL of 6 M
sodium hydroxide solution was added. After stirring evenly,
it was transferred to the reaction kettle and reacted at 180 °C
for 24 h. After centrifugation, the CdS @CeO, nanocompos-
ites were obtained by washing with water and ethanol three
times, respectively, and vacuum drying overnight. In order
to connect the antibody, CdS @CeO, was aminated, and the
CdS@CeO,-NH, nanocomposite with amino groups was
further obtained. The detailed steps are shown in the sup-
porting information.

Preparation of Cu,0@PdAg-HGC-Ab, bioconjugates

Three milligrams of the above synthesized Cu,0@
PdAg solid was dissolved in 1 mL of PBS (phosphate
buffer saline, pH=7.4). Then, 100 pL of HGC solution
(10 pg-mL~"), 1 mL of EDC (1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride) solution (4 mg-mL™"),
and 1 mL of NHS (N-hydroxysuccinimide) solution
(1 mg-mL~") were added and kept shaking at 4 °C for 6 h.
EDC and NHS can activate the carboxyl group and help
HGC to be modified and immobilized on the surface of
Cu,0@PdAg. Excess coupling reagent and unbound HGC
were removed by washing with PBS after cryogenic cen-
trifugation. The resulting pellet was then redispersed in
1 mL of PBS. Then 0.5 mL of 1% BSA was added, and
the mixture was shaken at 4 °C for 3 h. Unbound BSA was
removed by centrifugation again with PBS. Finally, it was
mixed with 1 mL of Ab, solution (1 pg-mL~!) and shaken
for 3 h. After centrifugation, it was dissolved in 2 mL of
PBS to obtain a Cu,0 @PdAg-HGC-Ab, bioconjugate solu-
tion with a concentration of 1.5 mg-mL~.

Construction of quenching ECL
immunosensor

The construction process of the immunosensor in this
work is shown in Scheme 1. First, 10 pL of CdS@CeO,-
NH, solution with a concentration of 0.5 mg-mL™" was
dropped onto the surface of the polished and dried glassy
carbon electrode. A uniform film was formed after air-
drying at room temperature. Then 6 pL of HGC solution
and Ab, solution (both 1 pg-mL~!) were drop-coated on
the electrode surface in turn and incubated in a 4 °C refrig-
erator. To block non-specific binding sites, 3 pL of 1%
BSA was dropped on the electrode surface and incubated
at4 °C. A series of different concentrations of PSA (5 pL)
were then coated on the electrodes to form a sandwich
structure, which was incubated in a refrigerator at 4 °C
for 2 h. Finally, 6 pL of Cu,0@PdAg-HGC-Ab, solution
(1.5 mg-mL~") was dripped on the electrode surface, and
the construction of the immunosensor was completed.
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Scheme 1 Construction process
of quenched ECL immunosen-
sor

Wlthout target

With
target +
Gl

CdS@CeO0,

After each step of electrode modification, the electrode
surface was rinsed with PBS to remove unsuccessfully
loaded material.

Results and discussion
Characterization of nanocomposites

In this work, the morphologies of the synthesized materi-
als were characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). As
shown in Fig. 1A, CdS is a smooth and uniform rod-
like structure with a cross-sectional diameter of about
10 nm. There are many obvious characteristic peaks in
the XRD spectrum of CdS in Fig. 1E, such as 24.81°,
26.51°, 28.18°, 36.62°, 43.68°, 47.84°, 50.88°, 51.82°,
52.80°, and 66.77°, which can be corresponding to (100),
(002), (101), (102) (110), (103), (200), (112), (201),
and (203) crystallographic planes in the standard XRD
spectrum (PDF#41-1049), demonstrating the successful
synthesis of CdS. Figure 1B is the SEM image of the
composite CdS@CeO,. It can be seen that the surface is
uneven, and the surface of the smooth CdS nanorods is
uniformly loaded with a layer of fine CeO, particles. The
specific surface area is significantly increased, which is
conducive to the attachment of molecules such as anti-
gens and antibodies. In addition, the XRD peak pattern of
the CdS @CeO, composite (Fig. 1E) not only retains the
original CdS diffraction peaks, but also has 8 more char-
acteristic peaks (28.55°, 33.08°, 47.48°, 56.34°, 59.09°,
69.42°,76.70°, 79.08°). It can correspond to the (110),
(200), (220), (311), (222), (400), (331), and (420) plane
in the standard XRD pattern of CeO, (PDF#43-1002).
This indicates that CeO, nanoparticles are success-
fully loaded onto the surface of CdS nanorods without

HGC Ab,

¥ oo ey @

BSA PSA Ab, Cu,0@PdAg

destroying the original crystal structure of CdS. UV-vis
spectrum also proved the successful synthesis of CdS@
CeO, (Fig. 2A).

It can be seen from Fig. 1C that Cu,O is a regular
tetrahedron structure with smooth surface composed of 6
regular quadrilaterals and 8 regular hexagons, with a side
length of about 200 nm. The specific surface area is con-
ducive to the loading of small particle size substances. As
shown in Fig. 1F, the diffraction peaks at 29.55°, 36.42°,
42.30°, 61.34°, 73.53°, and 77.32° of the XRD pattern
of Cu,O are consistent with the crystal plane located at
(110), (111), (200), (220), (311), and (222) in the standard
spectrum (PDF#05-0667), which proves that the prepara-
tion of Cu,0 is successful. In Fig. 1D, PdAg is a smooth
spherical structure with a diameter of about 100 nm,
which is very easy to adhere or aggregate on the surface
of large-scale structures due to its small size. Based on
this, Cu,0@PdAg composites with excellent properties
were synthesized and characterized by UV—vis absorption
spectra. In Fig. 2B, the UV-vis absorption intensity of
PdAg nanospheres in the range of 200-400 nm is basi-
cally unchanged, and the absorption is gradually weak-
ened in the range of 400-800 nm. The UV-vis absorption
of Cu,O increases gradually in the wavelength range of
200-800 nm, with a small absorption peak at 510 nm and
a broad absorption peak at 565-745 nm. The composite
Cu,0 @PdAg retains the absorption peak around 500 nm,
and the peak at 565-745 nm has a large shift. The differ-
ence between the two curves indicates that the Cu,0@
PdAg composite was successfully prepared.

Quenching ECL mechanism
In order to get the best performance of the immunosen-

sors, the conditions of ¢(CdS@CeO,), ¢(Cu,0@PdAg),
c(K,S,0y), and pH were screened (Figure S1), and the best
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Fig. 1 SEM images of CdS
nanorods (A), CdS@CeO,
nanocomposites (B) and Cu,O
tetradecahedrons (C). (D) TEM
images of PdAg nanospheres.
(E) XRD patterns of CdS and
CdS@CeO,. (F) XRD pattern
of Cu,O tetradecahedron

Fig.2 (A) UV-vis absorption

spectra of CdS and CdS @CeO,.

(B) UV-vis absorption spectra
of Cu,0, PdAg and Cu,0@
PdAg
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operating environment was obtained (the following tests
were all under the best conditions).

The possible ECL quenching mechanism of the immu-
nosensor was discussed by ECL tests in different systems. It
can be seen that independent K,S,04 can generate ECL sig-
nal, but the signal intensity was not high. After the electrode
surface was modified with CdS@CeO,, the ECL intensity
of curve b was significantly enhanced, while the ECL inten-
sity of curve ¢ was almost zero. The above results indicate
that CdS@CeO, requires the presence of the coreactant
K,S,04 to achieve cathodic ECL luminescence, and cannot
emit light alone. On this basis, after adding the quencher
Cu,0@PdAg, the ECL signal decreased significantly, which
proves that Cu,O@PdAg has a strong quenching effect on
the CdS @CeO,-K,S,04 system.

In order to further explore the quenching mechanism
of Cu,0@PdAg, the UV-vis absorption spectrum of
Cu,0@PdAg (curve a) and the ECL emission spectrum of
CdS@CeO, (curve b) in Fig. 3B were compared. It can be
observed that the luminophore CdS @CeO, has ECL emis-
sion in the wavelength range of 400-900 nm, a small emis-
sion peak at 516 nm, and a high and relatively broad emis-
sion peak at 780 nm, while Cu,0 @PdAg has strong UV—vis
absorption in the same wavelength range of 400-900 nm,
with a sharp absorption peak at 500 nm. After 625 nm, the
UV-vis absorption gradually increases, which is in good
agreement with the ECL emission spectrum of CdS @CeO,,
with a large area of spectral overlap. Resonance energy

Fig.3 (A) ECL responses

transfer occurs due to the spectral overlap between CdS @
CeO, and Cu,0@PdAg, where CdS@CeO, is the energy
donor and Cu,0@PdAg is the energy acceptor.

As shown in Fig. 3C, when the voltage is swept in the
range of — 1.6-0 V, CdS@CeO, gets an electron on the
electrode surface to generate CdS@CeO,*” (Eq. 2), and
S,04°" is reduced to SO,*~ free radicals and SO,*~ (Eq. 1).
The strongly oxidizing SO,*~ reacts with CdS@CeO,*” to
obtain the excited state of CdS@CeO, (CdS@CeO,"). And
when CdS@CeO," transitions back to the ground state, an
ECL signal is generated (Eqs. 3—4). Based on the principle
of resonance energy transfer (ECL-RET), Cu,0@PdAg has
a quenching effect on the ECL signal of CdS @CeO,.

S,0% +e” — SO, +S0;~ 1)
CdS@CeO, + e~ — CdS@CeO; )
CdS@CeO; + SO, — CdS@CeO; + SO~ 3)
CdS@CeO}; — CdS@CeO, + hv 4)

Performance testing for PSA

In order to realize the sensitive detection of PSA by the
immunosensor, the ECL signals of a series of different
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concentrations of PSA were tested under optimal condi-
tions. In Fig. 4A, the ECL signal intensity decreased with
increasing PSA concentration, and the ECL-time curves at
each concentration were shown in Fig. 4B. Through linear
regression calculation, it was found that when the PSA con-
centration was in the range of 10 fg-mL~'-100 ng-mL~", the
ECL intensity was inversely proportional to the logarithm of
the PSA concentration. The linear equation was /= —909.31
lg ¢+5187.8, and the correlation coefficient was 0.984.
The detection limit was 5.6 fg-mL~' (S/N=3). Compared
with other literatures on PSA detection (Table 1), it can be
found that the immunosensor has a wide detection range and
extremely low detection limit, showing great potential and
development value for sensitive detection of prostate cancer.

Stability, selectivity, and repeatability
of immunosensors

The performance of the immunosensor plays a decisive
role in the detection. As shown in Fig. 5A, the ECL signal
is very stable over multiple consecutive voltage sweeps,
with a relative standard deviation (RSD) of only 0.73%.
In addition, the immunosensor has excellent storage sta-
bility. Although the ECL intensity after being placed in
a 4 °C refrigerator for 25 days is slightly reduced, it can
still reach 89.7% of the ECL intensity before storage,
which does not affect the relevant detection results. To

test the selectivity of the immunosensor, neuron-specific
enolase (NSE), insulin (Ins), carcinoembryonic antigen
(CEA), and aflatoxin (AFT) were used as interferers,
including hormones, proteins, and other antigens that
may interfere with the results. In Fig. 5C, electrode a
is a blank sample. And electrodes b—e are loaded with
10 ng-mL~"! of different interfering substances, respec-
tively. It can be found that the obtained ECL intensity
is higher. After loading with PSA (1 ng-mL™"), the ECL
signal of the f electrode was significantly reduced. The
hybrid included PSA at 1 ng-mL~! and the rest of the
interfering species at 10 ng-mL~!, and its ECL signal did
not change much compared to the electrode f. It shows
that the immunosensor has good selectivity and is less
affected by the interference of other substances. Under
the same test conditions, the ECL signals of multiple dif-
ferent electrodes were almost identical, and the RSD was
only 0.43%, confirming the excellent reproducibility of
the constructed immunosensor (Fig. 5D).

As shown in Figure S2A, the CV curve (curve a) of the
bare glassy carbon electrode (GCE) has obvious symmetri-
cal redox peaks. Since the emitter CdS @CeO, is a semi-
conductor, the electron transfer rate is slowed down and
the current peak is significantly reduced (curve b). Due to
the non-conductivity of biological protein molecules, the
current peaks decreased layer by layer after continuing
to modify HGC, Ab,, BSA, PSA, and Ab, bioconjugates

Fig.4 ECL response at different A B

PSA concentrations, insets are . 512.0k

calibration working curve (A) z s I1=-909.311g c +5187.8 ECL intensitity / a.u. [12-0k

and (B) the ECL intensity-time <00 2100k R’=0.984

curves of different concen- 3» : & 8.0k N

trations of NSE detected by ‘% 2

2 E 6.0k

immunosensor: (a) 0.00001, o i)

(b) 0.00005, (c) 0.0001, (d) £ 6.0k Q 40k

0.0005, (e) 0.001, (f) 0.01, (g) 5 a2 2 0 3

0.1, (h) 1, (i) 5, (j§) 10, (k) 25, Q Ig ¢/ (ng/mL)

(1) 100 ng-mL.~". The error bars H3 ok

show the standard deviation of ’ 0 30 60 90 0 3 10 15 20

quintuplicate tests (N=15) c/ (ng/mL) Time /s

Table 1 . Perfotmance . Methods Materials Linear range (ng-mL_l) Detec- Reference

comparison with other literature tion limit

on detection of PSA (pg'mLY)
Photoelectrochemistry CdTe/TiO, 0.005-20 1.5 [28]
Electrochemistry Fe;0,@COF 0.0001-10 0.03 [29]
Fluoroimmunoassay Ag@8Si0,@Si0,-RuBpy 0.1-100 27 [30]
Electrochemiluminescence GSH-AGIS 0.00005-1 0.01 [31]
Electrochemiluminescence Fe;O, NP@lipid/Rul/ 0.01-1 3 [32]

Chol-peptide-Fc

Electrochemiluminescence CdS@CeO, 0.00001-100 0.0056 This work
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Fig.5 (A) The stability of the A B
immunosensor under continu-
ous cyclic potential scans for 7 = 3KA RSD=0.73% :
cycles. (B) The storage stability < & 9.0k I T
of the immunosensor. (C) The =~ ; 1
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(curves c—g). The resistance of GCE in Figure S2B is very
small, and the resistance increases continuously during the
layer-by-layer modification, which can correspond to the
decrease of the current peak value in the CV curve. The
above results fully demonstrate that the construction of the
immunosensor is successful.

PSA sample testing

In order to verify the practical performance of the immu-
nosensor, the sample recovery test of PSA in human serum
samples was carried out by the spike recovery method.
The results are shown in Table 2, the recoveries were
99.8-101%, and the relative standard deviation (RSD)
was 0.85-1.6%, which proved that the immunosensor has
good accuracy and sensitivity, and can be applied to the
detection of PSA concentration in samples. In addition,
an enzyme-linked immunoassay (ELISA) kit was used to

Samples

compare with this method. The standard concentration of
PSA provided in the ELISA kit was diluted to obtain a
test sample with a concentration of 2.77 ng-mL~!. It can
be concluded from Table 3 that there is no significant dif-
ference between the constructed immunosensor and the
detection results obtained by the ELISA kit. The accuracy
and practicability of the immunosensor in detection are
proved by the comparison of F values.

Conclusion

In this work, a quenching immunosensor for sensitive detec-
tion of PSA was constructed based on the resonance energy
transfer between CdS @CeO, and Cu,0@PdAg. CeO, par-
ticles are loaded onto the surface of CdS nanorods to form
a CdS@CeO, heterostructure, which reduces the toxicity
of CdS and enhances the overall biocompatibility, thereby

Table 2 Applicgtion of the Sample (ng~mL_1) Added Detected (ng~mL‘1) Average RSD (%)  Recovery (%)
immunosensor in serum sample (ng-mL™") (ngmL™!)
analysis
2.32 1.05 3.39,3.34,3.41,3.35,3.38 3.37 0.85 100.0
2.68 5.12,4.92,4.99,5.07,498 5.02 1.6 100.7
5.09 7.48,7.29,7.36,7.39,749  7.40 1.1 99.8
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Table 3 Comparison of this method and ELISA kit for the analysis of human serum samples

Method Sample Detected (ng-mL’l) Average K RSD (%) Relative error (%) F* value
(ng-mL™") (ng-mL™")

ELISA 2.77 2.72,2.79,2.75,2.73,2.79 2.76 0.033 1.2 —-0.72 1.65

This work 2.77 2.76,2.73,2.81,2.71,2.71 2.74 0.042 1.5

The F values refer to comparison of the proposed method with ELISA kit. The theoretical values at 95% confidence limits: F=6.39, F = iz—

realizing the detection of biomolecules. Cu,O has a regular
tetradecahedral structure with a large specific surface area
and a large light absorption coefficient, which can effec-
tively quench the cathode ECL signal of CdS@CeO,. In
addition, the bimetallic PdAg nanospheres are loaded on
the surface of Cu,O, which can better connect with proteins
such as antigens and antibodies, and improve the conduc-
tion rate and the sensitivity of the immunosensor. The final
constructed immunosensor realizes ultra-low concentration
detection of PSA. CdS is an excellent ECL emitter, but its
application is limited by its biological toxicity. It is a chal-
lenge to find other ways to reduce its biological toxicity.
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