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ARTICLE INFO ABSTRACT
Keywords: This work reported a split-type photoelectrochemical (PEC) immunoassay for the detection of carcinoembryonic
Photoelectrochemical immunoassay antigen (CEA) based on target-induced biocatalytic precipitation (BCP) by using Inp03/CdIn,S4 heterojunctions

Iny03/CdIn,S4 heterojunctions
Enzymatic biocatalytic precipitation
Carcinoembryonic antigen

as the photosensitizers. The synthesized Iny03/CdInyS,4 heterojunctions improved the efficiency of charge sep-
aration and shortened the electron convey path to enhance the photocurrent, thus exhibiting high conductivity
and low complexation rates of photogenerated electrons and holes. In the presence of CEA, horseradish perox-
idase (HRP) catalyzed 4-chloro-1-naphthol (4-CN) to produce benzo-4-chloro-hexadienone (4-CD) through Hy0,.
Then, 4-CD was deposited onto the surface of In,O3/CdIngS4 to reduce the photocurrent and realized the signal
amplification. The PEC immunoassay revealed an excellent photocurrent toward target CEA within a wide range
of 0.01-50 ng mL ! at a low limit of detection of 2.8 pg mL~! under the optimum conditions. Multiple switching
light excitation tests demonstrated the good reliability and stability of the fabricated PEC biosensor. The accu-
racy was acceptable in comparison with human CEA enzyme-linked immunosorbent assay (ELISA) Kkit.

1. Introduction epithelial tissue, is considered to be the most common type of diseases
[1]. Cancer has become one of the most important diseases that threaten
Cancer, usually referred to the malignant tumors originating from our life and health due to its low cure rate and extremely high mortality
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rate, especially in the middle and late stages of cancer [2]. Carcinoem-
bryonic antigen (CEA) has been ascribed to be one of the essential tumor
markers, which is usually associated with pancreatic cancer, breast
cancer and lung cancer [3,4]. Persistently high levels of CEA may
indicate that colorectal, breast, and lung cancers risk in humans [5], so it
is often used as a sign of some tumor symptoms in clinic. Of particular
note, non-smoking patients with CEA greater than 5.0 ng mL™! were
identified as having elevated CEA, but a smoker patient will not be
considered until CEA >10 ng mL~! [6]. Sensitive detection of CEA
values in serum at an early stage is effective for the timely treatment of
patients who may have cancer, mainly due to the fact that their survival
rate can be greatly improved through early screening and clinical
diagnosis of cancer [7,8]. Up to now, several strategies including
colorimetry, fluorescence, electrochemiluminescence, and electro-
chemical methods have been developed for the detection of CEA [9,10].
Among them, photoelectrochemical (PEC) biosensor is a burgeoning
technology to measure RNA, proteins, ions, micro-molecules, and other
trace biological samples in recent decades [11]. It is developed from the
electrochemical biological analysis technology, which separates two
kinds of energy sources (light source) and detection signal (electrical
signal), thus exhibiting the inherent advantages of low background, fast
response and high sensitivity [12,13]. In addition, PEC bioanalytical
methods are easy to be miniaturized and popularized due to the
simplicity of instrumentation and operation, and have been commonly
used in cancer surveillance and food safety [14-16].

The choice of appropriate photoactive materials is the imperative for
the construction of PEC biosensor [17]. The AB,C4 (A = Cd, Cu, Zn etc.;
B = In, Al, Ga etc.; C = S, Se, etc.) materials are known as bimetallic
chalcogenides, which have attracted much attention due to the unique
photoelectronic properties and adjustable band gap structure [18].
CdInyS4, an n-type semiconductor photocatalyst with remarkable
properties, has aroused wide researcher concern due to the befitting
conduction band (CB) and valence band (VB) positions, superior
visible-light absorption ability and the suitable band gap (~2.2 eV) [19,
20]. Nevertheless, the recombination of photo-generated charge is likely
to happen on the surface of the single-component CdIn;S4, as well as the
little active sites and weak electron transfer, which extremely impede its
use in PEC devices [21]. Several strategies had been put forward to
address these issues, including defect engineering, modification of the
surface, and fabrication of the heterostructures [22,23]. Generally, the
construction of heterostructures is considered as one of the main pro-
posals to address the charge and hole complex behavior in the PEC
process [24,25]. For instance, Ren et al. [26] constructed a new heter-
ojunction by the combination of CdInyS4 and SnS,, which can extremely
promote the photocatalyst activity of hydrogen evolution due to the
rapid separation of photo-generated carriers. Yu et al. [25] synthesized a
novel CdInyS4/MoS, composites, which showed satisfactory hydrogen
production performance due to the efficient loading of MoS; on the
surface of the CdInyS4. Therefore, the construction of Iny03/CdIngSs--
based heterojunction, as a huge amount of potential and operational
strategy, exhibiting high conductivity and low complexation rates of
photogenerated electrons and holes.

In recent years, metal-organic frameworks (MOFs) are composed of
covalent bonds between organic ligands and metal ions [27-29], which
have received a lot of attention in a variety of domains, including
chemical sensors, gas storage and separation, chemical catalysis and so
on [30]. MIL-68 (In) as the most commonly used MOF material, which
have large specific surface area and high porosity [31,32]. Sun et al.
annealed MIL-68 (In) and derived InyO3 hollow nanotubes with porous
structure [33]. This derived heterostructure retains the porous structure
of MIL-68 [34]. In addition, the hollow tube structure of InoO3 improves
light utilization by adjusting the reflection and refraction of incident
light, and provides a large specific surface area and abundant active
exposure sites for specific reactions [35-37]. As a representative metal
oxide material, the band gap of InyO3 is about 2.8 eV, which has
appropriate band positions as well as matched energy level with CdIn,Sy4
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[17,22,23]. Lately, Lou et al. have synthesized two In-MOF-derived
heterostructures (ZnInyS4/Iny0O3 and InyS3/CdIngS4) [38-40], which
can improve CO; photoreduction performance due to the acceleration of
separation and convey of the electron carriers. As an efficient PEC
substrate, the In,O3/CdInyS4 heterostructures are considered to possess
the great potential to be used for signal amplification. However, there
are few reports on the application of In;03/CdIn,S4 heterostructures
alone in the field of photoelectricity and need to be further studied.

In this work, we constructed a split-type photoelectrochemical (PEC)
immunoassay for the detection of the target carcinoembryonic antigen
(CEA) based on biocatalytic precipitation (BCP) by using In,O03/CdIn,Sy4
heterojunction as photoactive materials. In this design, the composite
material InpO3/CdIn,S4 with good photoelectric activity was used as the
photoactive material. The HRP enzymes catalyzed 4-CN to produce 4-CD
precipitates via HyO, [41-44] at the InpO3/CdInyS4 electrode surface in
the presence of the targe CEA, which significantly reduced the photo-
current. Due to the deposition of insoluble substance on the InyO3/C-
dInyS4 electrode surface, BCP [45] amplified the signal to increase the
detection limit of particular motivation to this work is the probability of
integrating photoelectrochemical and biocatalytic precipitation for the
exploitation of PEC immunoassays with excellent anti-interference
ability and ultra-high sensitivity. Compared with the traditional
enzyme reaction, the sensor exhibited excellent anti-interference ability
because the solution of enzyme precipitation process was separated from
the solution of PEC detection, which could be utilized for the specific
detection of CEA in actual biological samples.

2. Experimental
2.1. Preparation of MOFs-derived InyO3

With some adjustments, a previously described oil bath process was
used to create the MIL-68(In) nanorods [35]. Briefly, In(NO3)3-xH50
(60 mg) and 1,4-benzenedicarboxylic acid (60 mg) were dissolved in N,
N-Dimethylformamide (40 mL) under continuous stirring for 5 min to
form a clear solution. Thereafter, the solution reacted in an oil bath
(120 °C) for 0.5 h. The white precipitate was extracted by centrifugation
after the solution had been cooled to room temperature (25 °C), washed
successively with ethanol and DI water, and then dried in vacuum for a
whole night at 60 °C.

Then, to obtain the hollow InyO3 nanotubes, the prepared MIL-68(In)
prisms precursors (2.0 g) were put in a Al,O3 crucible and annealed at
120 °C for 2 h, removing guest molecules from pores and then dried at
500 °C for 2 h in air with a heating rate of 5 °C min~'. Then the pale-
yellow products were collected when the temperature was cooled.

2.2. Preparation of InyO3/CdInyS,4 tubular heterostructures

The CdInyS4 nanoparticles were grown on the surface of the InpO3
according to a solvothermal method. Firstly, 8.0 mg of the as-obtained
In,03 nanotubes were dispersed in 60 mL of ethylene glycol by soni-
cation, followed by addition of CdIn,S4 precursors (e.g., 60.2 mg of In
(NO3)3-xH20, 30.8 mg of Cd(NOg3)s-4H0, and 30.0 mg of Thio-
acetamide). Stirring the resulting mixture for 5 min, and then put into a
Teflon-lined stainless-steel autoclave (100 mL) at 160 °C and kept for 12
h. After natural cooling, the orange-yellow products were alternately
rinsed several times with ethanol and DI water, and dried in vacuum at
60 °C. The independent CdIn,S4 nanoparticles were prepared without
the involvement of the In,Os, and other conditions were the same as
described above.

2.3. Fabrication of immunoreaction PEC sensor
Scheme 1 represents a PEC sensing platform based on enzyme-

catalyzed BCP for detection of the target CEA. Before the measure-
ment, the monoclonal anti-CEA antibody (mAb;) coated-polystyrene
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Scheme 1. Schematic diagram of PEC immunoassay for the detection of target CEA combined with HRP enzymes to catalyze the 4-CN to generate 4-CD precipitates

via H,0, for the signal amplification of In,03/CdIn,S4 nanocomposites.

high-binding microplates and the HRP-labeled detection antibody (HRP-
mAb,) were prepared based on previous reports (details in supporting
information). Initially, 50 pL of different concentrations of the CEA
standard/sample were added to each high-binding polystyrene mAb;-
coated microplate containing PBS buffer (pH 7.0) and immunoreacted at
37 °C for 30 min, gently shaken on a rotator. To form sandwich immune
structure, the preprepared HRP-mAby (50 pL) with diverse concentra-
tions was added to the above-washed microporous plates and reacted for
30 min under the same conditions. The microplates were washed in the
same way as earlier. Then, 1 mM 4-CN (25 pL) and 1 mM H;0, (25 pL)
was added into each well and incubated at 37 °C for 40 min with slight
shaking to generate 4-CD precipitates. After that, the obtained reacted
solution of the microporous plates was dropped on the InyO3/CdInySs
nanocomposite-modified electrode surface at 37 °C for 10 min and dried
at room temperature for subsequent measurement.

All the detection of CEA was determined in Na;SO4 (pH 7.4, 0.1 mol
L™1) solution at the applied potential of 0 V (vs. SCE) and performed on
an electrochemical workstation (CHI630) with a classical three-
electrode system including FTO working electrode (preprepared elec-
trode), counter electrode (platinum electrode) and reference electrode
(saturated calomel electrode). Transient photocurrents were measured

(A)

at room temperature, using a 500 W xenon-lamp in the black box
equipped.

3. Results and discussions

3.1. Detdiled characterization MIL-68(In), In03 and In,03-CdIn,Sy
nanocomposites

The overall synthesis procedure of InpO3-CdInyS4 hollow nano-
composites was depicted in Fig. 1A. Well-defined MIL-68(In) hexagonal
were obtained by a simple solvothermal method. Next, the hexagonal
Iny03 hollow nanotubes were synthesized through a thermal annealing
method of MIL-68(In) hexagonal rods. Finally, two layers of CdInySs
nanoparticles were grown on the inner and outer surfaces of as-derived
Iny03 nanotubes through the hydrothermal treatment.

The microstructure and specific morphology of the prepared mate-
rials [MIL-68(In), Iny03, and Inp03/CdInyS4] were identified by scan-
ning electron microscope (SEM). From the SEM image depicted in
Fig. 1B and C, the bare MIL-68(In) powders exhibited a regular smooth
hexagonal nanorods structure. After being annealed at high tempera-
ture, the well-aligned clavate MIL-68(In) precursor was converted into

Fig. 1. (A) Fabrication procedure of the hollow In,03/CdIn,S4 nanocomposites, SEM image of (B,C) MIL-68(In), (D,E) pure In,O3, and (F,G) InyO3/CdIn,Sy

nanocomposites.
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the InyO3 nanotubes retaining a rod morphology similar with the pre-
cursor (Fig. 1D and E). Nevertheless, it could be obviously observed that
the hollow tube structure and a mass of voids and cracks existed on the
unevenness of the surface. In addition, the size of In,O3 nanotubes was
mildly decreased. The SEM images of Iny03/CdInyS4 composite revealed
that the CdInyS4 shell and the InpO3 core successfully establishes the
core-shell nanotubes, indicating that the aggregated CdInyS4 nano-
particles obtained uniformly distributed over the inside and outside
surface of InO3 nanotubes (Fig. 1F and G). In conclusion, the evolution
of the hybridized heterostructure and the successful synthesis of the final
morphology were confirmed by SEM in terms of morphology.

Moreover, the crystal structure of above complexes was analyzed by
X-ray diffraction (XRD), as depicted in Fig. 2A. The MIL-68(In) precursor
showed several diffraction peaks at 14.1, 16.2, 16.9, 18.7, 26.3, 29.7,
and 31.1°, which was consistent with previous reports [34]. The main
diffraction peaks of In,O3 powder at 21.4, 30.5, 35.5, 51.0, and 60.6°
were agree with the cubic In,O3 phase [(211), (222), (400), (411) (332),
(440), (611) and (622)] [42], respectively, without impurities. For
Iny03-CdInySy, all characteristic peaks could be found in cubic CdIn,Sy4
and Iny0s3, and no extra peaks appeared, suggesting that In,O3/CdIn,Sy
with a highly hollow structure was successfully compounded.

To further verify the successful bonding of heterostructures at the
elemental level and surface states, X-ray photoelectron spectroscopy
(XPS) was employed to identify the configuration as well as the chemical
state of In,O3 and Iny,03/CdInyS4 composites. As shown in Fig. 2B the
full XPS spectrum demonstrated that C, O, and In elements were existed
in Iny03, and C, O, Cd, In, and S elements were found in In03/CdIn,Sy,
which was accordant with the expected results. Fig. 2C-F reveals the
high-resolution spectrum of In 3d, O 1s, Cd 3d and S 2p, respectively.
After deconvolution of the In refine-spectrum, two peaks at 443.8 eV and
451.3 eV were respectively assigned to the In 3ds,2 and 3ds/ of the
pristine In,O3, which is consistent with the previous report [22]. It was
worth noting that the InpO3/CdInyS4 composites appeared two In 3d
peaks at the binding energies of 444.6 eV and 452.0 eV, which were
marginally shifted by 0.8 eV and 0.7 eV respectively. The binding energy
shift of In 3d XPS peaks were due to the significant interaction between
CdInyS4 and InyOs, which were beneficial to ameliorate the charge
transfer. The O 1s peaks of In;O3 could be deconvoluted into three
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peaks, including adsorbed water (O,ps) at 532.6 eV, surface hydroxyls
(O-H) at 531.1 eV and lattice oxygen (Or) at 529.3 eV (Fig. 2D). The
binding energy of O 1s spectra for Inp03/CdIn,S4 shift 0.1-0.2 eV than
that of InyO3, which might be owing to the usage of the ethylene glycol
reducing agent and result that more oxygen vacancies are produced in
Iny03/CdIngS4 [36]. In InpO3/CdInyS4 composites, the Cd 3ds/, peak at
404.8 eV and Cd 3ds,3 peak at 411.5 eV were attributed to Cd** species
[22]. As for S 2p spectrum, two peaks at 162.4 and 161.1 eV belong to S
2p1,2 and S 2pg/o, well conform to the value for s2- (Fig. 2F). On the
basis of the description results above collectively, it could be inferred
that the Iny03/CdInyS4 composite was successfully compounded.

3.2. PEC characterization of Iny03/CdIn,S4-modified electrode

Another additional validation required is the (photo)electrochem-
istry of the composite electrodes, which was closely related to the effi-
ciency of the built PEC sensors. Electrochemical impedance
spectroscopy (EIS) was intended to depict the interface characteristic of
the constructed electrodes. As a rule, a larger arcradius in EIS Nyquist
plots means a stronger resistance for electron transfer [46]. Fig. 3A re-
veals the EIS results of the In;03/CdIn,S4 heterojunction, in which the
semicircle of InpO3/CdIn,S4 was smaller than that of the MIL-68(In) and
Iny03, suggesting that the amelioration in electron convey due to the
CdInyS4 doping. Subsequently, to further verify the amelioration in
electron convey by the transient photocurrent responses of compounds.
We measured the photocurrents of diverse modifying electrodes, which
the MIL-68(In) modified electrode had almost no current responses and
the InpO3 derived from the precursors, remaining a faint photocurrent as
before (Fig. 3B). Consistent with expectations, after doping, the
Iny03/CdInyS4 possessed a stronger photocurrent response than the pure
In 03, correlated with its highest charge separation efficiency and
shortest electron convey path. In summary, the results of EIS and tran-
sient photocurrent response indicated that the formation of the hollow
tubular Iny03/CdInyS, heterostructures is the leading reason for pro-
moting the photocatalytic activity as well as the transport and separa-
tion of the photoelectron, which could be utilized for the further
successful fabrication of PEC immunoassay.
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Fig. 3. (A) EIS Nyquist plots and (B) photocurrent responses of MIL-68(In), pure In,O3 and InyO3/CdIn,S4 nanocomposites.

3.3. Optimization of InyO3/CdInyS4 constructed PEC immunoassay

To accomplish the preferable analysis performance of the InyOs/
CdInyS4 constructed PEC immunoassay, except experiment conditions
such as the pH, time of the antigen-antibody incubation reaction and the
incubation time of 4-CD precipitates should be investigated. As depicted
in Fig. 4A, the currents increased with the enhancement of the pH values
and then decreased, thus we determined that the optimal pH concen-
tration of PBS buffer was 7.0 for subsequent detection. Then we opti-
mized the common immunoreaction time of mAb; with the CEA and the
mAb;-CEA with HRP-mAb;, taking 5 ng mL (CEA critical values in
actual human serum) as an example. Fig. 4B represents that the currents
decreased with the enhancement of the immunoreaction time and then
tended to be a plateau after 30 min, which could be chosen to be the best
incubation time for further experiments. Finally, we explored the effect
of the deposition time between 4-CD precipitates and InyO3/CdIngSy4
electrodes on current intensity, using 5 ng mL~! CEA as an example as
ever. Fig. 5C demonstrated that the deposition time of 4 min was the
optimal option. Thus, we selected PBS buffer solution with pH concen-
tration of 7.0, the incubation time of 30 min and the deposition time of 4
min as the optimal conditions.

3.4. Performance of InyO3/CdInySy4 constructed PEC immunoassay

To further study the performance of the enzyme-catalyzed substrate
precipitation-based PEC immunoassay, the sensor was applied to
accomplish detection of CEA standards under the optimum test condi-
tions at different concentrations. Fig. 5A revealed that with the incre-
ment of HRP concentration, more 4-CN precipitates were catalyzed, and
then leading to the photocurrent of the InyO3/CdIny,S4 decreased by
degrees. Fig. 5B displayed a preferable linear relation between the
changes of current values and the logarithm of increasing CEA

(A) (B)

concentration within the actional range from 0.01 ng mL™! to 50 ng
mL L. The acquired regression equation was I (pA) = 2.707-5.290 x log
(Cicea)/mg mL Y (R? = 0.9790, n = 8) and the detection limitation was
inferred to be 2.8 pg mL™! (S/N = 3).

3.5. Stability and specificity of In,0s/CdIn,Sy4 constructed PEC
immunoassay

As an emerging experiment, stability and specificity were two
considerable factors of the In,03/CdInyS4 constructed PEC immuno-
assay to detect the practical samples. Fig. 5C illustrated that the
photocurrent of InpO3/CdIngS4 was reproducible under 10 on/off irra-
diation cycles for 210 s, an indication that the excellent photostability of
the PEC immunoassay. Furthermore, the InyO3/CdInyS4 composites
modifying electrodes were stored at 4 °C for 15, 30 and 60 days, and
98.2%, 97.6%, 95.8% (n = 3) of the initial photocurrent intensity was
maintained, respectively, indicating the satisfactory storage stability of
the immunoassay.

To assess the specificity of our PEC immunoassay, some represen-
tative biomarkers including prostate-specific antigen (PSA), alpha-
fetoprotein (AFP) and immunoglobulin G (IgG) would serve as inter-
fering materials with the detection accuracy of the target CEA. Fig. 5D
demonstrated that the photocurrent intensity of the mixture did not
change remarkably compared with the pure CEA, and the current in-
tensity of the high concentration biomarkers was as much as the back-
ground photocurrent respectively, indicating that the presence of these
biomarkers had no interference with the detection which revealed that
the immunoassay possess an excellent anti-interference and outstanding
specificity ability.
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Fig. 4. Optimization of (A) pH value of PBS buffer solution, (B) incubation time of the antigen-antibody and (C) deposition time between 4-CD precipitates and
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(0.01-50 ng mL™); (C) Stability of the In,O3-CdIn,S4 complexes electrode; (D) Specificity of the PEC immunoassay for CEA detection: CEA: 5.0 ng mL~!; PSA: 80 ng

mL~!; AFP: 80 ng mL~'; IgG: 80 ng mL ™.
3.6. Analysis of human serum samples

To examine the practicality as well as the accuracy of our proposed
PEC immunoassay in real human samples, we gathered six human serum
samples from Fujian Provincial Hospital (Fuzhou, China) in accordance
with the Guidelines and the ethics committee of Fuzhou University.
These serum samples were centrifuged for 5.0 min at 5,000g to remove
the possible precipitation, and then determined by the developed PEC
immunoassay. The obtained results were compared with those assayed
by a human CEA ELISA kit. As displayed in Table 1, there was no
remarkable difference between the proposed PEC test method and the
commercially available CEA ELISA kits, and all calculated tey, values
were under 2.77 (terit[0.05,4] = 2.77), revealing that the proposed PEC
biosensor based on BCP strategy exhibited good accuracy and stability
Therefore, the proposed PEC immunoassay possessed acceptable accu-
racy and could be used to the early diagnostics of some cancers.

4. Conclusions

In conclusion, our work successfully combined biocatalytic precipi-
tation with PEC sensing strategy to construct an InO3/CdIn,Sy4 hetero-
junction based on enzyme-catalyzed substrate precipitation for
detection of target CEA. Compared to the conventional PEC strategies,
two remarkable advantages obtained by our experiment should be
highlighted. On the one hand, the CdInyS4 nanoparticles exhibited
befitting CB and VB positions, superior visible-light absorption ability
and suitable band gap. After growing on the surface of the InyOs, the
synthesis of InpO3/CdInyS4 composites could improve the efficiency of
electron separation and shorten electron convey path to enhance
photocurrent signal. On the other hand, the 4-CD precipitations were
shifted to PEC detection cell to deposit on the surface of In,O3/CdIngSy
electrodes and decreased the photocurrent signal to realize the signal
amplification. More importantly, the PEC immunoassay possessed
excellent stability and selectivity as well as wide linear range and low
limit of the detection of CEA. Therefore, our work demonstrates the
enormous potential application to exploit a convenient and low-cost

Table 1
Comparison of analytical results between PEC immunoassay and CEA ELISA kit
for real samples.

Sample no. Methods (mean + SD, ng mL™}, n = 3) texp
PEC immunoassay CEA ELISA kit

1 18.62 + 1.28 17.38 + 1.12 1.08
2 7.52 + 0.42 7.36 + 0.38 0.72
3 2.68 +£0.12 2.66 + 0.09 0.21
4 11.56 + 0.65 11.48 + 0.62 0.88
5 0.79 + 0.05 0.84 + 0.04 0.18
6 5.96 + 0.45 6.02 + 0.48 1.23

strategy for early diagnostics of cancers.
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