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ZnCdS enhanced g-CzN,4
electrochemiluminescence behavior based on
Rhg ¢RuUg 4@Ag quenching for neuron-specific
enolase detectiont
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A novel quenching electrochemiluminescence (ECL) immunosensor for the trace detection of neuron-
specific enolase (NSE) was developed. Doping CdS with Zn?* to obtain ZnCdS not only significantly
improves the original properties of CdS, but also can be loaded onto the surface of g-CsN4 to form a
special complex structure, which effectively improves the ECL performance of g-CzN4. Rhg gRug 4 alloys
with flower-like structures were prepared by simple hydrothermal synthesis, with excellent electrical
conductivity and catalytic performance. Due to its special flower-like structure with a large specific
surface area, Ag nanoparticles can be uniformly loaded on its surface to form RhggRup4@Ag
composites. Through spectral comparison, it was found that RhggRug4@Ag has strong UV-vis
absorption in the ECL emission wavelength range of g-CsN,4 which can generate resonance energy
transfer, thereby effectively quenching the ECL signal. The immunosensor has a wide detection range
with a detection limit of 16 fg mL™t (S/N = 3), good stability and biocompatibility, and has great potential

rsc.li/njc in clinical application.

1. Introduction

Small cell carcinoma (SCLC) has the characteristics of easy
metastasis, rapid proliferation, high malignant degree, poor
prognosis and no obvious clinical symptoms in the early
stage.'™ Most patients with SCLC have developed to the middle
and late stages when they are diagnosed, and even if they are
treated, the survival rate of patients is low.>® Therefore, it is of
great significance to diagnose SCLC early. As a tumor marker,
neuron-specific enolase (NSE) is a brain protein located in
neuroendocrine cells, with high specificity and sensitivity,
and its content can be used as a standard to distinguish normal
people from patients.”® Although many analytical methods for
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detecting NSE have been developed, most of these methods
require complicated procedures, expensive instruments and
high expenditure.”'® Therefore, the development of a more
convenient and accurate method for detecting NSE has become
the main research direction."*

2-C3N, is a semiconductor material with a two-dimensional
structure composed of a m conjugated graphite plane, which
has a suitable energy band structure and physical and chemical
properties, including good thermal stability, excellent chemical
stability and excellent photoelectric properties.’*™** It is well
known that g-C;N, can form hetero-structures with a series of
substances, and accelerate electron transfer. Zn>* doping of
CdS can improve the surface properties and band gap of the
semiconductor, and form a complex structure with g-C;N, to
stabilize its luminescence performance.'®

Electrochemiluminescence (ECL) is a multifunctional analy-
tical technique that converts electric energy into light
energy.'®® The excited state of the substances produced on
the electrode surface is formed by electron transfer, which is a
special chemiluminescence phenomenon on the electrode.'*°
Therefore, it is an ideal combination of electrochemistry and
spectroscopy, and it has been widely used in diagnosis, analysis
and environmental detection for its unique performance.*'>*
Generally speaking, the presence of co-reactants will greatly
improve the signal and stability of the luminophore, such as
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tertiary amine as the co-reactant of Ru(bpy);>" and S,05°" as
the reactant of quantum dots.>**’ CdS, a widely studied
semiconductor material, has become a hot topic due to its
excellent performance.®?° However, research shows that CdS
still has defects, and Zn>* doping can improve the surface
properties and band gap of semiconductor CdS.*® The doped
new product ZnCdS and g-C;N, form a complex structure,
which enhances and stabilizes the luminescence of g-C;N,.

In this paper, a sandwich-type quenching electrochemilu-
minescence immunosensor has been successfully prepared,
which can sensitively detect NSE. First, ZnCdS nanoparticles
(NPs) were synthesized and fixed on g-C3N, nanosheets to form
a complex structure, which stabilized the luminescent proper-
ties of g-C3N,. With Ag NPs, Rh, ¢Ru, 4 has stronger conductiv-
ity, and improves the performance of the sensor. The ECL
signal of g-C3N, can be weakened by resonance energy transfer
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because the UV-vis spectrum of Rh,¢Ru, s@Ag overlaps with
the ECL emission spectrum of g-C3;N, in a large range. At the
same time, the sensitivity of the sensor can be improved.
Finally, it is found that the prepared sensor has good sensitiv-
ity, which provides a feasible method for NSE detection.

2. Experimental
2.1. Reagents

Neuron-specific enolase (NSE), neuron-specific enolase capture
antibody (Ab;), detection antibody (Ab,), carcinoembryonic
antigen (CEA), alpha fetoprotein (AFP), glucose (Glu), procalci-
tonin (PCT), aflatoxin (AFT) and insulin (Ins) were all brought
from Shanghai Linc-Bio Science Co. Ltd (Shanghai, China).
Melamine, chromium nitrate tetrahydrate (Cd(NOj), 4H,0),
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sodium sulfide nonahydrate (Na,S-9H,0), zinc acetate dihy-
drate (Zn(Ac),-2H,0), bovine serum albumin (BSA, 96-98%),
silver nitrate (AgNOj3), rhodium acetylacetone, and ruthenium
acetylacetone were acquired from Macklin Industrial Corpora-
tion. Ethanol and sodium citrate were supplied by Sinopharm
Chemical. N-hydroxysuccinimide (NHS), 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC), KH,PO,, Na,HPO,
and luminol were obtained from Aladdin (Shanghai China).

2.2. Preparation of Rh, ¢Ru, ;@Ag-Ab,

According to a previous report,*! typically, 6 mg of Rh(acac);
and 3 mg of Ru(acac); were dissolved in 8 mL of water. After
ultrasonic dispersion, 1 mL of formaldehyde solution was
added dropwise under magnetic stirring. Under continuous
stirring, the solution changed color. Finally, the precursor
liquid was transferred to Teflon-lined stainless-steel autoclave
with a capacity of 20 mL, and maintain at 180 °C for 7 h.

The following steps are used to synthesize Rh,gsRug s@Ag-
Ab,. First of all, the prepared Rh, ¢Ru, 4 and Ag NPs were shaken
for 8 h to prepare Rhy¢Ruy ,@Ag. 1 mg of Rhy¢Ruy ,@Ag was
uniformly dispersed in 2 mL PBS (phosphate buffered saline);
then 1 mL Ab, (1 pg mL™") was added and shaken at 4 °C. Next,
to occupy the nonspecific site, 500 pL BSA (1 wt%) was added
and incubated at 4 °C for 6 h.

2.3. Fabrication procedure of the ECL immunosensor

First, in order to obtain a glassy carbon electrode (GCE) with a
smooth mirror surface, 0.05 micron alumina powder was used
for polishing and ultrapure water was used for cleaning. 10 uL
g-C3N,/ZnCdS (3 mg mL ') was dropped on the surface of a
well-polished GCE and dried at room temperature. Then 6 pL
EDC-NHS (1 mg mL™") solution was dripped on the electrode to
activate the carboxyl groups. Following this, the electrode was
covered with 6 uL Ab; (1 ug mL™') solution in sequence and
stored at 4 °C until dry. To block nonspecific binding sites, 3 pL
of BSA (1 wt%) solution was inoculated on the electrode surface
for 1 h. Then different concentrations of NSE were modified
and dried at 4 °C. Finally, 5 L Rhg ¢Ru, 4@Ag-Ab, (1 mg mL ")
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Scheme 1 Construction process of the quenching ECL immunosensor.
Illustration shows the preparation step of Rhg gRug 4@Ag-Ab,.
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solution was used to modify the electrode surface (Scheme 1).
After each step, the electrode surface was cleaned with PBS
(pH 7.4).

3. Results and discussion
3.1. Material characterization

The synthesized g-C;N, has a nano-sheet structure with a large
surface area (Fig. 1A), which makes it possible to load ZnCdS.
The peaks of XRD shown in Fig. 1E prove the successful
synthesis of g-C3N4.*> ZnCdS consists of relatively uniform
and easy-to-agglomerate nanoparticles (Fig. S1, ESIT), and the
particle size analysis shows that the size is mostly 7.5 nm
(Fig. S2, ESIT). The smaller size can make a large amount of
ZnCdS adhere to g-C;N,, thus enhancing the conductivity of g-
C;N,. From the HRTEM image of ZnCdS shown in Fig. 1B, it can
be seen that its 1 lattice fringes is measured at d = 0.332 nm,’
which further proves that the synthesis of ZnCdS is successful.
Fig. 1D shows that there are many characteristic peaks in the
XRD spectrum of ZnCdS, such as 25.5° 27.0° 28.6°, 44.3°, 48.3°
and 52.4°, which, respectively, correspond to (100), (002), (101),
(110), (103) and (112) in the standard XRD spectrum (PDF#89-
2943).** By comparing Fig. 1A with Fig. 1C, it can be found that a
large number of nanoparticles are attached to the nanosheets of
the original g-C;N, thin layer, which indicates that g-C;N, and
ZnCdsS successfully compound into heterostructures.

As shown in Fig. 2A, the prepared Rh,¢Rug 4 has a flower-
like structure formed by the overlapping of many nano-sheets.
Due to the large specific surface area, more Ag NPs can be
loaded, and the conductivity of the composite is improved. In
the synthesis method, the ratio of Ru and Rh elements in the
alloy is controlled by controlling the contents of Rh(acac); and
Ru(acac); terpyridine. It can be seen from the element content
analysis in Fig. 2B that the element ratio in the alloy combines
the expected effect and the EDS element mapping images of Ru
and Rh (Fig. 2C and D) clearly show the uniform distribution
and high overlap of elements.

3.2. ECL behavior of g-C;N,/ZnCdS

As can be seen from Fig. 3A, compared with the bare glassy
carbon electrode, g-C;N, shows a good ECL signal. Compared
with curve (b), the ECL signal of g-C3;N, in curve (c) is further
enhanced at the same concentration. The results show that the
complex structure of ZnCdS and g-C3;N, can promote the ECL
reaction.

The possible ECL mechanism of the signal immunosensor is
as follows. When a negative voltage is applied, on the electrode
surface, g-C3N, acquires electrons (eqn (1)) and becomes
2-C3N,* . The S,05%~ gets electrons to generate SO,*~ and SO~
at the same time (eqn (2)). SO,*~ will react with g-C;N,*~ to
produce excited g-C;N,* (eqn (4)). Finally, when g-C;N,* becomes
2-C3N, (eqn (5)), it will be accompanied by the generation of light
and the light will be detected by the instrument. The existence of
ZnCdS will catalyze the generation of SO,*~ (eqn (3)), produce more
excited g-C;N,*, and enhance the luminescence signal.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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Fig. 1 SEM images of (A) g-C3N4 and (C) g-C3N4/ZnCdS. HRTEM images of (B) ZnCdS. XRD patterns of (D) ZnCdS and (E) g-C3Na.

After the quenching agent Rh,¢Ru,  @Ag was added, the
ECL signal of the sensor decreased obviously (Fig. 3A(b)), so the
quenching principle of the sensor was explored. The ECL
emission spectrum of g-C3;N,/ZnCdS and the UV-vis absorption
spectrum of RhggRuo,@Ag were analyzed. And the light
emitted by g-C3;N,/ZnCdS (Fig. 3B(a)) on the surface of the
electrode is 420-800 nm, and the intensity of the light is the
highest at 470 nm. Compared with g-C;N,, the peak shifted to
the right by 10 nm,*® which once again showed that ZnCdS was
successfully combined with g-C;N,. The UV-vis absorption of
Rhy sRu, ,@Ag overlaps with the ECL emission spectrum of

¢-C3N,/ZnCdS which indicates that the ECL signal is effectively
quenched by resonance energy transfer.>®

Eqn (1)-(5).
g-CNy+ e — g-CN,* (1)
$,05°" + e > SO,° + 80, (2)
$0¢ e 25 80, 450, (more) 3)
g-C3N,* ™ + S0,°” — g-C3N* + S0,>~ (4)
2-C3N,* — g-C3Ny + hv (5)

Fig. 2 (A) SEM of images of Rhg gRug 4 and EDS element mapping images of Ru (C) and Rh (D). (B) EDX spectra of Rhg gRug 4.
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cate tests (N = 5).
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Fig. 5 (A) The ECL intensity—time curves of different concentrations of NSE detected by the immunosensor: (a) 0.00005, (b) 0.0001, (c) 0.0005, (d)
0.005, () 0.01, () 0.1, (g) 1, (h) 10, () 50, and (j) 100 ng mL™. (B) Calibration curve of the immunosensor. (C) Stability of immunosensor under continuous
scanning. (D) Repeatability of the immunosensor of different electrodes. (F) Selectivity of immunosensors prepared: blank, CFA, AFP, Glu, AFT, PCT, Ins,
BSA, AFP, NSE, and mixture. The error bars show the standard deviation of quintuplicate tests (N = 5).

3.3. Optimization of the experimental conditions

First, the ratio of g-C3N, to ZnCdS was investigated. When the
mass of g-C3N, accounts for 50% of the mass of the composite,
the signal generated is the strongest (Fig. 4A). The pH can
seriously affect the behaviour of the immunosensor. For this
reason, the signal of the immunosensor is detected at different
pH values. It can be seen from Fig. 4B that when the pH value is
between 6.5 and 7.4, the signal of the immunosensor gradually
increases, and when the pH value exceeds 7.4, the signal begins
to weaken. So the optimal pH value of the immunosensor is 7.4.
At the same time, the concentration of the co-reactant, potas-
sium persulfate, was optimized. With the increase of potassium
persulfate concentration, the signal of the immunosensor
increases until the concentration of potassium persulfate is
100 mM, then the signal begins to decrease. Therefore, the
optimal concentration is 100 mM (Fig. 4C).

3.4. EIS characterization of the immunosensor

In order to verify whether the immunosensor was successfully
built, EIS test was carried out. From Fig. 4D it can be observed
that the impedance of the bare glassy carbon electrode is very
small. The impedance of the electrode increases due to the
modification of g-C;N,/ZnCdS on the surface of the electrode,

Table 1 Performance comparison with other documents

but it still has good conductivity. With the modification of BSA,
Ab, and Agent biomolecules, the electrode resistance gradually
increases, which illustrates the successful bonding on the
electrode surface. When the last layer is modified (Fig. 4D(f)),
the impedance does not change much, which indicates that
Rhg sRu, 4@Ag has good conductivity.

3.5. ECL detection of the fabricated immunosensor

Under the best experimental conditions, NSE was detected by
the immunosensor. It can be seen from Fig. 5A that the ECL
intensity shows a downward trend with the increase of NSE
concentration. When the concentration range is 0.5 pg mL ™ '-
100 ng mL~", the linear formula of log ¢ and ECL intensity is I =
1336.2-286.81g ¢, the correlation coefficient is 0.992 (Fig. 5B),
and the detection limit is 16 fg mL™".

3.6. Stability, selectivity and reproducibility of the ECL response

In clinical medical detection, immunosensors have higher
requirements for stability and selectivity. Under the best experi-
mental conditions, the immunosensor has been scanned con-
tinuously for 12 cycles. Fig. 5C shows the ECL signal is very
stable, and the calculated relative deviation is 3.8%, which has
good stability. Fig. 5D shows that the ECL signals of the
immunosensor are reproducible; the relative standard deviation

Methods Detection range (ng mL ") Detection limit (pg mL ™) Ref.
Photoelectrochemical interface 0.00001-1000 0.043 37
Electrochemical 0.5-100 0.0257 38
Microfluidic paper-based analytical devices 1-500 10 39
Surface plasmon resonance 10-100 500 40
Electrochemiluminescence 0.00005-100 0.016 This work

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2022
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is 2.1%, certifying that the immunosensor has good reproduci-
bility. After storing the electrode for 7 days and measuring its
ECL signal every day, it was found that the signal of the electrode
drops by 16% after 7 days.

In order to evaluate the sensitivity and selectivity of the
immunosensor, carcinoembryonic antigen (CEA), alpha-
fetoprotein (AFP), glucose (Glu), aflatoxin (AFT), calcitonin
(PCT), insulin (Ins), bovine serum albumin (BSA) and their
mixture were used as the interfering substances, at the concen-
tration of 10 ng mL~'. As shown in Fig. 5E, the ECL signals of
the interfering substance are almost the same as that of the
bare electrode. When the interfering substance and NSE exist at
the same time, the ECL signal changes obviously, which
indicates that the immunosensor has good selectivity (Table 1).

4. Conclusions

In this paper, a quenching sandwich-type immunosensor was
constructed to detect NSE. ZnCdS, a semiconductor nano-
material with good performance, was successfully synthesized
by doping CdS with Zn**. After forming a complex structure
with g-C3N,, the ECL spectrum of g-C;N, is shifted, and the ECL
luminescent properties of g-C3N, are stabilized. Rhy ¢Ru, 4 was
synthesized by a simple hydrothermal method, and Ag was
modified on its surface as a capture antibody marker. When
2-C;N, was incubated with Rh, ¢Ru, 4@Ag-Ab,, the ECL signal of
g-C3N, was decreased due to resonance energy transfer. Owing to
its good stability, high sensitivity and excellent selectivity, the
immunosensor can detect low concentration of NSE.
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