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Abstract Herein, an electrochemiluminescence (ECL) aptasensor for carcinoembryonic antigen
(CEA) detection was developed based on Au-Ag/g-C3N,4 nanocomposites (NCs), which were syn-
thesized by decorating graphitic carbon nitride (g-C3N4) nanosheets with alloy-structured Au-Ag
bimetallic nanoparticles (NPs) via one-step in situ chemical reduction. As ECL sensing platform,
Au-Ag/g-C3Ny4 NCs could significantly improve the ECL intensity of luminol due to the good con-
ductivity of Au-Ag NPs, electrocatalytic activity for oxygen evolution reaction (OER) and the abil-
ity to adsorb luminol via 7 stacking interaction. In addition, it could load the thiol terminated
aptamers of CEA via Au-S or Ag-S bonds. In the presence of CEA, the ECL response of the pro-
posed biosensor decreased significantly due to the fact that the assembled protein layers hindered
the electron transfer and the diffusion of ECL reactants toward the electrode surface. The proposed
ECL sensor exhibited a good linear relationship with CEA in the range of 1.0-1.0 x 107% ng/mL
with a detection limit of 8.9 x 1077 ng/mL. The satisfactory results were obtained in the detection
of CEA in human serum samples.
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access article under the CC BY-INC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As is known, the early diagnosis is critical for cancer treatment and
control. Carcinoembryonic antigen (CEA) is one of the important
markers of various tumors (Jie et al., 2011). Therefore, development
of a sensitive, rapid and reliable analytical method for CEA detection
is important for early diagnosis and therapy of cancers. Numerous
detection techniques have been well developed for CEA detection such
as electrochemical (Su et al., 2017; Wei et al., 2018; Luo et al., 2018;
Mazloum-Ardakani et al., 2019), photoelectrochemical (Song et al.,
2017), fluorescent (Lin et al., 2017), electrochemiluminescent (Wang
et al, 2015; Liu et al., 2018), surface-enhanced raman scattering
(Wang et al., 2017) and colorimetric (Xiao et al., 2017) methods.
Specifically, label-free electrochemiluminescence (ECL) biosensors
(Zhang et al., 2013a,b; Chen et al., 2014; Liu et al., 2014; Zhang
et al., 2017) have been rapidly developed to determine CEA due to
its fast response, simple fabrication and high sensitivity.

Label-free sensors require electrode materials with good conductiv-
ity and large specific surface area to accelerate electron transfer and
immobilize more analytes. Graphitic carbon nitride (g-C3;Ny), pos-
sesses high nitrogen content with excellent stability (Groenewolt and
Antonietti, 2005), low cost, easily tailorable structure and bulk prepa-
ration. Recently, g-C3N,4 has been used as an electrocatalyst for oxygen
evolution reaction (OER) (Tian et al., 2014; Desalegn et al., 2019).
However, the electrocatalytic activity of g-C3Ny itself is insufficient
due to its low specific surface area and poor electronic conductivity.
The pyridinic-N atoms in the g-C3N4 matrix provide rich electron lone
pairs, which can capture metal ions in the ligands (Zou et al., 2014). It
has been reported that the metal-g-C3;N,4 complex could act as a high
activity electrocatalyst for OER due to the precise M-N, coordination
(Zheng et al., 2017) and dissolved O, in electrolyte is a key co-reactant
for luminol ECL system (Cui et al., 2003; Wei et al., 2013; Wang et al.,
2014; Xia et al., 2022). In addition, it was found that the Au-Ag alloy
displayed an effective improvement for luminol ECL in our previous
work (Wei et al., 2013; Wang et al., 2014). Therefore, g-C3Ny4
nanosheets loaded with bimetallic Au-Ag is expected to be very effec-
tive in enhancing luminol ECL intensity.

In this work, considering that the advantages of ECL sensor such
as fast response and high sensitivity, an ECL aptasensor for CEA
detection based on Au-Ag/g-C;N4 nanocomposites (NCs) has been
constructed. For the ECL sensing platform, the Au-Ag/g-C3Ny NCs
were more favorable for loading the aptamer of CEA via Au-S or
Ag-S bond due to the large specific surface area. Meanwhile, the Au-
Ag/g-C3Ny NCs could significantly improve luminol ECL intensity
due to the good conductivity of Au-Ag NPs, electrocatalytic perfor-
mance for OER and the ability to adsorb luminol via = stacking inter-
action. After CEA interacted specifically with the aptamer, ECL
intensity was significantly decreased. Based on this, the proposed
lable-free ECL aptasensor was developed and used to detect CEA in
human serum samples with satisfactory results.

2. Experimental section
2.1. Synthesis of Au-Ag/g-C;N, NCs

g-C3N4 nanosheets were first synthesized by urea pyrolysis
according to the process described in the literature (Xu et al.,
2013). The detailed synthesis procedure was presented in the
Electronic Supplementary Material. Au-Ag/g-C3N4 NCs were
prepared according to the method in the literature (Feng et al.,
2015) with some modifications. Simply, under stirring,
0.040 mL of 0.1 M AgNO; and 0.060 mL of 0.1 M HAuCly
were added to 50 mL of 0.1 mg/mL g-C3N, suspension, fol-
lowed by stirring for 30 min at room temperature. Then, a
mixed solution of 0.040 mL 0.08 mM NaBH, and 0.250 mL

0.5 mM sodium citrate was added rapidly into the boiling sus-
pension and stirred for 15 min. After centrifuging and washing
with ultrapure water three times, the Au-Ag/g-C;N4 NCs were
obtained and dispersed in 50 mL ultrapure water.

2.2. Fabrication of ECL aptasensor

All glassy carbon electrodes (GCE) were polished with 0.3 and
0.05 pm alumina slurries and followed by ultrasonic cleaning
with HNOj; (1:1), ethanol and deionized water in succession.
Sequentially, the cleaned electrode was dried with nitrogen.
The fabrication process of the ECL sensor was demonstrated
in Scheme 1. Firstly, 2 pL. Au-Ag/g-C3N4 NCs was spread
on the cleaned and air-dried. Secondly, the modified electrode
was incubated in 1.5 pM aptamer at 4 °C overnight, then
immersed into 0.1 mM B-mercaptoethanol (B-ME) for
30 min. After careful rinsing and drying, the electrode was
incubated in CEA solution for 90 min at 37 °C. Finally, the
modified electrode was washed carefully and stored at 4 °C
for later use.

The materials, reagents and apparatus required for the
experiments and the ECL measurement procedure were pre-
sented in the Electronic Supplementary Material. All ECL
measurements were performed in 0.1 M PBS (pH = 7.4) con-
taining 5 x 107> M luminol and 5 x 107 M H,O,,

3. Results and discussion

3.1. Characterization of the Au-Ag/g-C;N, NCs

SEM image of the as-prepared g-C3N4 nanosheets was shown
in Fig. 1A. It’s clear that g-C3N4 nanosheets were almost
transparent thin layer and had many folds, which could facil-
itate the loading of Au-Ag NPs. TEM image of the Au-Ag/g-
C3N4 NCs was shown in Fig. 1B. The spherical Au-Ag NPs of
about 4 nm were dispersed uniformly on the surfaces of g-
C3N4 nanosheets without any agglomeration, which could
be ascribed to a large number of anchoring sites provided by
—NH2 and —NH— groups on g-C3N4 nanosheets surfaces
(Wang et al., 2016).

The high-resolution TEM (HRTEM) image was shown in
Fig. 1C, which exhibited a polycrystalline microstructure of
the metal NPs (Zhang et al., 2013a,b). As displayed in
Fig. 1D (enlarged from the red circle region of Fig. 1C), a
high-resolution lattice fringe of 0.24 nm was observed, which
ascribed to the (111) lattice planes of crystalline Au or Ag.
The polycrystalline nature was also identified by selected-
area electron diffraction (SAED) analysis. As displayed in
the inset in Fig. 1C, the four diffraction rings were indexed
to the (311), (220), (200) and (111) Bragg reflections from
the face-centered cubic structure of Au or Ag, suggesting the
polycrystalline nature of metal NPs (Sun et al., 2018).

Compared with g-C3N4 nanosheets, the obtained Au-Ag/g-
C3N4 NCs had a larger specific surface area (Fig. 2A), which
was beneficial to the loading of biological molecules. The ele-
mental distribution of Au-Ag/g-C3N4 NCs was investigated
by energy dispersive X-ray spectroscopy (EDS). As presented
in Fig. 2B-E, C, N, Au and Ag were uniformly distributed
throughout the whole materials. The EDS spectrum in
Fig. 2F further confirmed that the resulting nanocomposites
based on the g-C3N4 nanosheets incorporating with two



Electrochemiluminescence biosensor for carcinoembryonic antigen detection based on Au-Ag/g-C3N,4 nanocomposites 3

ooﬁo

B-ME | |
Luminol ECLDb Luminol ECLa
0,, H,0, o, .m0,

Detection

e

—
Q Au-Ag/g-C;N,

Scheme 1

metals had been successfully assembled. Moreover, the result-
ing nanocomposites was characterized by XRD. As shown in
Fig. 2G, a weak characteristic diffraction peak of g-C3N4
was observed at 27.45°, which is assigned to the (002) crystal
plane and associated with the interlayer stacking of aromatic
segments (Chen et al., 2014).

In order to investigate the components of the obtained
nanocomposites, XPS measurement was performed. The exis-
tence of C, N, Au and Ag elements was further verified by
the survey XPS spectrum shown in Fig. 3A, while O element
was also detected, indicating the formation of oxygen-
containing functional groups. As shown in Fig. 3B, the binding
energies of Au 4f;,, (83.0 eV) and Au 4f5), (86.7 eV) were lower
than that of bulk Au(0) nanocrystals (83.7 eV for Au 4f;, and
87.7 eV for Au 4fs);) (Luo et al., 2012), suggesting that the Au
atoms were negatively charged. As shown in Fig. 3C, the bind-
ing energies of Ag 3ds,, (367.8 eV) and Ag 3ds;, (373.8 eV)
were between that of Ag(l) complexes (366.8 eV and
372.8 eV) and neutral bulk Ag(0) (368.2 eV and 374.2 eV)
(Mao et al., 2016), indicating that the Ag atoms were positively
charged. In addition, the diffraction peaks for Ag,O (JCPDS
41-1104) were not presented in the XRD pattern (Fig. 2G),
suggesting that there was no Ag,O in the Au-Ag/g-C3Ny
NCs. The above results indicated that charge transfer occurred
from Ag (electronegativity = 1.93) to Au (electronegativity =
2.54). Thus, the positively charged Ag atoms and the nega-
tively charged Au atoms were chemically bonded to form
Au-Ag NPs (Negishi et al., 2010).

As shown in Fig. 3D, the UV-Vis spectra also revealed the
bimetallic alloy-structure information. Apart from the charac-
teristic absorption band of g-C3Ny4 at 330 nm, the UV-vis spec-
tra of Au-Ag/g-C3Ny NCs did not show two independent
absorption bands (397 nm for Ag NPs and 520 nm for Au
NPs) but a single band of 509 nm attributed to the blue shift
of the characteristic peak of Au NPs, further confirming the
formation of Au-Ag nanoalloys (Sobczak and Dembowiak,
2015; Sun et al., 2018).

Fabrication process of the ECL aptasensor.

3.2. Construction and characterization of the ECL aptasensor

To investigate the effects of Au-Ag/g-CsNy NCs on the ECL
intensity of luminol, the ECL responses on GCE modified
respectively with Au-Ag/g-CsNy NCs, Au/g-CsN4 Ag/g-
CsNy4, Au-Ag NPs and g-C3;N4 nanosheets were shown in
Fig. 4A. The classic mechanism ECL mechanism for
luminol-O, (or H,O,) system at the anode was that luminol
anion (LH™) was electrochemically oxidized into luminol
anion radical (L*7) at positive potential (Fig. 4B), followed
by further oxidation by dissolved O, or H,0, into an excited
state luminophore (AP>™") (Xia et al., 2022). Obviously, the
dissolved O, is a key co-reactant for luminol ECL system
(Cui et al., 2003; Wei et al., 2013; Wang et al., 2014; Xia
et al.,, 2022). The GCE modified with g-C3N,4 nanosheets
exhibited stronger ECL intensity than the bare GCE, which
could be attributed to the electrocatalytic activity for OER
(4OH™ — 4e~ = 2H,0 + O,) (Tian et al., 2014; Desalegn
et al., 2019). The previous literature reported that Au, Ag or
Au-Ag alloy could significantly improve ECL intensity of
Iuminol due to its excellent electronic conductivity and cat-
alytic performance for luminol ECL reaction (Wei et al.,
2013; Wang et al., 2014). The GCE modified with Au/g-
C;3Ny, Ag/g-C3N4 or Au-Ag/g-CsNy showed stronger ECL
intensity than that of the GCE modified with Au-Ag NPs or
g-C3Ny4 nanosheets. Moreover, the GCE modified with Au-
Ag/g-C3Ny exhibited the strongest ECL intensity. Thus, there
was a synergistic effect between metal NPs and g-C3Ny4
nanosheets. The good strengthening performance of Au-Ag/
g-C3Ny4 NCs for luminol ECL could be attributed to not only
the good conductivity due to Au-Ag NPs but also the good
electrocatalytic activity for OER (Fig. 4B). In addition, lumi-
nol could be absorbed on the modified electrode surface via
n stacking interaction between the aromatic rings of luminol
and the conjugated m-systems of g-C5;N,, which also favored
the ECL reaction of luminol,
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(A) SEM image of g-C3N,4 nanosheets. (B) TEM image. Inset: corresponding particle size distribution of the Au-Ag NPs, (C)

HRTEM image (inset SAED image) and (D) HRTEM image enlarged from the red circle region in Fig. 1C of the obtained Au-Ag/g-C3Ny

NCs.

In view of the good strengthening performance for luminol
ECL Au-Ag/g-C3N,4 NCs were used as the ECL sensing plat-
form for CEA detection. The thiol terminated CEA aptamers
were covalently bound to the Au-Ag NPs surface via Au-S or
Ag-S bonds. After the nonspecific binding sites were blocked
with B-mercaptoethanol, the aptasensor was incubated in
CEA-containing solution for CEA detection. The ECL signals
at different assembly stages of the proposed aptasensor were
recorded to monitor the fabrication processes. As shown in
Fig. 4C, after aptamer, B-ME and CEA were assembled onto
the GCE modified with Au-Ag/g-C5;N4 NCs, the ECL signal
decreased sequentially because the assembled protein layers
hindered the electron transfer of ECL reaction and the diffu-
sion of ECL reactants toward the electrode surface (Chen
et al., 2014). Based on above results, an ECL aptasensor was
successfully constructed for CEA detection.

Furthermore, the interface property change of the modified
electrode surface was monitored by electrochemical impedance
spectroscopy (EIS). Compared to the bare GCE, the lower
charge transfer resistance (R.) of the Au-Ag/g-Cs3N4/GCE

was attributed to the good conductivity of Au-Ag/g-C3Ny4
NCs. The R, increased significantly after the assembly of apta-
mer, B-mercaptoethanol and CEA in sequence (Fig. 4D),
which could be attributed to the poor conductivity of the
assembled layers. Meanwhile, the cyclic voltammetry (CV)
results shown in Fig. 4E was consistent with the EIS results.

3.3. Optimization of experimental conditions

For improving the analytical performance of the aptasensor,
the experimental conditions have been optimized in detail.
As shown in Fig. 5A, the optimal molar ratio of Au to Ag
was 3:2. When the concentration of g-C3N4 was 0.1 mg/mL,
the ECL intensity reached the maximum (Fig. 5B). The coated
volume of Au-Ag/-g-C3N4 NCs was optimized as approxi-
mately 2 pL (Fig. 5C). As shown in Fig. 5D, AECL (the
decrease in ECL intensity) increased with increasing aptamer
concentrations, while became very slow after 1.5 puM. The
effects of incubation time and luminol concentration on AECL
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Fig. 2 SEM image (A), element mapping images (from the red rectangle region in Fig. 2A) of C, N, Ag, Au (B-E), EDS spectrum (F)

and XRD pattern (G) of the obtained Au-Ag/g-C3N4 NCs.

were also investigated. The AECL were almost unchanged
after 90 min (Fig. 5E) and 5 x 10~> M luminol concentration
(Fig. 5F). Therefore, 1.5 uM aptamer concentration, incuba-
tion time of 90 min and 5 x 10~> M luminol concentration
were selected for subsequent experiments.

In addition, the selection of H,O, concentration was based
on two aspects. On the one hand, the ECL intensity of luminol
in PBS (pH = 7.4) containing dissolved O, was too weak to be
used as background signal for the detection of CEA. Thence,
H,0, was chosen to enhance the ECL intensity of luminol.
On the other hand, H,O, would decompose in PBS
(pH = 7.4), the concentration should be kept as low as possi-
ble. Considering the above two aspects, the concentration of
H,0, selected in this experiment was 5 X 107 M.

3.4. Analytical performance of the ECL aptasensor

The property of the developed ECL aptasensor was investi-
gated under the optimum conditions. As exhibited in
Fig. 6A, with the increase of CEA concentration, the ECL
peak intensity weakened. A linear regression of Al (Al as the
decreased ECL peak intensity after incubation with CEA)
upon the logCcga was established in the range of
1.0 x 107¢ ng/mL to 1.0 ng/mL with a regression equation

of AI = 816 + 67.6logCcga (R2 = 0.992). The detection limit
of 8.9 x 1077 ng/mL (S/N = 3) was lower than that reported
in the literatures listed in Table S1. The excellent signal stabil-
ity of the ECL aptasensor for 1.0 x 1072 ng/mL CEA in 600 s
was demonstrated in the inset of Fig. 6B.

3.5. Reproducibility, stability and specificity of the ECL
aptasensor

In Fig. 7A, the reproducibility of the developed aptasensor was
researched by detecting the CEA (0.1 ng/mL) using the four
different prepared aptasensors under the same condition and
the RSD (n = 4) was 3.8%, indicating the proposed aptasen-
sor had good reproducibility.

The long-term stability of the prepared ECL aptasensor
was also investigated. After the prepared aptasensor was
stored at 4 °C for one month, the original signal decreased
by 5.5%, indicating the proposed sensor had a good stability.

Moreover, to examine the specificity of the proposed
aptasensor, the responses of the proposed aptasensor for other
interferences were measured. The concentration of the CEA
and the interferences was all 1.0 ng/mL. As displayed in
Fig. 7B, the ECL signal of CEA was significantly lower than
that of other interfering substances, indicating the proposed
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Table 1 Recovery tests for CEA in human serum samples with the proposed aptasensor.
samples Added (ng/mL) Detected (ng/mL) Found (ng/mL) RSD% (n = 3) Recovery (%)
0.00 5.06 - 3.1 -
1 5.00 9.90 4.84 2.7 96.8
10.00 14.86 9.80 2.0 98.0
0.00 20.53 - 1.8 -
2 20.00 41.56 21.03 2.6 105
40.00 59.36 38.83 3.5 97.1

Table 2 Comparison of CEA concentrations detected by two
methods.

samples ELISA (ng/ aptasensor (ng/ Error value (ng/
mL) mL) mL)

1 0.97 1.08 0.11

2 5.31 5.06 —0.25

3 20.06 20.53 0.47

aptasensor can specifically recognize CEA with good selectiv-
ity, which was expected to be applied to complex biological
environments.

3.6. Detection of CEA in real samples

The developed aptasensor was applied to CEA analysis in
human serum samples. Considering that the linear range of
the aptasensor is lower than the CEA concentration of serum
samples, the samples were diluted 1000 times before detected.
As presented in Table 1, the recovery rates with the developed
aptasensor varied from 96.8% to 105%. In order to verify the
accuracy of the developed method, the results determined by
the proposed assay had been compared with those obtained
by enzyme-linked immunosorbent assay (ELISA) used in hos-
pital (Table 2). The CEA levels detected by the proposed
aptasensor were in good agreement with the results detected
by ELISA, suggesting the developed ECL aptasensor had great
clinical application prospects.

4. Conclusions

The Au-Ag/g-CsN; NCs was synthesized by decorating g-C3;Ny4
nanosheets with alloy-structured Au-Ag bimetallic NPs via one-step
in situ chemical reduction. As ECL sensing platform, Au-Ag/g-C;Ny4
NCs could increase the ECL intensity of luminol due to the electrocat-
alytic activity for OER, the good electronic conductivity and the ability
to adsorb luminol via 7 stacking interaction. The proposed aptasensor
demonstrated a wide linear range with a low detection limit for CEA
detection and displayed the results consistent with ELISA for the
detection of CEA in human serum samples. This aptasensor could
offer a reliable method for the detection of CEA in clinical application.
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