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ARTICLE INFO ABSTRACT
Handling Editor: Dr Jing-Juan Xu In this work, a sandwich-type electrochemiluminescence (ECL) system was constructed for the detection of
CA15-3. Gold-silver bimetallic nanoclusters (Au-Ag BNCs) with zein as a protective ligand were synthesized, and

Keywords: the excellent ECL performance of this material was demonstrated for the first time. Zein carrying a variety of
El?CtrOChemilumi“escence biosensor groups that ligated with Au-Ag BNCs, forming a protective shell of zein, effectively prevented clusters from
Zein . . . aggregating or growing into larger nanoparticles. The synergistic effect of the bimetal promotes the ECL emis-
Gold-silver bimetallic nanoclusters A . : . . . . . .
CA15.3 sion, making this nanoscale material an ideal ECL probe. GO-PANI, which effectively promoting the production

of sulfate radicals of the co-reactant and significantly increasing the ECL strength, was a good sensing platform
for antibody immobilization. Consequently, we constructed an ECL sensor with GO-PANI as the sensing platform
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and Au-Ag BNCs@zein as the ECL probe, with a detection range of 0.001-100 U mL ™" and a detection limit of
0.0003 U mL"}, provided a strong support for the sensor for future CA15-3 detection applications.

1. Introduction

In today’s world, where malignant tumors are a serious threat to the
length and quality of people’s lives, there is an immense and urgent need
for early and sensitive diagnosis of cancer signature markers [1-3].
Breast cancer has the highest incidence rate among female cancers in the
world, and glycoprotein 15-3 (CA15-3) is a specific immunomarker for
breast cancer, and the level of CA15-3 changes significantly with the
occurrence and changes of the disease, so the detection and monitoring
of CA15-3 indexes provide important data for the early diagnosis of
breast cancer, the evaluation of postoperative conditions and the
observation of the efficacy of treatment [4-8]. Nowadays, various types
of sensors have been developed for CA15-3 detection, such as photo-
electrochemical sensors [9,10], fluorescent sensors [11,12], electro-
chemical sensors [13,14] and so on. The electrochemiluminescence
sensor is based on the specific luminescence of the material on the
surface of the electrode jumping from the excited state back to the
ground state after high-energy electron transfer, which has the charac-
teristics of lower background signal, higher sensitivity and better sta-
bility, and has also been widely used in the field of biomarker sensing
[15-18].

In the field of ECL, common chemiluminescent reagents such as
luminol have been widely used, so the exploration of new ECL lumi-
nophores is now a hot research topic [19,20], and metal nanoclusters
have gradually come into the public eye because of their advantages of
ultra-small size, high catalytic activity, and low toxicity [21-24]. For
example, Ag NCs synthesized by song et al. [25] were used for the

detection of calcitoninogen and Cu NCs synthesized by zhu et al. [26]
were used for the detection of miRNA-21, both of which achieved lower
detection limits and wider detection ranges. However, the low ECL
emission signal and poor solution stability of single metal nanoclusters
still need to be solved. The emergence of bimetallic nanoclusters [27]
(BNCs) has solved the problem of the emission intensity of the ECL signal
to a certain extent, and the synergistic effect of multiple atoms in itself
makes it have extraordinary performance in electrochemistry and
photochemistry, etc [28-31]. The stability problem can be solved by
using proteins as a protective agent. The stability problem can be solved
by using proteins as protective ligands, for example, zhai et al. [32]
synthesized Au-Ag BNCs with bovine serum albumin (BSA) as a tem-
plate, and applied them in the field of ECL sensing for the first time for
the detection of Hg?", and the success of this sensor demonstrated that
bimetallic nanoclusters involved in proteins combine the high emission
of ECL signals with the high stability of clusters. of the ECL signal and
high stability of the clusters.

However, most of the currently used proteins are animal proteins,
which face the problems of high cost, unfriendly environment and
complicated purification, so we introduced zein, a storage protein
extracted from maize endosperm, into this system [33,34]. Zein has
been widely used in electrostatic spinning and drug loading, which
favorably demonstrated the good biocompatibility and environmental
tolerance of zein; and another advantage of zein is its unique solubility,
which can be easily and rapidly separated by diluting the solution or
changing the pH of the solution, thus greatly saving the time and cost
associated with traditional dialysis operations. Zein itself contains a
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Scheme 1. (A): Synthesis process of GO-PANI. (B): Synthesis process of ZAA. (C): Fabrication process of CA15-3 biosensors.
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Fig. 1. (A): TEM and (B): HR-TEM images of ZAA. (C): SEM images of GO-PANI. (D): XPS full spectrum. (E): Au 4f region and (F): Ag 3d region of ZAA.

variety of amino acids, such as glutamine, leucine, and proline, which
provide enough amino and carboxyl groups to coordinate with the metal
[35-37]. Therefore, zein is the suitable choice of ligand for bimetallic
nanocluster protection. However, zein has not been seen to have a wide
range of applications in biosensing.

In this paper, we first carried out the reduction of Au-Ag BNCs
(Au-Ag BNCs@zein) with zein as a protective ligand at alkaline low
temperature and successfully isolated and purified them by adjusting the
pH, and their protein outer layer also boosted the stable and high-
intensity ECL emission from Au-Ag BNCs kept in solution for a long
time. Therefore, we incubated Au-Ag BNCs@zein as a signaling tag with
the secondary antibody (Ab 5). In order to further enhance the ECL
signal intensity and better load the primary antibody (Ab;), we chose
graphene oxide with large specific surface area and multiple oxygen-
containing functional groups and polyaniline composite (GO-PANI)
with good catalytic activity as the substrate material for the sensor,
which has numerous bioactive sites for immobilizing Ab, as well as good
dispersion, and most importantly, it is good for this paper. The material
has many bioactive sites to immobilize Ab; and good dispersion, and
most importantly, it has excellent catalytic performance for the co-
reactant K2S,0g used in this paper, and the emergence of more sulfate
radicals will have more combinations with the Au-Ag BNCs, which will
effectively improve the ECL emission intensity. Therefore, taking
advantage of the above advantages, we constructed a sandwich-type
immunosensor consisting of Au-Ag BNCs@zein as the Ab, marker and
GO-PANI as the sensing platform for the detection of CA15-3. The
detection range of this sensor was from 0.001 U mL™" to 100 U mL ™},
and the detection limit was 0.0003 U mL~! (S/N = 3), with good sta-
bility and detection performance. The good stability and detection
performance of the sensor provides a strong support for the future
application of CA15-3 detection.

2. Materials and methods
2.1. Preparation of GO-PANI

The synthesis of graphene oxide (GO) with oxygen-containing groups
using the Hummers’ method using graphite powder as a raw material
[38]. The synthesis of GO-PANI is shown in Scheme 1 A. In the first step,
100 pL of aniline monomer was added to 40 mL of a solution containing

1 M H3SO04, which formed a white solid, and we chose to disperse it by
sonication for 30 min to obtain a homogeneous solution. In the second
step, we weighed 20 mg of GO solid and added 40 mL of ultrapure water
for 4 h to obtain a well-dispersed GO solution at a concentration of 0.5
mg mL~!, which was added to the aniline solution and stirred for 30
min. After stirring, 300 mg of (NH4)2S20g was slowly added to the so-
lution for 12 h. The final color of the solution was dark green and the
solution was washed by centrifugation at 9000 rpm until neutral and
dried under vacuum at 60 °C. The resulting solid was a graphene
oxide-polyaniline nanocomposite (GO-PANI).

2.2. Preparation of Au-Ag BNCs@zein

The synthesis of Au-Ag bimetallic nanoclusters (Au-Ag BNCs@zein)
is shown in Scheme 1 B. 0.5 mL of 2 M NaOH solution was added to 4 mL
of deionised water. 50 mg of zein powder was weighed and added to the
above solution to dissolve, and the solution was clarified yellow. The
solution was then prepared with 10 mM AgNOs3 and 2% HAuCl4-3H50,
and 1.2 mL and 250 pL were added to the zein solution, respectively, to
form a homogeneous solution under ultrasonication, and the mixture
was adjusted to pH = 12 with NaOH and stirred at 37 °C for 10 h. After
the reaction was completed, the precipitate was centrifuged at 5000 rpm
for 5 min to obtain the precipitated material was removed and the su-
pernatant was added to the solution with dilute sulphuric acid until a
precipitate appeared. The solution was then centrifuged at 6000 rpm
and the precipitate was dispersed in 3 mL of 2.5% NH3-H,0 and incu-
bated for 30 min at 80 °C. The final product was purified by centrifu-
gation in isopropanol several times and the final product was dissolved
in deionised water and volumetised to 1 mlL, resulting in Au-Ag
BNCs@zein (ZAA) stock solution. Zein-reduced simple Au NCs or Ag NCs
was added to 10 mM AgNOs solution or 2% HAuCls-3H20 solution by
following the above procedure only.

2.3. Preparation of Au-Ag BNCs@zein-Ab_

1 mL of 10 pg mL ™! of CA15-3 Ab, solution and 200 pL of ZAA stock
solution were added to 5 mL of deionised water and incubated overnight
at 4 °C. The resulting precipitate was washed by centrifugation to Au-Ag
BNCs@zein-Aby (ZAA-Aby) and dispersed in 1 mL of pH = 7.4 PBS to
give a ZAA-labelled concentration of 1/5 and stored in a refrigerator at
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Fig. 2. (A): FT-IR spectra of GO (black line) and GO-PANI (red line). (B): ECL spectra of Au NCs@zein(a), Ag NCs@zein(b) and Au-Ag BNCs@zein(c). (C): FL spectra
of Au NCs(a), Ag NCs(b) and Au-Ag BNCs@zein(c). (D): UV-vis absorption spectra of zein(a), Au-Ag BNCs@zein(b), Au NCs@zein(c), Ag NCs@zein(d). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

4 °C until further use.
2.4. Construction of the ECL sensor

The sensor was constructed as shown in Scheme 1C. After polishing
the electrode with alumina powder, 6 pL of GO-PANI solution at various
concentrations was added dropwise, and the material catalyzed K;S,0g
in the substrate to produce more SO; ™ radicals and to load 6 pL of the
primary antibody to CA15-3 (Ab;) added dropwise in the next step. This
was followed by the sequential addition of 3 pL of BSA solution (1%),
various concentrations of CA15-3 antigen solution and 6 pL of ZAA-Ab,
solution (labelled at 1/5th of the concentration). After each layer has
been modified, the electrode should be dried at 4 °C and then washed
with a pH = 7.4 PBS buffer solution to remove any unmodified material
from the electrode. Finally, after the build is complete, the completed
sensor is stored at 4 °C and awaits testing.

2.5. ECL testing

The correlation assay was performed using the ECL technique and
the step-pulse method. ECL test was carried out in a pH = 8.0 PBS so-
lution containing 100 mM K3S20g. The photomultiplier tube was oper-
ated at an operating voltage of 800 V, pulsed for 10 s at an initial
potential of 0 V, and then pulsed for 1 s at a termination voltage of —1.6
V.

3. Results and discussion
3.1. Characterization of GO-PANI composites with Au-Ag BNCs@zein

In order to visualize the morphology and size of GO-PANI composites
more intuitively, we carried out scanning electron microscopy tests. In
Fig. 1 C, we can see that GO is in a lamellar and curled state, while PANI
is uniformly distributed on the surface of GO and formed spicules. This
figure demonstrates the large specific surface area of the GO lamellae

and also the successful polymerisation of aniline on the GO lamellae. We
also performed FT-IR spectrograms to confirm the successful synthesis of
GO-PANI composites. As shown in Fig. 2 A, we see that there are two
lines respectively. The blue line is attributed to GO and the red line is
attributed to the GO-PANI composite. GO shows a broad absorption
band between 2800 cm™! and 3700 cm™!, which we presume to be
attributed to the absorption due to hydrogen bonding of OH. The peaks
at 1733 ecm™! as well as 1579 cm™! and 1072 em™!, we attribute to
C=0, C-0O in COOH and C-O in epoxy functional groups, respectively.
Thus, we similarly demonstrate the successful synthesis of GO monomer.
From the infrared spectra of GO-PANI composites we can see that the
graph produces a broad absorption band between 3000 cm ™! and 3700
cm !, which originates from the infrared absorption of OH. The figure
also produces three characteristic absorption bands at 1589 em!, 1348
em ! and 760 cm™!, which belong to C=N, C-N stretching vibration
and C-H out-of-plane bending, respectively, and this result also in-
dicates that COOH in GO produces a successful connection with N on the
polyaniline skeleton.

For the synthesi zed Au-Ag BNCs@zein (ZAA), we carried out the
characterization by high resolution transmission microscopy. From
Fig. 1 A we can observe that the size of the clusters is between 2 and 3
nm, uniformly distributed and unaggregated. And from Fig. 1 B, two
lattices are clearly demonstrated, and the lattice spacing is measured to
be 0.238 nm and 0.235 nm, which are attributed to Ag (111) and Au
(111) crystal surfaces, respectively. In order to further explore the ele-
ments contained on the surface of the synthesized materials and the
valence states of the contained elements, we carried out XPS spectros-
copy, as shown in Fig. 1 D, E and F. The peaks appearing at 84.1 eV and
87.9 eV for Au 4f then indicate the simultaneous presence of Au (0) and
Au (I). And Au (I), which exists on the surface of the gold nuclei, can
better maintain the stability of the clusters for the material’s long-term
stable preservation in aqueous medium. And the Ag 3d mode exhibits
two strong peaks of Ag 3d 5,5 (368 eV) and Ag 3d 3,2 (374 eV), which are
also well matched with the peaks of zero-valent Ag. The B plot of Fig. 2
shows the ECL spectra, and we can observe that the synthesized ZAA
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presents a superior ECL emission at 580 nm, whereas the other materials
to which only HAuCl4 or AgNO3 were added during the synthesis process
did not show their ECL emission properties, which we speculate is due to
the change in the composition of the raw materials. The fluorescence
spectra of ZAA are demonstrated in Fig. 2C. We can observe that Au
NCSs do not show any significant fluorescence emission peaks, Ag NCs
show a broader low peak between 610 and 700 nm, and Au-Ag BNCs
show higher fluorescence emission at 630 nm, which confirms the suc-
cessful synthesis of metal nanoclusters in synergistic manner with Au
and Ag. The dispersion state of Au-Ag BNCs and its luminescence
fluorescence photos under UV lamps in Fig. S1 The UV-vis spectra are
shown in Fig. 2 D. The green line is attributed to zein, the red line is
attributed to the synthesized material ZAA, and the black and blue lines
are attributed to Au NCs and Ag NCs, respectively. The reason for the
weaker peaks at the 255 nm of the last three curves is attributed to the
process of synthesizing metal nanoclusters. The black line shows a
broader absorption peak at 520 nm, which we attribute to the surface
plasmon resonance of gold nanoparticles. In contrast, the blue curve
with the addition of AgNOs only did not show a more pronounced
characteristic absorption peak after 300 nm, and we hypothesized that
this was because the measured solution was only the residual zein after
synthesis, and the large silver nanoparticles that were originally formed
were removed during centrifugation in the first step of the synthesis
step. It also supports the fact that Au NCs and Ag NCs were not suc-
cessfully synthesized under this synthesis condition. When we analyze
the ZAA curve, we can see the characteristic peak of zein at 255 nm. The
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characteristic peak does not appear after 400 nm in the curve, and the
characteristic peak of surface plasmon resonance does not appear
clearly. Zein and ZAA have the same characteristic absorption peaks in
FT-IR in Fig. S2, this also confirms the successful synthesis of the
bimetallic nanocluster.

3.2. Possible ECL mechanism

We explored the ECL luminescence mechanism of ZAA as shown in
Scheme 2. For the ECL test, we chose the step-pulse method as the
electrochemical method for the test, specifying an initial potential of 0 V
with a duration of 10 s and a termination potential of —1.6 V with a
duration of 1 s. After the scanning, we obtained the superior ECL
emission peaks presented by our synthesized material.

We speculate that the mechanism is that the ZAA material on the
surface of the glassy carbon electrode gets electrons to generate ZAA®~
(Equation (1)), while at the same time, szo,%* in the solution also gets
electrons to generate SO3~ (Equation (2)), which possesses strong
oxidizing property. When the reduced state of ZAA®* meets the strong
oxidizing SO3 ", the electrons of the two are transferred to each other at a
potential of —1.6 V, resulting in ZAA* (Equation (3)), which is produced
when the substance leaps from the excited state back to the ground state.
Photons (Equation (4)), the ECL signal is then generated.

ZAA 4+ ¢ — ZAA €}
$,03 +e” — SOF + SO5~ @)
ZAA®” + SO — ZAA* + SOF~ 3
ZAA* - ZAA + hy )

In Fig. 3 A, we performed ECL tests on GCE (a), GCE/GO-PANI (b), GCE/
ZAA (c), and GCE/GO-PANI/ZAA (d) in PBS buffer solution at pH = 8.0
and containing 100 mM K2S20g. As shown in the figure, GCE and GCE/
GO-PANI presented lower ECL emission on the electrode surface, and the
signal generation may be caused by the presence of a small amount of
dissolved oxygen in the electrolyte, while in comparison we can find that
the signal intensity of the luminescent body ZAA was enhanced by
several times with GO-PANI as the electrode substrate material, so we
speculate that GO-PANI may have a co-reactant catalyst.

In order to further investigate the effect of GO-PANI on KS20g we
performed another CV scan of the material, as shown in Fig. 3 B, the bare
electrode showed an obvious reduction peak at —1.15 V, while the
reduction peak of GO-PANI appeared around 0.89 v. The comparison
found that the latter out of the peak potential shifted positively obvi-
ously, which proved that the reduction process of 5205* was promoted,
and the lowering of the reaction potential barriers also implied that the
reduction of S,03~ can occur at a lower potential (absolute value). We
also performed electron paramagnetic resonance spectroscopy (EPR)
tests on the GO-PANI composites, it confirms the existence of SO3 .
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Fig. 3. (A): ECL emission of GCE(a), GCE/GO-PANI(b), GCE/ZAA(c) and GCE/GO-PANI/ZAA (d) in 100 mM K,S,0g. (B): CV for produced electrodes in PBS

including 100 mM K,S,0g of GCE(a) and GO-PANI(b).
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(F)stability of the constructed biosensor.

From the above description of Fig. 3 A, B and Fig. S4, we can further
confirm the existence of more SO3~ in the system which can collide and
combine with our luminescent materials to produce strong and high ECL
signals, and also validate our proposed signal amplification mechanism,
the substrate material GO-PANI composite has a catalytic effect on the
co-reactant K3S,0g.

3.3. Sensor construction process

In order to verify the success of the constructed sensor with layer-by-
layer modification, we tested its electrochemical impedance (EIS) map,
which was carried out in [Fe(CN)g] 3-/4 solution. In Fig. 4 A, we can see
that the impedance of the electrode surface is larger than that of the bare
electrode surface when the GO-PANI composite is modified on the
electrode surface, which is presumed to be triggered by the increase of
the resistance due to the oxygen-containing functional groups in the
graphene oxide in the substrate material. The subsequent radius also
shows a gradual increasing trend, which is due to the fact that the
bioactive substances added dropwise in each step are protein in nature,
which also plays a hindering role in the transfer of electrons. Therefore,
the EIS successfully proved the success of the electrode layer modifica-
tion, and later we also carried out other characterization of the material
during the construction process, which are the cyclic voltammogram
(CV) graphs in Fig. S5 A and the ECL signal intensity graphs in Fig. S5 B,
respectively. Both figures similarly confirm the success of the layer
modification of the sensor.

3.4. Detection of CA15-3 by ECL sensor

Under the optimized experimental conditions (shown in Fig. S3)
described above, we performed a series of working curve assays for
CA15-3 antigen concentration as shown in Fig. 4 B and C. As the CA15-3
antigen concentration increased from 0.001 UmL ™! to 100 U mL~}, the
ECL signal emission we obtained showed a linear increase. After a linear
fit to the data, we obtained the correction curve: I = 1503lgc+8659,
where I is the ECL signal intensity 1gc is the logarithm of the CA15-3
antigen concentration. The correlation coefficient was 0.9958 and the
detection limit was 0.0003 U mL™}. We compared this data with the

Table 1
Comparison of detection ranges and detection limits for each type of sensor.
Detection Method Detection Range (U Detection Limit (U Reference
mL™1) mL™1)
Electrochemical 0.5-200 0.17 [39]
sensors
Chemiluminescent 0-250 0.035 [40]
sensors
LSPR sensors 0-40 0.87 [41]
ECL sensors 0.005-500 0.0017 [42]
ECL sensors 0.001-100 0.0003 this
article

sensor data collected for CA15-3 in the previous period, as shown in
Table 1. The lower detection limit of our sensor as well as the wider
detection range thus proved that our sensor has a good performance and
is suitable for the series of CA15-3 antigen detection.

The excellent performance of this sensor is also demonstrated in the
good selectivity, reproducibility and stability, as shown in Fig. 4 D.
When we replaced the detection antigens with PSA, NSE, CD44 and CEA,
we obtained the ECL emission values nearly equal to the blank values;
and when we chose to mix CA15-3 with other interfering substances
(CA15-3 concentration of 1 U mL™!) for the testing, the ECL signals
obtained were almost the same as those of the same concentration in the
working curve, which proved the good selectivity of the sensor. For the
reproducibility test, the same antigen with a concentration of 1 U mL ™!
was selected, and as shown in Fig. 4 E, the ECL signals obtained from the

Table 2
Sample detection and spiked recovery of ECL sensors.
Samples (U Addition (U Average (U RSD (%, n Recovery
mL™) mL™) mL™!, n=5) =5) %
2.51 1.00 3.49 2.6 98.0
3.00 5.50 2.2 99.7
5.00 7.69 1.3 104
4.69 2.00 6.72 1.7 102
5.00 9.82 29 103
7.00 11.6 1.8 98.7
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six probes were almost the same, which verified the good reproducibility
of the sensor. The stability of the sensor is demonstrated in Fig. 4 F. The
antigen with a concentration of 1 U mL™! was selected for a long time
test of 200 s. An RSD = 2.6% was obtained, which verifies the good
stability of the sensor.

3.5. Actual sample detection

In order to verify whether the prepared sensor can perform well in
practical applications, we used the spiked recovery method to detect
serum containing different concentrations of antigen, as shown in
Table 2, the spiked recoveries of CA15-3 were in the range of 98.3%-—
103%, which indicates that the sensor prepared in this paper has a good
prospect for the practical application of CEA.

4. Conclusion

In summary, we synthesized ZAA, a bimetallic nanocluster with gold
and silver synergism, using zein as a protective ligand, and combined it
with an antibody as a signal tag, then we synthesized GO-PANI, a co-
reactive catalyst with multiple biologically active sites, as a sensing
platform, and constructed an ultrasensitive sandwich-type electro-
chemiluminescence immunosensor for the detection of CA15-3. We
obtained a low detection limit of 0.0003 U mL ™! and a wide detection
range of 0.001 U mL™! and 100 U mL™'. The sensor showed excellent
selectivity, reproducibility and stability, and the results of the samples
confirmed the precision and accuracy of the sensor, which will provide
more possibilities for the detection of CA15-3 in the future.
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