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enhancement in ECL signal. Subsequently, the localization and fixation strategy

with HWRGWVC (HWR) heptapeptides as a specific antibody immobilization agent was introduced, which further maintained the
biological activity of the antibody on the PANCs/Co;0,NSs and MSN-H,TCPE surface and significantly improved the incubation
performance. Benefiting from the perfect sensing strategy, the obtained ECL immunosensor revealed an admirable manifestation for
the precise detection of neuron-specific enolase (NSE) with a broad concentration range of 1 fg/mL to S ng/mL and a detection
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limit of 0.33 fg/mL.

B INTRODUCTION

Electrochemiluminescence (ECL), which refers to the light-
emitting phenomenon triggered through the energetic
electron-transfer reaction, has been considered as a promising
technique according to the inherent superiorities of low
background, admirable sensitivity, wide detection range, and
admirable controllability.'" > The luminophores for ECL
explorations include luminol,*® ruthenium(II) complexes,”’
nanomaterials,®” and metal clusters,'”'" but most of them
have limitations in modification due to their low stability,
complicate procedures, and high cost. The effect of
aggregation-induced ECL (AIECL) presents an intriguing
mechanism as it broadens the application range of unfavorable
ECL emitters and enhances the ECL emission through
constraining intramolecular movements.'*”"* The emergence
of AIE opens up a promising path for creating innovative
biosensors. Recently, some researchers have explored the
prevalent AIECL molecules, especially tetraphenylethylene
(TPE) and its derivatives.">'® However, it is essential to
encapsulate the AIECL molecules inside a cavity for the
utilization of biosensors because it is challenging to decorate
the small molecule onto the surface of the electrode. Inspired
by this, our research group has previously attempted to
encapsulate AIE molecules inside the protein nanocage of
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ferritin'® and liposomes,16 but their conductivities were
inferior. Better than the protein nanocage and liposomes,
mesoporous silica nanospheres (MSNs) display admirable
potential to serve as effective carriers for encapsulating AIECL
molecules owing to the characteristics of adjustable size for
charge transfer, satisfying biocompatibility, and convenient
modification. However, the limited contact between the
intermediates of the coreactant and the AIECL molecule
encapsulated inside the MSN restricts the performance, which
becomes the main factor that influences the broad utilization
and precise bioanalysis. Then, significant efforts should be
implemented for boosting the efficiency of charge transfer
along with promoting the performance of the AIECL molecule.

Fortunately, the excellent ECL performance by the
acceleration of the coreactant has been realized through
improving the electron transfer, which resulted in the
formation of more electroactive radicals and promoted ECL
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Scheme 1. Construction of (A) PANCs/Co;0,NSs-HWR; (B) MSN-H,TCPE-HWR-Ab,; (C) Fabricated Procedure of the
Proposed ECL Immunosensor with MSN-H,TCPE as the ECL Emitter and TPrA as the Coreactant
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emission.'” Interestingly, some nanomaterials, such as Co-2-
MI-ZnTCPP,"® Ce0,/Co0;0,,"” and CuCo,0,@Cu,0,”° were
utilized as coreaction accelerators for promoting the ECL
response, as their mutual conversion of Co**/Co**, Ce**/Ce*,
and Cu**/Cu* redox couples could efficiently enhance the
generation of coreactant radicals.'”?' However, the active sites
of the aforementioned nanomaterials are not easily accessible
because they are rare and concealed within the complex three-
dimensional structure, thereby making the conversion of Co**/
Co®, Ce*/Ce*, and Cu®>*/Cu’ challenging and greatly
limiting improvements in ECL efficiency. Therefore, there is
an urgent need for the development and utilization of
innovative coreaction accelerators in the ECL system, in
terms of both design and application. In this study, Co;0,
nanosheets (NSs) that possess numerous electroactive sites on
their surface have been used as an innovative coreaction
accelerator for the ECL system. By facilitating the efficient
mutual transformation of the Co®>"/Co*" redox couple, the
nanosheets greatly enhanced the decomposition of coreactant
tripropylamine (TPrA), leading to the generation of a
substantial amount of TPrA®, which significantly improved
the ECL performance.

In view of the above discussion, we have first prepared an
ECL strategy with PdNCs/Co;O,NSs as the coreaction
accelerator to promote the AIECL signal of the MSN-
H,TCPE/TPrA system. First, PANCs/Co3;0,NSs were

20595

proposed as a basement for modifying the capture antibody
(Ab,) to assemble this detection platform. The efficient mutual
transform of the Co®*/Co® redox couple inside the
composites of Co;O,NSs along with the Pd nanocubes
(PANCs) possessed high catalytic activity that could promote
the electron transfer, leading to prominently enhanced ECL
response. Considering the superiorities of biocompatibility,
uniformity, and tunable pore size, MSNs were used as carriers
for encapsulating H,TCPE molecules, which could be
covalently connected with the H,TCPE for the AIECL of
MSN-H,TCPE. Meanwhile, to retain the bioactivity of the
decorated antibody, the surface of PANCs/Co;O,NSs and
MSN-H,TCPE was modified through HWRGWVC (HWR), a
heptapeptide that selectively binds to the Fc segment of the
antibody by a directed manner.”>** Qur previous studies have
shown that this targeted approach could enhance the efficiency
of incubation while maintaining better bioactivity compared to
conventional methods. Benefiting from the aforementioned
discussion, the successful evolution of a sandwich-type ECL
immunosensor was acquired by utilizing PANCs/Co;0,NSs-
HWR-AD, as the platform of sensing and the AIECL molecule
of MSN-H, TCPE-HWR-AD, as the ECL indicator. With the
aim of supplying a practical target for early measurement of
small cell lung carcinoma (SCLC), an ideal biomarker named
neuron-specific enolase (NSE) was selected as an analyte.”*
The typical range of NSE in human serum is below 12 ng/mL;
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Figure 1. (A) XRD patterns of Co;0,NSs (a) and PANCs/Co;0,NSs (b). (B) SEM image of MSN and (C) HRTEM image of MSN. (D, E) SEM
images of Co;O,NSs (D) and PANCs/Co;0,NSs (E). (F) XPS survey spectrum of PANCs/Co;0,NSs. (G—I) High-resolution spectra of Co 2p

(G) and Pd 3d (H) and O 1s (I) for PANCs/Co;O,NSs.

however, the elevated levels are indicative of a higher
likelihood of SCLC development. Consequently, assessing
NSE levels is crucial for tracking the progression and
evaluating the effectiveness of therapeutic interventions for
SCLC in clinical settings.25 This ECL immunosensor exhibited
favorable linear signal within the content range of 1 fg/mL to §
ng/mL and attained a low limit of detection (LOD) of 0.33 fg/
mL.

B EXPERIMENTAL SECTION

Fabrication Procedure of the ECL Immunosensor. The
chemicals and materials, apparatus, and syntheses of PANCs/
Co;0,NSs-HWR and MSN-H, TCPE-HWR-ADb, are presented
in the Supporting Information (SI). Then, the synthesized
process for the immunosensor is exhibited in Scheme 1. The
glassy carbon electrode (GCE) was disposed cleanly for the
next modification. First, PANCs/Co;0,NSs-HWR (10 uL)
was modified onto the surface of the GCE and cleaned by
phosphate-buffered saline (PBS, 0.1 mol/L, pH 7.4). Next, 10
uL of Ab; solution (10 ug/mL) was decorated onto the
PdNCs/Co;0,NSs-HWR surface and kept at 4 °C for 1 h.
Afterward, the nonspecific active binding sites was sealed
through bovine serum albumin (BSA) (3 uL, 0.1 wt %), and
then 10 uL of diverse concentrations of NSE was modified
onto the surface of the electrode with reacting for 1 h at 37 °C.
Finally, the MSN-H,TCPE-HWR-Ab, bioconjugate was used
as the signal label to bond with NSE for completing the ECL
immunosensor decoration.

Electrochemical and ECL Measurements. The cyclic
voltammetry (CV) and ECL analyses were conducted for

measurement. The corresponding ECL detection was obtained
in PBS (0.1 mol/L, pH 7.4) including 0.01 mol/L TPrA used
as the coreactant along with the following conditions:
photomultiplier tube voltage (800 V), sweeping voltage (0—
1.6 V), and sweeping rate (0.10 V/s).

B RESULTS AND DISCUSSION

Characterizations of Co;O,NSs, PdNCs/Co;0,NSs,
and MSNs. The detailed crystallographic structures of
Co;0,NSs and PANCs/Co;O4NSs were certified by X-ray
diffraction (XRD) (Figure 1A). The diffraction peaks at
19.00°, 31.27°, 36.85°, 44.81°, 59.36°, and 65.24° were
displayed, which could be attributed to the (111), (220),
(311), (400), (511), and (440) planes of the Co;0, phase
(PDF#42-1467).”° Meanwhile, the diffraction peaks at 40.12°,
46.66°, 68.12°, and 82.10° were assigned to the (111), (200),
(220), and (311) planes of Pd (PDF#46-1043), which
indicated that PANCs were evenly dispersed on the surface
of Co;0,NSs. The morphological characteristics of nanoma-
terials were observed by a field emission scanning electron
microscope (FESEM). As displayed in Figure 1B, the MSN
presented a uniform diameter of approximately 500 nm. It was
an uncommon and well-organized nanoparticle that could
serve as the sensing basement to enhance the consistency and
durability for the immunosensor. Meanwhile, differentiable
contrast under high voltages reveals the mesoporous structure
located at the center of the nanosphere. To gain further insight
into the internal channel, additional observations were made.
The high-resolution transmission electron microscope
(HRTEM) image of the MSN is displayed in Figure 1C. On
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Figure 2. (A) CV curves and (B) ECL profiles for the MSN-H,TCPE/TPrA system. (C, D) Mechanistic illustrations of the MSN-H,TCPE/TPrA
system (C) and MSN-H,TCPE/TPrA system with PANCs/Co;0,NSs as the coreaction accelerator (D).

account of its dense pores and ultrathin shell, the entire
particle allowed effortless passage of an electron beam through
it. The presence of this cavity supplies advantages in terms of
confining and encapsulating AIECL luminophores. As
displayed in Figure 1D, Co3;O,NSs illustrated an outstanding
and extensive nanosheet morphology. Meanwhile, as shown in
the HRTEM image of Figure S1, the PANCs displayed an
average diameter of around 20 nm clearly. As displayed in the
SEM images of Figure 1D,E, the PANCs were proved to grow
on the surface of Co;O,NSs uniformly with excellent
dispersion. As shown in the energy-dispersive spectrometry
(EDS) mapping and pattern of PANCs/Co;0,NSs (Figures S2
and S3), it could be observed that the PANCs/Co;0,NSs
exhibited the desired surface morphology and structural
composition.

The chemical components and elemental valence analysis of
PdANCs/Co;04NSs was evaluated by X-ray photoelectron
spectroscopy (XPS) as exhibited in Figure 1F—1. As shown
in Figure 1F, the full spectrum certified the presence of Co, O,
and Pd. Furthermore, the high-resolution spectra of Co 2p, O
Is, and Pd 3d for PANCs/Co30,NSs are displayed in Figure
1G—L Based on the spectrum of Co 2p (Figure 1G), it could
be discovered that Co®" and Co** coexisted inside the PANCs/
Co;0,NSs nanostructure.”” Nevertheless, in the Pd 3d region
(Figure 1H), the peaks were belonging to the Pd** and Pd’
inside the PANCs/Co;0,NSs.”® Moreover, the corresponding
spectrum of O 1s was broken up into three peaks (Figure 1I),
which could be ascribed to Co with oxygen bonds, —OH
structure, and the adsorbed O.

Enhancement of ECL Performance by PdNCs/
Co304NSs. The important effect of PANCs/Co;O,NSs in
MSN-H,TCPE/TPrA was explored. As displayed in Figure
2A,B, investigations with respect to isochronous CV and ECL
measurements based on different situations were exhibited.
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The GCE did not generate an ECL value (Figure 2B, curve a).
Next, after the decoration of Co;O,NSs (2 mg/mL) and
PdNCs/Co0;0,NSs (2 mg/mL) on the GCE, no ECL signals
have been obtained inside PBS (pH 7.4) with 0.01 mol/L
TPrA (Figure 2B, curves b and c). When MSN-H,TCPE (2
mg/mL), MSN-H,TCPE with Co;O,NSs, and PdNCs/
Co;0,NSs with the uniform content modified onto the
GCE, evident ECL responses along with the results of
11,425 au, 13,204 au, 15913 au (Figure 2B curves d—f)
could be acquired under the uniform conditions. The above
consequences indicated that Co;O4NSs and PdNCs/
Co;0,NSs could boost the ECL response of MSN-H,TCPE,
and the enhanced ECL response by PANCs/Co;0,NSs was
apparently higher than that by Co;O,NSs. Furthermore, the
ECL emitting potentials were gradually decreasing (Figure 2B,
curves d—f), and MSN-H,TCPE with PdNCs/Co;0,NSs
exhibited the downmost emission potential of 1.23 V.
Moreover, the relevant CV consequences are displayed in
Figure 2A. This GCE modified by MSN-H,TCPE with
PdNCs/Co;0,NSs displayed the strongest oxidic current,
which indicated that PANCs/Co;O,NSs played a significant
character in improving the charge transfer.

Probable ECL Mechanism for Response Enhance-
ment. According to the gained test consequences, the possible
mechanism of the suggested ECL immunosensor has been
exhibited in Figure 2C,D. When TPrA was used as the
coreactant, the generation of TPrA*" occurred near the
electrode surface, leading to a favorable ECL performance
(Figure 2C). Significantly, as PANCs/Co;0,4NSs took part in
the ECL generation process (Figure 2D), the enhancement of
TPrA** formation was clearly observed, leading to remarkable
enlargement of the ECL response. Furthermore, the increased
ECL response for MSN-H,TCPE and PdNCs/Co;0,NSs was
perhaps owing to the perfect catalytic performance of PANCs/
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Figure 3. (AB) CV curves and linear relations of the electrodes decorated with Co;O0,NSs (A) and PANCs/Co;0,NSs (B) in 5.0 mmol/L
Fe(CN)s*/*" with the scan rate range of 25—250 mV/s. CV curves (C) and ECL profiles (D) of stepwise-modified electrodes by GCE (a),
PdNCs/Co,0,NSs-HWR/GCE (b), Ab,/PdNCs/Co;0,NSs-HWR/GCE (c), BSA/Ab,/PANCs/Co;0,NSs-HWR/GCE (d), NSE/BSA/Ab,/
PdNCs/Co,0,NSs-HWR/GCE (e), and MSN-H,TCPE-HWR-Ab,/NSE/BSA/Ab,/PdNCs/Co;0,NSs-HWR/GCE (f).

Co;0,NSs as displayed in Figure S4. Electron paramagnetic
resonance (EPR) based on the magnetic moment of unpaired
electrons has been utilized for the qualitative detection of
unpaired electrons. Typically, N-benzylidene-tert-butylamine
N-oxide (PBN) serves as the spin trappin% agent employed to
verify the formation of TPrA®* radicals.”””" As can be seen in
Figure S4, a small signal was obtained in PBN, TPrA, and
Co;0,NSs systems, which indicated the decomposition of
TPrA by electrical excitation (curve a). In addition, the signal
was further enhanced by the addition of PANCs/Co;0,NSs
(curve b), which indicated the perfect catalytic performance of
the PANCs. Resultantly, the ECL emission of the MSN-
H,TCPE/TPrA system was significantly enhanced by PANCs/
Co3;0,4NSs.

Therefore, considering the aforementioned analyses, the
potential reaction mechanisms of the MSN-H,TCPE/TPrA
system could be summarized in the following manners (eqs
1-5). Initially, the electrochemical oxidation of MSN-
H,TCPE under an applied voltage led to the production of
MSN-H,TCPE". Simultaneously, the electrochemical oxida-
tion of TPrA at the surface of the GCE resulted in the
generation of TPrA®* and TPrA°®. Then, the MSN-H,TCPE"
species promptly reacted with the formed TPrA® to generate
highly active MSN-H,TCPE*. Subsequently, the generated
MSN-H,TCPE* species underwent a transition to the ground
condition, leading to the generation of ECL. However, for
MSN-H,TCPE/TPrA with the PANCs/Co;0,NSs system, the
PdANCs/Co;0,NSs triggered the generation of abundant
TPrA®* under the potential pulse, leading to a superb ECL
response.

Enhanced ECL emission

MSN-H,TCPE-e~ - MSN-H,TCPE* (1)
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TPrA-e~ — (PdNCs/Co,0,NSs)TPrA *(more) (2)
TPA" — TPrA" + H' (3)
MSN-H,TCPE* + TPrA" - MSN-H,TCPE* (4)
MSN-H,TCPE* - MSN-H,TCPE + hv (5)

Enhanced Electroactive Surface Area of PdNCs/
Co30,4NSs. The electrochemical performance of Co;O,NSs
would be evidently enhanced by the modification of PANCs,
which could be demonstrated by the improvement of the
electroactive area. With the purpose of carrying out the
exploration, GCEs were modified with Co;O,NSs and
PdANCs/Co;0,NSs. All CV profiles were achieved through
the prescriptive Fe(CN)/* as a redox pair. Then, the
acquired linear equations are Y = 803.6 X v'/> — 77.4 and Y =
872.1 x v'* — 322, respectively. In view of the Randles—
Sevcik equation®"*

I, = (2.69 x 10°)AD"*n*/?! /%

It was known that I, delegates the peak reductive value of
K;Fe(CN)g, A indicates the area of the electrodes modified
with different substrates, n is the amount of transferred charges
during the redox procedure (n = 1), c is the content of applied
K;Fe(CN)¢ (c = S mmol/L), D represents the spread
coefficient of Fe(CN) 74~ (D = 6.70 x 107° cm?/s at 25
°C), and v indicates the CV scanning speed (V/s). Based on
the Randles—Sevcik equation, the consequences of the
Co0;0,NS-modified GCE (Figure 3A) and PANCs/Co;0,NS-
(Figure 3B)-modified GCE were 16.0 and 22.1 mm?
respectively, which certified that PANCs/Co;0,NSs possessed
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Figure 4. (A) ECL intensity—time curves and (B) relevant calibration profile of the prepared immunosensor at different concentrations of NSE (1
fg/mL to S ng/mL) in the 0.1 mol/L PBS (pH 7.4) including 0.01 mol/L TPrA. (C) Reproducibility of the ECL immunosensor to the analysis of
seven electrodes and (D) selectivity of the ECL immunosensor to the disparate targets, inset of 4B: the relation between the ECL response and

content of NSE.

the electroactive area and charge transfer speed was better for
catalytic reaction.

Feasibility of ECL Immunosensor. CV is a significant
technique for carrying out the construction process of the
immunosensor. As revealed in Figure 3C, the depressed peak
current and increased peak potential separation were exhibited
after the continuous modification of the electrode, certifying
the obstruction of electron transfer and perfect construction of
the fabricated immunosensor. Moreover, the ECL profiles have
been certified as a perfect electrochemical manner for
observing the preparation procedure of the immunosensor.
As displayed in Figure 3D, no ECL signals were obtained from
GCE (curve a), PANCs/Co;0,NSs-HWR/GCE (curve b),
Ab,/PdNCs/Co;0,NSs-HWR/GCE (curve c), BSA/Ab,/
PdNCs/Co;0,NSs-HWR/GCE (curve d), and NSE/BSA/
Ab,/PdNCs/Co0;0,NSs-HWR/GCE (curve e) with the
existence of TPrA. However, MSN-H,TCPE-HWR-Ab,/
NSE/BSA/Ab,/PdNCs/Co;,0,NSs-HWR/GCE (curve f) dis-
played the obvious ECL signal under the same condition,
which demonstrated the successful construction of the
immunosensor.

Optimization of the Detection Conditions. The fitted
pH was very important to construct the ECL immunosensor.
Then, after researching the property of the ECL immuno-
sensor toward diverse pH from 5.5 to 8.5, pH 7.4 was used in
the experiment as displayed in Figure SSA. TPrA was applied
as the coreactant, and the ECL response obtained excellent
consequence while the concentration of TPrA was 0.01 mol/L
(Figure SSB). As observed in Figure SSC, the ECL response
was promoted along with enhanced content of PdNCs/
Co;O,NSs below 2.5 mg/mL and decreased after the
concentration surpassed 2.5 mg/mL. Then, 2.5 mg/mL

PdNCs/Co;0,NSs was utilized in this ECL experiment.
Eventually, the incubation time of Ab, bioconjugates is
exhibited in Figure SSD, and the consequences indicated a
best reaction time of 60 min. Besides, the incubation time of
the Ab, bioconjugates was less than in other methods because
of the site-oriented decoration for antibodies by HWR, thus
enhancing their incubating response.

Performance of the ECL Immunosensing on NSE.
Under the optimizations of related detected situations (Figure
SS), the ECL immunosensor was studied through modifying
various concentrations of NSE. As viewed in Figure 4A, the
achieved ECL signals enhanced sequentially while the
concentrations of NSE promoted from 1 fg/mL to S ng/mL.
Furthermore, as observed from Figure 4B, the acquired ECL
responses displayed a wonderful linear relation with the
logarithm of NSE, and the achieved linear regression equation
was Y = 1285.8 Ig ¢ + 5348.8 (R* = 0.997). Meanwhile, the
obtained LOD for this prepared immunosensor was 0.33 fg/
mL (S/N = 3), exhibiting better sensitivity than the prior
research (Table S1).

Furthermore, reproducibility, selectivity, and stability were
also crucial factors for evaluating the analytical property of this
immunosensor. As observed in Figure 4C, the performance for
seven prepared ECL immunosensors was detected at 10 pg/
mL of NSE to verify wonderful reproducibility with a relative
standard deviation (RSD) of 1.1%. Then, the selectivity was
investigated, and carcinoembryonic antigen (CEA), carcinoma
antigen 125 (CA125), alpha-fetoprotein (AFP), and prostate
specific antigen (PSA) were used as the interferences. The
responses of the above interferences at the content 100 times
that of NES were about near that of the blank. The mixture (10
pg/mL NSE and 1 ng/mL interferences) displayed almost the
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same ECL signal as the NSE, which showed superb selectivity
(Figure 4D). In addition, the stability was obtained by storing
the prepared immunosensor for 3 weeks, displaying an ECL
signal that was 87% the original signal, indicating the perfect
stability.

Serum Sample Analysis. With the purpose of demon-
strating the clinical performance of the constructed immuno-
sensor, it has been utilized to detect the content of NSE and
confirm exactitude by the standard addition approach. As
shown in Table 1, the obtained RSD was less than 5%, and
then the recovery was within 98—102%, which verified the
potential utilization of this prepared strategy in clinical
determination.

Table 1. Recovery Results Achieved from the ECL
Immunosensor

initial content added content obtained content RSD recovery
(pg/mL) (pg/mL) (pg/mL) (n=5%) (%)
0.50 0.98, 1.04, 1.03, 2.56 102.4
1.02, 0.99
0.50 1.00 1.48, 1.45, 1.52, 1.75 98.2
1.47, 1.49
1.50 2.07, 2.0, 1.97, 233 101.7
1.98, 2.06

B CONCLUSIONS

In this study, PANCs/Co;O,NSs, a perfect coreactant
accelerator prepared for boosting the AIECL performance of
the MSN-H,TCPE/TPrA system, were constructed and
applied in the immunosensor for NSE analysis. The research
findings have verified the capacity of MSNs to effectively
confine AIECL molecules and established the groundwork for
the synthesis of functional nanomaterials. Notably, the
PdNCs/Co;04NSs were synthesized as a coreaction accel-
erator and exhibited remarkable capabilities in generating a
larger number of TPrA®* radicals. This was facilitated by their
efficient mutual conversion of the Co**/Co** redox couple and
the excellent catalytic performance with the abundant active
sites. Meanwhile, the polypeptide HWR effectively enhanced
the incubation characteristics, greatly promoting the perform-
ance of the immunosensor. Moreover, the developed
immunosensor was successfully achieved by ultrasensitive
analysis of NSE within a wide concentration range of 1 fg/
mL to 5 ng/mL, realizing a remarkable LOD of 0.33 fg/mL.
This approach not only offers novel perspectives on the
construction of nanosheets for enhancing the ECL response of
the MSN-H,TCPE/TPrA system but also supplies precious
acquaintances into the use of AIECL functional materials as
the ECL emitter for enhancing the sensitivity.
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