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In this study, a highly sensitive biosensor for the detection of carcinoembryonic antigen (CEA) was developed by
integrating the excellent properties of a near-infrared electrochemiluminescence (NIR ECL) substance and a
double ECL signal quencher. Silver nanosheets (Ag-Cys) exhibiting NIR electrochemiluminescence were syn-
thesized via a simple chemical reaction using AgNO3 and 1-cysteine (L-Cys) as precursors. The incorporation of L-

Cys not only reduces photochemical damage but also preserved the antigen-binding activity, facilitating the
construction of a high-performance immunosensor. In addition, copper-based metal-organic frameworks coated
with sarcosine oxidase (Cu-MOFs/SOx) was synthesized and employed as a double quencher toward Ag-Cys
based on electron transfer and resonance energy transfer mechanisms. The resulting sensor exhibited high
sensitivity and selectivity, with a wide linear range of 0.00005-100 ng mL~! and a low detection limit of 43.65

fg mL~L.

1. Introduction

Tumor biomarkers are widely utilized in clinical practice for disease
screening, surveillance, and prognostic diagnosis. Currently, these
markers are not only pivotal indicators of tumorigenesis but are also
being investigated for their roles in modulating the immune system [1].
Carcinoembryonic antigen (CEA) is an acidic glycoprotein with human
embryonic antigenic properties and is recognized as a tumor-associated
antigen. Elevated serum CEA levels have been reported in patients with
colorectal and other cancers compared to healthy individuals [2,3].
Consequently, the sensitive detection of CEA has garnered widespread
interest, leading to the development of various analytical techniques
such as enzyme-linked immunosorbent assays (ELISA) [4], electro-
chemical immunoassays [5], and other immunoassays techniques [6].
Among these, electrochemiluminescence (ECL) has emerged as a highly
sensitive and selective approach for diagnostic applications. ECL in-
volves applying a certain voltage to a luminescent substance, inducing
light emission through a series of electrochemical reactions. It offers

* Corresponding author.

advantages such as precise electrochemical control and low background
chemiluminescence [7]. NIR ECL combines the advantages of
near-infrared spectroscopy with electrochemiluminescence, offering
significant benefits such as reduced background interference and
enhanced tissue penetration. Therefore, the development of efficient
NIR ECL luminescent clusters is crucial for advancing bioanalytical and
sensing capabilities [8,9].

Inorganic-organic hybrid materials, which incorporate both inor-
ganic and organic components, combine the advantages of each material
type while allowing for precise property tuning through structural
modulation. This microscopic scale hybridization enhances material
homogeneity, resulting in superior electrical and optical properties that
surpass those of purely inorganic or organic polymer materials. As a
result, these materials have attracted significant interest for a variety of
applications [10]. Among the metal conductors, silver nanostructures
are particularly notable due to their unique plasmonic, optical, and
thermal properties. Silver-based nanomaterials are extensively
employed in optoelectronics, flexible electronics, and sensing
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technologies [11,12]. Silver nanosheets stand out due to their high
aspect ratio, large surface area, and excellent electrical conductivity,
offering distinct advantages over other silver nanostructures. These
properties render them highly promising for applications in sensors,
catalysis, biomedicine, and antimicrobial materials [13-15]. L-cysteine
(L-Cys), a low-cost, environmentally friendly thiol-containing amino
acid, exhibits a strong affinity for metal ions [16]. It can self-assemble on
silver nanosheets via Ag-S covalent bonding, improving both biocom-
patibility and stability [17].

Developing an effective quenching strategy is essential for enhancing
the detection performance of sandwich sensors. Commonly employed
quenching mechanisms mainly include resonance energy transfer and
electron transfer. In resonance energy transfer processes, the ECL
emitter serves as the energy donor, while the quencher acts as the energy
acceptor. When the emission spectrum of the ECL donor overlaps
significantly with the UV-Vis absorption spectrum of the quencher,
energy is efficiently transferred from the donor to the acceptor, leading
to noticeable signal quenching [18,19]. In contrast, electron
transfer-based quenching occurs when the luminescent material from its
ground state to an excited state. If the energy levels of the quenching
agent and the luminescent material align appropriately, electron trans-
fer is facilitated, resulting in significant ECL signal suppression [20].
Metal-organic frameworks (MOFs), composed of metal ions and organic
ligands, possess a high specific surface area, excellent structural
tunability, and superior loading capacity, making them widely appli-
cable in sensing and catalysis fields [21,22]. The incorporation of en-
zymes such as sarcosine oxidase (SOx) into Cu-MOFs creates composite
materials that synergistically combine enzymatic activity with frame-
work properties, leading to enhanced sensor performance through
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improved biocompatibility and target recognition. These properties
make Cu-MOFs/SOx a suitable candidate as a quenching material for
this sensor.

In this study, novel protein-like silver-cysteine hybrid nanosheets
(Ag-Cys) were synthesized by using a simple and green one-step tem-
plate-free seedless aqueous chemical synthesis strategy. These lumi-
nescent nanosheets are rich in functional groups, exhibiting good
dispersion and stability in water, and they possess near-infrared emis-
sion, which minimizes photochemical damage. When combined with the
dual quenching capabilities of Cu-MOFs/SOx composites, this system
achieves unprecedented sensitivity for CEA detection through simulta-
neous energy and electron transfer mechanisms.

2. Experimental
2.1. Preparation of Ag-Cys-Ab;

Aqueous solutions of AgNO3 and L-Cys were combined in a molar
ratio of 1:2. The pH of the solution was then raised to 10 using 1 M
NaOH. The prepared mixture was subsequently refluxed at 95 °C for 2 h.
Following this, the primary marker, which comprised 10 pg mL ™! of CEA
capture antibody, was activated using EDC and NHS at 4 °C. This acti-
vated antibody was then co-incubated with Ag-Cys(1.5 mg mL™!) for 12
h, ultimately yielding the desired solution of the primary marker Ag-Cys-
Aby, as presented in Scheme 1A.

2.2. Preparation of Cu-MOFs/SOx-Abz

Cu-MOFs and Cu-MOFs/SOx were synthesized based on previously
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Scheme 1. (A) Preparation of Ag-Cys, (B) Preparation of Cu-MOFs/SOx, (C) Schematic diagram of the fabrication of ECL immunosensor.
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reported methods [23]. To prepare solution A, 0.3 g of Cu(CH3COO),
and 4 g of benzoic acid were dissolved in 30 mL of n-butanol, acting as
modifiers. For solution B, 0.8 g of H3BTC was dissolved in 30 mL of DMF.
Solution B was slowly added to solution A with continuous stirring for
30 min. The precipitate was collected by centrifugation and washed
three times with ethanol to remove any unreacted organic acids and
residual solvents. Finally, the product was vacuum-dried at 60 °C for 12
h, resulting in Cu-MOFs.

To synthesize the Cu-MOFs/SOx composite, 10 mg of the prepared
Cu-MOFs were suspended in 1 mL of absolute ethanol. This suspension
was then combined with 6 mL of an aqueous solution containing EDC at
a concentration of 0.542 mg mL~! and NHS at 1.125 mg mL"!. The
resulting mixture was stirred vigorously for 30 min. While maintaining
stirring, 3 mL of a SOx aqueous solution (0.67 mg mL ™) was gradually
introduced. After 4 h of continuous stirring, the Cu-MOFs/SOx com-
posite was separated via centrifugation, washed three times with water
to remove impurities, and the precipitate was collected.

Next, 100 pL of 2.5 % glutaraldehyde solution was added to 1 mL of
Cu-MOFs/SOx aqueous solution (1.5 mg mL™!) and gently stirred at
room temperature for 2 h to allow glutaraldehyde to fully react with the
amino groups on the Cu-MOFs/SOx surface. Subsequently, 100 pL of
CEA capture antibody solution (10 pg mL ™) was added, and the mixture
was incubated at 4 °C for 12 h to enable covalent conjugation of the
antibody to the Cu-MOFs/SOx surface via glutaraldehyde cross-linking.
Then, 100 pL of 1 % BSA was introduced to block nonspecific binding
sites. Any unbound antibodies were removed by centrifugation, and the
solid product was resuspended in 1 mL of PBS (pH 7.4). This gave the
sarcosine oxidase-functionalized Cu-MOFs conjugated with the carci-
noembryonic antigen-recognizing antibody, forming the secondary
antibody marker Cu-MOFs/SOx-Abs solution, as depicted in Scheme 1B.
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2.3. Fabrication of the ECL immunosensor

To construct the biosensor, a glassy carbon electrode (GCE, diameter
4 mm) was initially polished with 0.05 pm alumina powder to create a
smooth surface. After rinsing the electrode with ultrapure water, 6 pL of
Ag-Cys-Ab; was applied evenly to the polished electrode surface. After
allowing the electrode to dry at 4 °C for 1 h. To block non-specific
binding sites, 3 pL of BSA (0.1 wt%) was added dropwise and any
excess was removed by rinsing the electrode with PBS (10 mM, pH 7.4).
Next, 6 pL of CEA solutions with various concentrations were applied to
the electrode surface, followed by incubation at 4 °C for 1 h to allow CEA
binding. After incubation, the electrode was rinsed again with PBS to
eliminate any unbound CEA. Finally, 6 pL of Cu-MOFs/SOx-Aby was
dropwise added to complete the biosensor construction. The resulting
biosensor was stored at 4 °C until use, and ECL signals were measured in
PBS solution, as depicted in Scheme 1C.

3. Results and discussion
3.1. Material characterization

The morphology and constituent elements of Ag-Cys were thor-
oughly investigated using scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS). As depicted in Fig. 1A and
B, Ag-Cys exhibited a lamellar structure with a relatively uniform size
distribution ranging from approximately 400 to 500 nm. Fig. 1C presents
the EDS image of Ag-Cys, confirming the presence of five elements: Ag,
S, C, N and O. Notably, the elements S, C, N and O originated from the
ligands, thereby validating the successful synthesis of the nanomaterials.
The atomic percentages of Ag and S elements in the energy spectra
(Fig. S1) revealed a near 1:1 ratio, indicating that silver ions were co-
ordinated with cysteine through Ag-S bonding. This observation cor-
roborates the successful hybridization of silver with L-Cys [24]. To

Fig. 1. (A) and (B) SEM image of Ag-Cys, (C) Mapping image of Ag-Cys.
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further elucidate the physical structures and functional groups of the
prepared materials, X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR) were utilized. The XRD pattern (Fig. S2)
revealed distinct diffraction peaks for Ag-Cys, which differed from those
of the ortho-configured L-Cys. This finding indicated that the prepared
Ag-Cys possessed a distinct crystal structure from its precursor, L-Cys. In
essence, the nanosheets were not merely silver nanostructures coated
with cysteine but rather silver nanomaterials hybridized with L-Cys
[25]. FTIR spectroscopy (Fig. S3) revealed several notable features in the
prepared Ag-Cys. A peak at 3440 cm ™' was likely attributed to the
stretching vibration of the N-H bond, while a peak at 3065 cm ™" cor-
responded to the O-H stretching vibration. Clear infrared bands typical
of peptides were observed, with prominent peaks at 1678 and 1631
cm™, indicating C=0 stretching vibrations. Additionally, peaks at 1568
and 1488 cm ™! were associated with C-N stretching vibrations, while
absorption bands at 1384 and 1351 cm ™! were attributed to CH and CHy
groups, respectively [25,26]. These findings confirm the presence of
numerous peptide bonds within Ag-Cys, providing a favorable founda-
tion for sensor development.

X-ray photoelectron spectroscopy (XPS) was employed to investigate
the elemental valence states of Ag-Cys, revealing its composition and
chemical bonding. As shown in the scanning results (Fig. 2A), Ag-Cys
contained elements Ag, S, C, N and O, confirming the presence of sil-
ver nanoparticles with cysteine conjugated on their surfaces. The atomic
concentrations were determined as follows: C 1s-55.92 %, N 1s-10.12 %,
0 15-19.40 %, S 2p-7.29 % and Ag 3d-7.27 %. A detailed analysis of each
element provided further insights. The Ag 3d spectrum (Fig. 2B)
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exhibited two double states, with binding energies of 368.7 and 370.5
eV for the Ag 3ds/5 component. The lower binding energy peak indicates
the presence of Ag-S bonds between silver ions and cysteine, while the
higher binding energy peak corresponds to metallic silver. Fig. 2C dis-
plays the S 2p spectrum, revealing asymmetric signals that suggest the
existence of sulfur atoms in at least two different chemical states. The
spin-orbit splitting of the S 2p3,» binding energy at 161.2 eV corresponds
to organometallic thiols covalently attached to the metal. The higher
binding energy of the S 2p;,» at 162.5 eV may be associated with the
sulfur atom in the free thiol terminal group. Notably, the absence of a
peak at 167.0 eV indicates that the thiol-SH groups remain unoxidized
[27,28]. Fig. 2D presents the C 1s spectrum, with deconvoluted peaks
corresponding to cysteine bound to the nanoparticle surface. The peak at
284.8 eV corresponds to the C-C bonds, while the peak at 286.1 eV
represents the C-N and C-S bonds. The peak at 288.1 eV originates from
the C=0O groups within the cysteine structure [29]. These results
confirm the chemical binding of cysteine to the surface of Ag nano-
sheets. Overall, the XPS results are in agreement with the previous
characterizations, providing further confirmation of the successful syn-
thesis and chemical structure of the Ag-Cys hybrid material.

SEM was used to examine the morphological characteristics of both
Cu-MOFs and Cu-MOFs/SOx. Fig. 3A presents the SEM image of Cu-
MOFs, revealing spherical particles with an approximate diameter of
100 nm. Following modification with SOx, Cu-MOFs/SOx retained a
rounded morphology, as depicted in Fig. 3B, suggesting the preservation
of particle integrity. To assess the successful cross-linking of Cu-MOFs
and SOx, we conducted comprehensive analyses using XRD, FTIR, and
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Fig. 2. XPS spectra of Ag-Cys (A) Total spectra, (B) Ag 3d, (C) S 2p, (D) C 1s.
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Fig. 3. SEM images of (A) Cu-MOFs, (B) Cu-MOFs/SOx, (C) XRD spectra, (D) FTIR spectra, and (E) UV-Vis absorption spectra of Cu-MOFs and Cu-MOFs/SOx.

UV-Vis absorption spectra. The XRD patterns presented in Fig. 3C
indicate that the incorporation of SOx did not alter the crystal structure
of Cu-MOFs. Further analysis of functional groups using FTIR spectros-
copy (Fig. 3D) revealed a prominent peak at 1622 cm ™, corresponding
to asymmetric C—=O vibration, signifying the formation of a double-
tooth bridge within Cu-MOFs. Peaks observed at 1108 cm™! and 1437
cm ™! were attributed to the C-H stretching vibration of the ligand and
the C-C stretching vibration within the aromatic group, respectively.
The Cu-O stretching vibration band at 726 cm™! confirmed the suc-
cessful coordination of oxygen ions with copper ions, thus confirming
the synthesis of Cu-MOFs. When comparing the FTIR spectra of Cu-MOFs
and Cu-MOFs/SOx, another distinct peak emerges at 1597 cm ™" in the
latter. This peak is associated with the N-H planar bending vibration of

the SOx-specific proteamide II moiety, providing evidence of the effec-
tive loading of SOx. UV-Vis absorption spectra (Fig. 3E) revealed that
Cu-MOFs exhibit absorption peaks between 250 and 330 nm. Upon
loading with SOx, these peaks disappeared, providing further evidence
for the successful synthesis of Cu-MOFs/SOx [30].

3.2. Investigation of the ECL luminescence mechanism

The potential ECL mechanism of the Ag-Cys/K2S20g system was
explored based on the ECL luminescence behavior of Ag-Cys and related
literature [31]. A comparison of the ECL and photoluminescence (PL)
spectra of Ag-Cys provides insights into its surface state properties.
Fig. 4A depicts the PL spectrum of Ag-Cys, peaking at 450 nm, and its
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Fig. 4. (A) Fluorescence spectrum (curve a) and ECL emission spectrum (curve b) of Ag-Cys, (B) CV responses of Ag-Cys/GCE (curve a) in PBS (pH 7.4) solution and
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ECL spectrum, which shows intense emission at 675 nm. It thus appears
that Ag-Cys exhibits excellent NIR emission properties, which could
minimize photochemical damage, reduce background interference and
facilitate detection sensitivity in complex biological environments [18,
32]. In addition, the ECL spectrum is red-shifted with respect to the PL
spectrum, and therefore it is inferred that the generation of Ag-Cys* is
caused by the surface state jump [33,34]. From the analysis, we deduce
the ECL emission mechanism of Ag-Cys to be as follows. Initially, during
the scan of the electrode potential from —1.8 to 0 V, Ag-Cys underwent
reduction to Ag-Cys*~ (Equation (1)). Concurrently, S,0%~ was also
reduced to SO4°*~ (Equation (2)). Subsequently, an oxidation reaction
occurred around —1.0 V, where Ag-Cys®~ interacted preferentially with
the potent oxidant SO4°™, leading to the formation of Ag-Cys* (Equation
(3)). The emission of intense light followed as Ag-Cys* transited from its
excited state back to the ground state, emitting photons (Equation (4)).

Ag-Cys + e~ — Ag-Cys*~ @
S203” + e~ — SO%™ + S04~ 2
Ag-Cys"™ + SO§~ — Ag-Cys* + SOF~ 3)
Ag-Cys* — Ag-Cys + hv )

During the potential scan from —1.8 to 0 V, the CV and ECL responses
of various electrodes were evaluated. As depicted in Fig. 4B, the CV
response of Ag-Cys/GCE (curve a) in PBS exhibited a weak profile, with
negligible or nonexistent ECL signals. However, upon measuring in a
PBS solution containing K»S20g, a discernible reduction peak emerged
near —0.760 V for the bare electrode (curve b), attributed to the
reduction of S;08~. For the Ag-Cys-modified GCE (curve c), a reduction
peak appeared around —0.909 V, accompanied by a significant increase
in peak current, suggesting that Ag-Cys effectively interacts with
K2S20g. The ECL-V curves presented in Fig. 4C further illustrate this
trend. In PBS, Ag-Cys showed almost no ECL response (curve a). How-
ever, when S,0%~ was added to the PBS solution, the ECL signal intensity
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significantly increased, reaching approximately 18000 a.u. (curve c).
The small peaks appearing on the surface of GCE in the PBS solution
containing S,0% may be attributed to the intrinsic ECL response of
S,0%". This suggests that Ag-Cys might participate in the ECL reaction as
a co-reactant luminophore. Additionally, the ECL efficiency (@gcr) of the
Ag-Cys/K2S20g system was calculated, with the system exhibiting 1.71
times the efficiency of the standard Ru(bpy)%*/Kzszog system (for
detailed calculation, see Supplementary Materials).

3.3. Study on double quenching mechanism of ECL

The quenching capabilities of Cu-MOFs/SOx toward Ag-Cys were
investigated. As illustrated in Fig. 5A, the GCE/Ag-Cys electrode dis-
played an ECL signal with an intensity of approximately 17000 a.u.
(curve a). However, upon modifying the GCE with Cu-MOFs/SOx (curve
b), the ECL signal was significantly reduced to around 3000 a.u. These
observations strongly suggest that the composite material Cu-MOFs/SOx
possesses a notable quenching effect.

The band gaps of Ag-Cys and Cu-MOFs/SOx were determined using
UV-Vis diffuse reflectance spectroscopy. As depicted in Fig. 5B, the band
gap energy (Eg) of Ag-Cys was determined to be 4.31 eV. The flat band
potential (Eg,) of Ag-Cys, obtained from the Mott-Schottky (M — S) plot
in Fig. 5C, was calculated to be —1.20 eV. The M — S curve for Ag-Cys
shows a positive slope, corresponding to an n-type semiconductor. The
conduction band (CB) level was about 0.2 V lower than the Eg,, placing
the CB at —1.40 V vs Ag/AgCl (—1.20 V vs NHE), and the valence band
(VB) is computed from the bandgap of Ag-Cys of 4.31 eV according to
the equation: Ecg = Eyp - Eg position of 3.11 V vs NHE. In a similar
manner, the Eg of Cu-MOFs/SOx was determined to be 1.81 eV (Fig. 5D).
The energy levels of the highest occupied molecular orbital (HOMO)
were derived from CV measurements (Fig. 5E). The Egowmo is calculated
to be —5.02 eV, which can be calculated to be —2.73 eV by combining
with the bandgap Eruymo (see Supplementary Materials for the detailed
calculation procedure). Considering the Fermi energy level at —4.5 eV,
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the Egomo corresponds to 0.52 V vs. NHE, while the Ejyyo is approxi-
mately —1.77 V vs. NHE [35]. Reasonable energy level alignment allows
electrons to transfer from Ag-Cys to Cu-MOFs/SOx, as shown in Fig. 5F.
Therefore, we hypothesize: (1) During the ECL process, Ag-Cys is first
electrochemically excited, and electrons transition from its VB to the CB,
forming an excited state (Ag-Cys*). Since the CB level of Ag-Cys is higher
than the HOMO level of Cu-MOFs/SOx, the excited state electrons will
transfer from the CB of Ag-Cys to the HOMO of Cu-MOFs/SOx. This
transfer process leads to the quenching of the excited state of Ag-Cys
because the electrons no longer remain in the CB of Ag-Cys and
cannot recombine (luminescence) radiatively back to the VB. (2) The
electrons that transfer to the HOMO of Cu-MOFs/SOx will subsequently
migrate to the VB of Ag-Cys since the VB level of Ag-Cys is lower than the
HOMO of Cu-MOFs/SOx. This electron migration process inhibits the
electrons from returning to the VB of Ag-Cys from the CB, thereby
hindering electron-hole recombination and reducing the probability of
radiative recombination. Since the electrons cannot recombine radia-
tively back to the ground state, the ECL signal is significantly quenched
[36,37]. Additionally, we investigated the ECL emission spectrum of
Ag-Cys alongside the UV-Vis absorption spectrum of Cu-MOFs/SOx, as
depicted in Fig. S4. The ECL spectrum of Ag-Cys exhibits an emission
peak in the range of 500-800 nm, which overlaps with the UV-Vis ab-
sorption range of Cu-MOFs/SOx. This overlap suggests the occurrence of
resonance energy transfer (RET) between Ag-Cys and Cu-MOFs/SOx
[38]. In conclusion, the ECL quenching of the sensor is primarily
caused by the dual mechanisms of RET and electron transfer, which
work synergistically to enhance the quenching effect [39]. To further
investigate the quenching efficiency of Cu-MOFs/SOx, a series of ex-
periments were conducted wusing different concentrations of
Cu-MOFs/SOx for the quenching of Ag-Cys. As shown in Fig. S5,
increasing the concentration of Cu-MOFs/SOx led to a decrease in the
ECL signal and the relationship between Cu-MOFs/SOx concentration
and quenching efficiency was analyzed using the Stern-Volmer equation
(Io/T =1 + kqto[Q] = 1 + Kgy[Q]), where I and Iy denote the ECL in-
tensities with and without Cu-MOFs/SOx, respectively, the curve was
fitted to analyze the quenching kinetics [40]. The resulting Kgy value
was found to be 3.083 x 10° g L™! within the concentration range of
0-3.0 mg mL ™}, with a high correlation coefficient of R? = 0.978. These
findings strongly suggest that Cu-MOFs/SOx exhibits a remarkable
quenching effect, further supporting its potential application in related
fields.

3.4. Optimization and characterization of the inmunosensor construction
process

The effect of the concentration of Ag-Cys, the pH of the PBS solution,
the concentration of K3S,0s, and the level of Ag-Cys quench triggered by
Cu-MOFs/SOx on the sensing performance of the fabricated ECL sensor
was studied. As shown in Fig. S6A, the ECL intensity reached its peak at
1.5 mg mL !, with a decrease observed when the concentration excee-
ded this value. This underscores that 1.5 mg mL ™ is the optimal con-
centration of Ag-Cys. The pH of the PBS solution is also vital for the
sensor’s effectiveness. Fig. S6B shows a steady increase in ECL intensity
as the pH rises from 6.0 to 7.4, with no significant change observed
beyond pH 7.4. Therefore, a pH of 7.4 was selected as optimal. The
concentration of the co-reactant K2S;0g significantly impacts ECL per-
formance. As shown in Fig. S6C, the intensity increases with K3S;0g
concentration up to 100 mM, after which it starts to decrease. Therefore,
100 mM was determined as the optimal concentration for K3S;Osg.
Finally, we chose the concentration of the quenching agent Cu-MOFs/
SOx. Fig. S6D illustrates that the quenching efficiency increased with
the concentration up to 1.5 mg mL ™}, after which further increases had
minimal effect. Therefore, 1.5 mg mL™! was selected as the optimal
concentration for Cu-MOFs/SOx.

To validate the successful fabrication of the immunosensor, the CV
curves associated with electrodes modified with various materials were
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studied. As shown in Fig. 6A, the current gradually decreased as the
electrode surfaces were sequentially modified with the biomolecule
antibody, BSA, antigen and secondary antibody markers, confirming the
successful fabrication of the immunosensor. Further validation was ob-
tained by investigating the relationship between ECL intensity and
voltage, as depicted in Fig. 6B. The bare electrode immersed in PBS (pH
7.4) containing 100 mM K2S,0g exhibited a weak ECL signal (curve a).
Upon modifying the GCE with Ag-Cys-Ab,, a significant enhancement in
ECL intensity was observed (curve b). Subsequently, the sequential
addition of BSA (curve c) and CEA (curve d) led to a gradual decrease in
ECL intensity, likely due to the interference of protein molecules in
electron transport. Finally, incubation with Cu-MOFs/SOx-Ab; (curve e)
resulted in further signal quenching, consistent with the quenching ef-
fect. These ECL and CV results provide strong evidence for the successful
layer-by-layer construction of the immunosensor.

Furthermore, to elaborate on the immunosensor’s construction pro-
cess, electrochemical impedance spectroscopy (EIS) was employed to
evaluate the performance of various modified electrodes. As depicted in
Fig. 6C, the EIS outcomes for distinct modification states are presented,
with the semicircle diameter serving as an indicator of electron transfer
resistance (Ret). Initially, the bare electrode exhibited a small semicircle
(curve a), indicating minimal Ret and free electron flow. Upon modi-
fying the electrode with Ag-Cys-Ab;, the semicircular area expanded
(curve b), attributed to Ab;’s nonconductive nature, impeding electron
transfer. Subsequent additions of BSA (curve c) and CEA (curve d)
further increased the semicircular radius, confirming the successful
attachment of these macromolecular proteins. Subsequently, the addi-
tion of Cu-MOFs/SOx-Ab, resulted in a larger semicircular arc, corrob-
orating the immunoconjugation between the antigen and Ab,. These
results, along with simulated values from ZSimpWin software
(Table S1), provide strong evidence for the successful development of
the ECL immunosensor.

To evaluate the analytical capabilities of the immunosensor, CEA
was utilized as the detection model across a concentration range of
0.00005-100 ng mL~'. Fig. 7A displays the ECL curves, revealing a
gradual variation in ECL signals with varying CEA concentrations. The
corresponding calibration curve exhibited a linear regression equation
of I = 4789.76-1794.01 g ¢ (R? = 0.995), indicating a strong correlation
between the ECL signal and CEA concentration. Notably, the detection
limit achieved in this study was as low as 43.65 fg mL ™! (Fig. 7B). This
compares favorably with other CEA detection methods, exhibiting a
wider detection range and a lower detection limit (Table S2). The
immunosensor’s high sensitivity and specificity demonstrate its poten-
tial for accurate and reliable CEA detection in practical applications.

3.5. Sensor performance

To assess the specificity of the constructed immunosensor, five
clinically relevant biomarkers, such as procalcitonin (PCT), prostate-
specific antigen (PSA), a-fetoprotein (AFP), immunoglobulin G (IgG)
and bovine serum albumin (BSA) were selected as potential interferents.
As depicted in Fig. 8A, when exposed to 10 ng mL~! concentrations of
these biomarkers, the ECL response exhibited minimal deviation from
the control experiment, indicating a high level of specificity. Notably,
the ECL intensity remained consistent both when the immunosensor was
modified with 1 ng mL~! CEA alone and when CEA was combined with
10 ng mL™! of the aforementioned biomarkers. These observations
confirm that the ECL immunosensor possesses satisfactory selectivity.

The reproducibility of the constructed biosensors was also investi-
gated. As shown in Fig. 8B, the ECL responses from six electrodes within
the same batch and from six different batches of identical electrodes
were evaluated under consistent experimental conditions. The intra-
batch and inter-batch RSDs were 3.61 % and 3.56 %, respectively,
indicating excellent reproducibility of the sensor. Furthermore, the
stability of the immunosensor was evaluated. As illustrated in Fig. 8C,
the modified CEA (10 pg mL™Y) electrode was subjected to 10
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Fig. 8. (A) Immunosensor selectivity (the sensor is used to detect blanks, 10 ng mL ! of PCT, PSA, AFP, IgG, BSA, and mixtures of these interfering substances with 1
ng mL™! of CEA) Error bars = RSD (n = 3), (B) The reproducibility of the immunosensor detection of CEA was investigated by intra-batch (a) and inter-batch (b)

analysis, (C) Stability of the ECL immunosensor over 10 cycles.

consecutive scans without significant degradation in stability. The RSD
of 0.65 % validates the sensor under prolonged scanning. These results
collectively demonstrate the remarkable long-term stability, reproduc-
ibility, and specificity of the immunosensor.

3.6. Sample analysis

The standard addition method was used to validate the recovery rate
of the immunosensor. The human serum samples were initially diluted
to 0.50 ng mL L. Various concentrations of standard CEA samples were
then separately added. The results listed in Table S3 demonstrated that
the immunosensor achieved recovery rates ranging from 98.88 % to



Y. Wang et al.

102.50 %, with an RSD of less than 4.0 %. These findings effectively
established the practicality of the immunosensor for analyzing real
serum samples.

4. Conclusion

In this study, an innovative ECL immunosensor was developed for
CEA detection based on a dual quenching system with energy transfer
and electron transfer mechanisms. Ag-Cys as an efficient ECL donor and
Cu-MOFs/SOx as a quenching agent were used to establish a robust
detection platform. The strong quenching effect between Ag-Cys and Cu-
MOFs/SOx was verified by UV-Vis spectrum, ECL analysis and molec-
ular orbital calculations. The prepared biosensor exhibited excellent
analytical performance, achieving an ultra-low detection limit of 43.65
fg mL™! and a wide linear detection range of 0.00005-100 ng mL™!. In
addition, the constructed sensor demonstrated excellent performance in
terms of stability, reproducibility, selectivity and real sample analytical
capability, providing a feasible method for efficient and highly sensitive
detection of biomarkers.
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