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ARTICLE INFO ABSTRACT

Keywords: At present, surgical resection is the primary clinical treatment method for pancreatic cancer. Accurate assessment
Electrochemiluminescence of resectability is crucial for effective treatment planning. This paper focuses on the detection of carbohydrate
CA125 antigen 125 (CA125), the in vitro biomarker for determining the resectability of pancreatic cancer. We prepared a
Eﬁ;ﬁ; highly stable electrochemiluminescence (ECL) luminophore, Zn-PTC, by coordinating perylene tetracarboxylic

acid (PTCA) with Zn** ions. However, the current applications of Zn-PTC as ECL luminophores face challenges
due to their high luminescence potential. To address these challenges, we introduced the ECL resonance energy
transfer (ECL-RET) strategy and synthesized a composite material, BNCs@Zn-PTC, to achieve low-potential
anodic ECL luminescence. In the ECL-RET system, Zn-PTC serves as the energy donor, while gold-silver bime-
tallic nanoclusters (Au-Ag BNCs) act as the energy acceptor. UV-Vis spectra of Au-Ag BNCs partially overlapped
with the ECL spectra of Zn-PTC, which facilitate to effective ECL-RET between the donor and the acceptor.
Utilizing BNCs@Zn-PTC as ECL luminophores, we constructed a strand displacement reaction-catalyzed hairpin
assembly (SDR-CHA) dual in vitro amplified ECL sensor to detect the target CA125. Under optimal experimental
conditions, the sensor had a linear detection range at CA125 concentration from 1 pU mL ' to 10 UmL "}, witha
detection limit of 0.24 pU mL 1. This study presents a novel approach for developing low-potential ECL-emitting
luminophores with significant potential in clinical applications.

Pancreatic adenocarcinoma

cancer [7,8]. Notably, in predicting resectability, CA125 is highly sen-
sitive, with a critical threshold between 34 and 35 U mL~! [9]. Conse-

1. Introduction

Pancreatic cancer (PC) is one of the most malignant gastrointestinal
tumors with a 5-year survival rate of approximately 12 % [1,2]. Surgical
resection remains the primary treatment [3]. Early diagnosis can
significantly improve survival rates, and accurate prognosis prediction is
essential for surgical decision-making and postoperative outcome fore-
casting [4,5]. Currently, imaging is the main tool for early diagnosis and
postoperative prediction; nonetheless, it is time-consuming, costly, and
often lacks accuracy [6]. Therefore, identifying a suitable molecular
biomarker for blood testing could significantly enhance diagnostic ef-
ficiency. Both carbohydrate antigen 125 (CA125) and carbohydrate
antigen 19-9 (CA19-9) have high specificity and sensitivity to pancreatic
cancer and thus are essential to the clinical diagnosis of this type of
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quently, the ability to specifically detect CA125 in blood can be of great
clinical significance for pancreatic cancer management.
Electrochemiluminescence (ECL) is increasingly used in critical
areas, such as disease marker detection, due to its low cost, controlla-
bility, and high sensitivity [10-12]. Luminophores are an integral part of
the ECL system. Perylene, a common polycyclic aromatic hydrocarbon
(PAH), offers many advantages such as excellent photostability, high
ECL intensity, and ease of synthesis [13-15]. Existing studies on per-
ylene in ECL sensing mainly focus on cathodoluminescence [16-18]. A
few studies have highlighted a significant drawback of anodolumi-
nescence, which is the high luminescence potential that has limited its
application in ECL sensing [19]. In recent years, MOF nanosheets, as an
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emerging new type of 2D materials, have attracted considerable atten-
tion due to their ultra-thinness and relatively large specific surface area
[20,21]. Combining perylene and metal ions to construct novel MOF
nanosheets can be a promising strategy for improving the luminescence
performance of perylene [22-24]. However, the electrical conductivity
of MOFs largely limits their ECL sensing performance. Thus, integrating
MOFs with noble metal nanoclusters can effectively improve the con-
ductivity of ECL luminophores [25,26]. Nevertheless, single-metal
nanoclusters suffer from low ECL emission signals and poor stability in
solution [27]. Previous studies have shown that bimetallic nanoclusters
(BNCs) can address the weak ECL signal through the synergistic effects
among multiple atoms. Using proteins as protecting agents for nano-
clusters can enhance stability [28].

Based on these insights, we aimed to combine various materials to
leverage their complementary advantages and construct a novel ECL
luminophore, BNCs@Zn-PTC. The aggregation-caused quenching (ACQ)
effect induced by n-n stacking can be eliminated by coordinating the
ligand with Zn?* in Zn-PTC to form MOF nanosheets with a high specific
surface area and stable ECL intensity [24]. However, Zn-PTC has high
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luminescence potential at the anode. To address this problem, we syn-
thesized Au-Ag BNCs that could emit light at the low anodic potential
[29]. Then, ECL energy resonance transfer (ECL-RET) is a non-radiative
energy transfer process that occurs between a donor and an acceptor,
with the exception that it requires the overlap of the donor’s ECL
spectrum with the acceptor’s absorption spectrum [30]. The UV-Vis
absorption spectrum of Au-Ag BNCs overlapped well with the ECL
spectrum of Zn-PTC, which allows for the establishment of an ECL-RET
system that can effectively lower the anodic luminescence potential of
the BNCs@Zn-PTC [24,29]. Specifically, BNCs@Zn-PTC were used as
ECL luminophores to construct ECL biosensors. In the presence of the
co-reactant TEA, BNCs@Zn-PTC exhibited strong ECL intensity at nar-
row potentials (0-0.9 V). As shown in Scheme 1, Zn-PTC acts as a donor
and Au-Ag BNCs as an acceptor, and low potential luminescence at the
anode is achieved by modulating the loading ratio. This setup triggers
the SDR-CHA double cycling amplification in the presence of the target
CA125, thereby significantly quenching the ECL intensity. This ECL
biosensor had excellent sensitivity and specificity for CA125 detection.
It could effectively differentiate between human normal pancreatic
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Scheme 1. (A) Preparation of luminophores and assembly of the ECL biosensor. (B) SDR-CHA dual signal amplification process.
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(hTERT-HPNE) and pancreatic cancer (PANC-1) cells. It offers a novel
approach to pancreatic cancer detection and resectability prediction.

2. Experimental section
2.1. Synthesis of BNCs@Zn-PTC

The synthesis procedures for Zn-PTC and Au-Ag BNCs are detailed in
the Supporting Information. Briefly, 1.5 mL of Zn-PTC (1.0 mg mL™Y)
was added dropwise to 3.0 mL of Au-Ag BNCs (1.0 mg mL™1), while
stirring. The mixture was stirred overnight at room temperature and was
protected from light. The resulting product was collected by centrifu-
gation, dissolved in 3 mL of ultrapure water, and stored away from light
at 4 °C.

2.2. Preparation of reaction solution

All oligonucleotides (Apt, DNA 1, DNA 2, DNA 3, F, MT, H1 and H2)
were dissolved in Tris-HCI buffer to prepare stock solutions. DNA 1 and
Apt strands at equal volumes and concentrations were annealed at 95 °C
and then slowly cooled to room temperature to allow for the formation
of the DNA 1/Apt double-stranded complex. Similarly, a three-stranded
complex was formed by annealing DNA 2, DNA 3, and MT at equal
volumes and concentrations at 95 °C and cooling to room temperature.
Hairpin strands H1 and H2 were annealed at 95 °C and cooled to 25 °C.
The annealed H1 strand was treated with TCEP at 37 °C for 40 min to
reduce disulfide bonds.

Different concentrations of CA125 were mixed with the DNA 1/Apt
double-stranded complex (2 pM) and reacted at 37 °C for 40 min to
obtain the target reaction solution. The target reaction solution was then
mixed with the triple-stranded complex (2 pM) and F strand (2 pM) and
reacted at 37 °C for 85 min to complete the preparation of the reaction
solution.

2.3. Construction of the ECL biosensor

Prior to electrode modification, a glassy carbon electrode (GCE) was
polished with 0.3 pM and 0.5 pM alumina powder, followed by soni-
cation in ethanol and ultrapure water to remove residual alumina
powder. This step yielded a clean electrode interface. The treated GCE
was air-dried, drop-casted with 10 pL of BNCs@Zn-PTC (0.16 mg mL™})
on its surface, and then dried at 37 °C. Subsequently, 10 pL of H1 chain
(1.5 pM) was drop-casted on the surface of the modified electrode and
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incubated overnight at room temperature. The electrode was then
washed with PBS buffer to remove unbound DNA strands, and 10 pL of
HT (1 pM) was drop-casted on the electrode surface and incubated at 37
°C for 40 min to block non-specific binding. After the reaction was
complete, the electrode was washed with deionized water. Finally, 10 pL
of H2 chain (2 pM) and the reaction solution were drop-casted on the
electrode surface and incubated at 37 °C for 105 min to complete the
assembly of the sensor electrode.

2.4. Measurement conditions

For this research, the test solution comprised 20 mM TEA in 0.1 M
PBS (pH = 7.4). The measurement parameters were set as follows: po-
tential range, 0-0.9 V; photomultiplier tube high voltage, 800 V; and
scanning speed, 0.5 V/s.

3. Results and discussion
3.1. Characterization of materials

The morphology of Zn-PTC was first characterized by scanning
electron microscopy (SEM). As depicted in Fig. 1A, Zn-PTC exhibited a
lamellar structure with a particle size of approximately 200 nm [31].
Further analysis was conducted using Fourier-transform infrared spec-
troscopy (FT-IR). Compared to the 3,4,9,10-tetracarboxylic acid dihy-
dride (PTCDA) precursor, the FT-IR spectra of Zn-PTC (Fig. S1) showed
the disappearance of characteristic peaks corresponding to the C=0
stretching vibrations (1772, 1756, 1742, and 1730 em ™) and C-O-C
stretching vibrations (1301 and 1235 cm ). Additionally, the COO
stretching vibrations (1545 and 1360 cm_l) were observed, which is an
indication of the coordination between the carboxylic acid group of PTC
and Zn%* [22,32]. The composition of Zn-PTC was further analyzed by
X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD).
The XRD spectrum of Zn-PTC (Fig. S2) revealed several major diffraction
peaks that align with previous reports, confirming that the material is
crystalline [23]. The XPS spectrum (Fig. S3) showed two significant C1 s
peaks corresponding to the carbon of the cyclic vinyl ring and ester
carbon-based carbon (O—C-0) at 285.1 and 288.9 eV, respectively. The
O 1 s spectrum displayed binding energies at 532.3 and 533.6 eV, which
can be assigned to ester carbon-based oxygen (O—C-O) and oxygen in
crystal water, respectively [22]. Elemental mapping analysis (Fig. 1B)
further confirmed the presence of Zn, O, and C in Zn-PTC, corroborating
the results obtained from the XPS and XRD analyses. These
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Fig. 1. (A) SEM morphology of Zn-PTC. (B) Element mapping image of Zn-PTC. (C) Fluorescence spectra (blue line) and UV-Vis absorption spectra (yellow line) of
Zn-PTC. (D) TEM morphology of Au-Ag BNCs. (E) Enlarged views of the HRTEM image of Au—Ag BNCs. (F) ECL spectra of Zn-PTC (blue line) and UV absorption
spectra of Au-Ag BNCs (yellow line). Inset of D shows the particle size of Au-Ag BNCs.
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comprehensive results demonstrate the successful synthesis of
high-purity Zn-PTC. The optical properties of Zn-PTC were character-
ized by UV-Vis spectroscopy, fluorescence (FL) spectroscopy, and ECL
spectroscopy. The maximum FL emission peak of Zn-PTC was observed
at 490 nm (excitation wavelength = 430 nm). The characteristic UV-Vis
peaks at 304 nm and 500 nm confirmed the coordination of Zn?*
(Fig. 1C). The ECL emission of Zn-PTC (Fig. 1F) was red-shifted by
50 nm compared to the PL emission, which could be attributed to the
self-absorption of Zn-PTC or instrumental effects during ECL spectro-
scopic measurement.

The morphology of Au-Ag BNCs was characterized by transmission
electron microscopy (TEM). As shown in Fig. 1D, the average particle
size of Au-Ag BNCs was approximately 5 nm [29]. The high-resolution
TEM (HRTEM) pattern (Fig. 1E) displayed lattice fringes of 0.235 nm
and 0.208 nm, corresponding to the 111 crystallographic plane of Au
and the 200 crystallographic plane of Ag, respectively. These findings
were corroborated by the XRD results (Fig. S2). The XPS spectra pro-
vided information on the elemental composition and valence states of
the material surface. As shown in Fig. S4, Au, Ag, and S elements were
presented in Au-Ag BNCs. The Ag 3d binding energy peaks were located
at 367.9 eV and 373.9 eV, which are consistent with zero-valence Ag, an
indication that monovalent Ag was reduced by the ligand and incorpo-
rated into the bimetallic nanoclusters. The Au 4 f peaks at 84.1 eV and
87.8 eV indicated the simultaneous presence of zero-valent and mono-
valent Au. The FT-IR spectrum (Fig. S1) showed that the -C-S stretching
vibration in the region of 790-830 em ! was suppressed, and the
characteristic peaks of -NHy (1615 em™ D) and -COOH (1533 cm™ 1)
remained almost unchanged. Additionally, the UV-Vis absorption peak
of Au-Ag BNCs was observed at around 530 nm (Fig. 1F), which is
consistent with previous reports [29]. These comprehensive results
demonstrate the successful synthesis of Zn-PTC and Au-Ag BNCs.

The HRTEM images (Fig. 2B) and elemental mapping analysis results
(Fig. 2A) confirmed the successful loading of Au-Ag BNCs onto lamellar
Zn-PTC. The XRD spectra (Fig. S2) revealed that compared with Zn-PTC
alone, BNCs@Zn-PTC exhibited additional characteristic peaks of BNCs.
The XPS results (Fig. 2C and Fig. S5) further demonstrated the presence
of elements from both Zn-PTC and Au-Ag BNCs in the composite ma-
terial. Fig. 2D presents the thermogravimetric analysis (TGA) curves of
Zn-PTC and BNCs@Zn-PTC. The TGA curve of Zn-PTC aligned with
previous related reports [22], while the curve of BNCs@Zn-PTC showed
that there was a slight increase in weight loss after the addition of Au-Ag
BNCs. This may be attributed to the fact that the weight loss of Au-Ag
BNCs is less significant than that of Zn-PTC. The overlap of the curves
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in the initial stages is due to the similar weight loss temperature of
Au-Ag BNCs and Zn-PTC, which is about 350 °C [33].

These findings collectively verify that Au-Ag BNCs were successfully
integrated into the Zn-PTC structure to form the composite material
BNCs@Zn-PTC.

3.2. ECL performance of BNCs@Zn-PTC

To determine the optimal ECL performance of BNCs@Zn-PTC, we
optimized the synthesis conditions of the composites. As shown in
Fig. 3A, the ECL intensity increased as the Au-Ag BNCs:Zn-PTC ratio
varied from 1:0.1 to 1:0.5 and reached its peak at 1:0.5. Based on these
findings, the optimal reaction time was identified. Fig. 3B demonstrates
that the ECL intensity significantly increased with increasing reaction
time, reaching its peak value at 8 h. Thus, 8 h was chosen as the optimal
reaction time.

To investigate the factors affecting the ECL intensity of BNCs@Zn-
PTC, we examined the luminescence mechanism of Au-Ag BNCs in the
presence of TEA as a co-reactant. As shown in Fig. 3C, compared to bare
GCE (curve a), Au-Ag BNCs exhibited two oxidation processes in 0.1 M
PBS, occurring at 0.87 V and 1.44 V, respectively (curve c). Addition-
ally, the oxidation process of TEA was observed in 0.1 M PBS, with the
maximum oxidation peak near 1.12 V (curve b). However, for Au-Ag
BNCs in the presence of TEA as a co-reactant (curve d), the oxidation
peak at 0.87 V was significantly enhanced. In the Au-Ag BNCs/TEA bi-
nary ECL system, Au-Ag BNCs were first oxidized to Au-Ag BNGCs*¥,
followed by the oxidation of TEA to TEA®". The radical TEA®" generated
during this process can inject electrons into nanoparticles or nano-
particles in the hole-injected state, leading to oxidized-reduced ECL
radiation through electron and hole annihilation reactions.

BNCs@Zn-PTC was synthesized under the above conditions, and its
ECL luminescence intensity and potential were compared with those of
Zn-PTC and Au-Ag BNCs. As shown in Fig. 3D, Zn-PTC exhibited an ECL
intensity of 17366 a.u. at 1.3 V, whereas the composite BNCs@Zn-PTC
exhibited an ECL intensity of 16203 a.u. at 0.87 V. Under the same
conditions, pure Au-Ag BNCs exhibited an ECL intensity of 3889 a.u.
This indicates that under the influence of Zn-PTC, the ECL intensity of
Au-Ag BNCs increased by 3.2 times. Moreover, the ECL efficiency of the
composite BNCs@Zn-PTC was 5.67 times higher than that of Au-Ag
BNCs alone (Supporting Information S2.9).

A comparison of cyclic voltammetry (CV) curves in Fig. 3E shows
that the strongest oxidation peak of Zn-PTC appeared near 1.12 V (curve
b). In contrast, the oxidation peak of the composite BNCs@Zn-PTC
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Fig. 2. (A) Element mapping image of BNCs@Zn-PTC. (B) TEM morphology of BNCs@Zn-PTC. (C) XPS scans for the full region of BNCs@Zn-PTC. (D) The TGA curve
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Fig. 3. Optimization of BNCs@Zn-PTC synthesis: (A) the ratio of Au-Ag BNCs: Zn-PTC and (B) reaction time. (C) CV curves of bare GCE (curve a) in 0.1 M PBS (pH =
7.4), Au-Ag BNCs/GCE in 0.1 M PBS (pH = 7.4) (curve c), bare GCE (curve b), and Au-Ag BNCs/GCE (curve d) in 0.1 M PBS (pH = 7.4) containing 20 mM TEA (a co-
reactant). (D) Comparison of luminescence potentials of Zn-PTC, Au-Ag BNCs and BNCs@Zn-PTC. (E) CV curves of Au-Ag BNCs, Zn-PTC and BNCs@Zn-PTC in 0.1 M
PBS (pH = 7.4) containing 20 mM TEA (a co-reactant). (F) Stability of Au-Ag BNCs (yellow line) and BNCs@Zn-PTC (blue line). (G) Comparison of ECL intensity of
(a) GCE, (b) Au-Ag BNCs, (c) Zn-PTC, (d) BNCs@Zn-PTC in 20 mM TEA, and (e) BNCs@Zn-PTC in 0.1 M PBS (pH = 7.4). (H) ECL emission of Zn-PTC, Au-Ag BNCs
and BNCs@Zn-PTC in 0.1 MC PBS (pH = 7.4) containing 20 mM TEA. SP parameters: V; = 0.87 V, t; = 1's, Vo = 0 V, and t, = 10 s. (I) Optimization of ECL detection

scanning speed in ECL detection.

(curve c) is similar to that of Au-Ag BNCs alone, which suggests that the
reaction primarily involves Au-Ag BNCs in the TEA system after the
composite is formed rather than Zn-PTC. Pure Au-Ag BNCs and
BNCs@Zn-PTC were tested under the same conditions, and the analysis
of data from 30 cycles revealed that their relative standard deviations
(RSDs) were 11.41 % and 0.54 %, respectively (Fig. 3F). This indicates
that the composite material is significantly more stable.

These results demonstrate that the composite BNCs@Zn-PTC ex-
hibits superior ECL performance compared to pure Au-Ag BNCs.

3.3. Mechanism of the BNCs@Zn-PTC + TEA ECL reaction system

To further investigate its ECL mechanism, the BNCs@Zn-PTC + TEA
system was characterized by ECL at the potential range of 0-0.9 V. As
shown in Fig. 3G, the bare electrode did not exhibit an ECL signal in the
TEA solution (curve a). The ECL intensities of Au-Ag BNCs and Zn-PTC
alone in TEA solution were weak (curves b and c, respectively). In
contrast, the composite material BNCs@Zn-PTC exhibited a strong ECL
intensity in TEA solution (curve d), which is indicative of its potential for
subsequent detection applications. However, without TEA, BNCs@Zn-
PTC did not exhibit a significant ECL signal (curve e), which confirms
that TEA acts as the co-reactant of BNCs@Zn-PTC.

Based on these results and previous related reports, the occurrence of
the in-system ECL resonance energy transfer (ECL-RET) in BNCs@Zn-
PTC is as follows [34,35]. Initially, Zn-PTC is oxidized to form
Zn-PTC*". Concurrently, TEA is oxidized to produce the strongly
reducing radical TEA*", which further loses protons to form TEA®.

Subsequently, TEA® reacts with Zn-PTC®" in a redox reaction to generate
excited-state Zn-PTC* that then returns to the ground state while emit-
ting ECL radiation.

In the ECL-RET system, Zn-PTC* acts as an energy donor that
transfers energy to Au-Ag BNCs to generate excited-state Au-Ag BNCs*.
These excited-state Au-Ag BNCs* then return to the ground state while
producing ECL radiation. Consequently, the ECL signal of Zn-PTC
decreased, whereas the ECL intensity of Au-Ag BNCs increased. The
following equations illustrate the ECL enhancement mechanism of this
system:

Zn—PTC »Zn — PTC™" + e~ (¢))
TEA-TEA™ e~ 2
TEA'"STEA 4+ H' 3)
Zn — PTC™" +TEA —Zn — PTC" 4 products @]
Zn — PTC'—Zn — PTC + hv ()
Zn — PTC" + Au — Ag BNCs—Au — Ag BNCs" + Zn — PTC 6)
Au — Ag BNCs*—Au — Ag BNCs + hv @

These equations illustrate how the ECL enhancement mechanism in
the BNCs@Zn-PTC + TEA system occurs through a series of redox and
energy transfer reactions, resulting in enhanced ECL signals.
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3.4. Feasibility of the ECL biosensor

The assembly process of the sensor was characterized by poly-
propylene gel electrophoresis. As shown in Fig. S6A, lane 1 contains
single-stranded DNA 1, while lane 2 contains the Apt/DNA 1 double-
stranded mixture. Lanes 3 and 4 contain single-stranded MT and DNA
3, respectively. Lane 5 shows the DNA 2/DNA 3/MT triple-stranded
complex. Lane 6 shows the Apt/DNA 1 double-stranded mixture and
the DNA 2/DNA 3/MT triple-stranded complex as two separated bright
bands, an indication that DNA 1 does not hybridize with the triple-
stranded complex in the absence of the target CA125. In lane 7, the
target CA125 was added to lane 6, resulting in higher production of a
separate DNA 3 strand and a single bright band lower level than the
triple-stranded complex. Comparing this band with bands in the later
lane, we identified that the band represented the DNA 1/DNA 2/MT
triple-stranded complex. This suggests that the target CA125 binds to the
Apt strand, causing the displaced DNA 1 strand to bind to the DNA 2/
DNA 3/MT triple-stranded complex and the displacement of the DNA 3
strand. Lane 8 shows three bright bands and one darker band. The
darker band represents the DNA 1/DNA 2/MT triple-stranded complex,
while the three bright bands represent the DNA 3 strand, the MT strand,
and the DNA 2/F double-stranded complex. Comparing lane 9 with lane
8 showed that the SDR reaction did not occur without the DNA 1 strand.
Lane 10 displays the DNA 2/F double-stranded complex. As shown in
Fig. S6B, the first three lanes contained hairpin H1, hairpin H2, and MT
chain of the secondary target, respectively. Lane 4 shows separated
bands corresponding to H1 and MT, as well as a band indicating that the
MT chain opened hairpin H1. Lane 5 shows two bright bands that
represent the binding of hairpin H1 to hairpin H2 and that the MT chain
underwent cycling. Lane 6 exhibits two separated bright bands corre-
sponding to hairpin H1 and hairpin H2, indicating that hairpin H1
cannot be hybridized with hairpin H2 without the presence of the MT
chain of the secondary target.

3.5. Characterization of the assembly process of the sensor

The assembly process of the sensor was characterized by CV and
electrochemical impedance spectroscopy (EIS). As shown in Fig. 4A, the
bare electrode in 5.0 mM [Fe(CN)6]3’/ 4 solution exhibited two clear
redox peaks (curve a). When BNCs@Zn-PTC was modified on the elec-
trode surface, the redox peak currents decreased (curve b). The addition
of hairpin H1 on the modified electrode surface further reduced the
redox peak currents (curve c), due to the repulsive force caused by the
negatively charged DNA exerted on the redox process in the [Fe(CN)g] 3/
* solution. After treating the electrode with HT, the redox peak current
(curve d) was further reduced, which is indicative of the successful
blocking of non-specific binding sites on the electrode surface. The
decrease in the current (curve e) can be attributed to the presence of the
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modified Fc on hairpin H2, which hinders the electron transfer and
exerts a repulsive force on the redox process in the solution. These re-
sults demonstrate the successful assembly of the sensor.

The EIS plots can be used to compare to the electron transfer resis-
tance (Ret) during sensor assembly [36,37], as shown in Fig. 4B. Based
on the EIS data obtained from the measurements, we constructed an
equivalent circuit model and analyzed the data by ZView. The EIS data
obtained from the simulation was compared with the experimental data
(Fig. S11) to prove the accuracy of the equivalent circuit model and to
obtain the fitted value of the electron transfer resistance. The electron
transfer ability can be compared by comparing the Ret of different data.
The Ret of curve a was smaller compared to that of curve b, which
increased significantly after material modification. When hairpin H1
was added dropwise on the surface of the modified electrode, the Ret of
curve c increased due to the resistance from surrounding DNA mole-
cules. Both HT and Fc are non-conducting, and Fc can hinder the elec-
tron transfer, causing the Ret of curves d and e to further increase. These
results confirm the successfulness of the step-by-step assembly process of
the biosensor.

3.6. Analytical performance of the biosensor

The response of the sensor to different concentrations of target
CA125 was examined under optimal experimental conditions. As shown
in Fig. 5A, the ECL intensity gradually decreased as the CA125 con-
centration was increased from 1 pU mL™! to 10 U mL™’. Additionally,
the small differences between the ECL intensity of all groups, at each
concentration, indicated that the sensor possesses high stability. A linear
relationship between the logarithmic values of ECL intensity and CA125
concentration was observed (Fig. 5B). The linear regression equation
was I = —1436.03lgc +4313.74, and the linear correlation coefficient
(RZ) was 0.9985. The detection limit of the biosensor was determined to
be 0.24 pU mL ! (S/N = 3). This method was demonstrated to have an
excellent sensitivity and a low detection limit compared to those of other
published assays (Tables S2 and S3).

3.7. Specificity, stability and reproducibility of the ECL biosensor

To evaluate the selectivity of the biosensor, three samples containing
high  concentrations of  disease-related interfering  pro-
teins—carcinoembryonic antigen (CEA), immunoglobulin (IgG), and
MUC1 protein (MUC1)—as well as their mixtures were selected. As
shown in Fig. 5C, the incubation with 10 ng mL~! CEA, IgG, and MUC1
resulted in an ECL intensity similar to the intensity of the blank sample.
However, when incubating with 1 U mL™! CA125 or a mixture of CA125
and interfering substances, the ECL intensity significantly decreased,
which is an indication that the biosensor has good specificity and
selectivity for CA125.
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Fig. 4. (A) CV and (B) EIS curves measured during the stepwise modification process. a—e: GCE, GCE/BNCs@Zn-PTC, GCE/BNCs@Zn-PTC/H1, GCE/BNCs@Zn-

PTC/H1/HT and GCE/BNCs@Zn-PTC/H1/HT/H2.



Y. Chen et al. Sensors and Actuators: B. Chemical 427 (2025) 137136
(A) 15k (B) 15k (C) 15k
3 = I=-1436.03 Igc+4313.74 = ™ =
« ! < I =-1436.03 Igc ! = B _._ -
- 12k ; Lol R*=0.9985 ; b1
>
= 9% E 9k .’E ok}
172}
= = =
8 &} S 6k} S 6kl
= = =
e o Ll
- 3k ‘ = 3Kk} - 3k
@) Q Q
= UL - - - - =
a b ¢c d e f g h -6 -4 -2 0 2 Blank CEA IgG MUCI CAI25 Mix
lg(c/ UmL™)
(D) 12k (E) 8k

= = [ HPNE = B .

E oul [ PANC-1 < ol RSD = 0.81%

% ~

= >

'z 5 4k

§ 6k f %

= = Ll

- 3kt ol

=)
Q
= o o
0 = 1 . . . . .
102 10° 10* 10° 0 20 40 60 80 100
Number of Cells Time /s

Fig. 5. (A) ECL response of the biosensor to CA125 at different concentrations. (B) Linear correlation between intensity (I) and log ¢ (CA125 concentration). (C)
Specificity of the ECL biosensor. (D) Detection of CA125 in hTERT-HPNE and PANC-1 cells by the ECL biosensor. (E) Stability of BNCs@Zn-PTC (blue line) and the

ECL biosensor (yellow line).

The reproducibility of the ECL responses was further investigated by
comparing different electrodes from the same batch, as well as the same
electrode across different batches (Fig. S9). The ECL intensities of
different electrodes and at different times were not significantly
different, with relative standard deviations (RSD) of 0.99 % and 0.51 %,
respectively. This demonstrates that the constructed sensors have good
reproducibility. Furthermore, as shown in Fig. 5E, the ECL intensity of
the constructed sensor was not significantly changed (RSD = 0.81 %)
after being scanned continuously for 30 cycles when the target con-
centration was 0.1 U mL™1. This indicates that the sensor has excellent
stability.

3.8. Application of the ECL biosensor in real samples

To evaluate the applicability of the prepared biosensors, CA125 was
detected in hTERT-HPNE cells (human normal pancreatic cells) and
PANC-1 cells (pancreatic cancer cells), and recovery experiments were
performed using serum samples diluted by the standard addition
method. The expression of CA125 in hTERT-HPNE cells and PANC-1
cells was investigated by using these two cell lysates as reaction fluids.
As shown in Fig. 5D, the ECL intensity gradually decreased with
increasing number of cell, and the difference between the ECL intensities
of the two cell types became more pronounced. This indicates that
CA125 is highly expressed in PANC-1 cells, which is consistent with
previously reported results. The recovery experiments were performed
by adding different concentrations of the test substance to human serum
after a 50-fold dilution, and then comparing the measured results to the
linear results. Results from the spiked recovery experiment are pre-
sented in Table 1. The results showed that the recoveries ranged from

Table 1
Recovery of target spiked in human serum samples (n = 3).
Target Added Found RSD Recovery
CA125 1.00 UmL ™! 1002.79 mU mL~! 0.14 % 100.28 %
1.00 mU mL ! 1.03 mU mL ! 0.75 % 101.96 %
1.00 pU mL™* 1.07 pU mL™! 0.84 % 107.24 %

100.28 % to 107.24 % with RSDs ranging from 0.14 % to 0.84 %. These
results demonstrate that the constructed ECL biosensor is suitable for
practical applications and shows good analytical performance in the
detection of pancreatic cancer. The sensor holds broad clinical appli-
cation prospects.

4. Conclusion

In the exploration of novel ECL luminescence at the anode, we
constructed a composite material with excellent electrochemical lumi-
nescence performance. The framework structure of Zn-PTC could
effectively reduce the ACQ effect of PTCA and enhance electron transfer
efficiency, thus further improving the ECL intensity of the luminescence.
Au-Ag BNCs synthesized using Met as a capping and stabilizing agent
can allow for the generation of low-potential ECL at the anode; however,
they suffer from low stability and low efficiency. By using Zn-PTC as the
donor in the ECL-RET system and Au-Ag BNCs as the acceptor, we
synthesized composites with the combined advantages of the two
components and were able to generate low-potential ECL at the anode.
Subsequently, an ECL biosensor for the detection of CA125 was con-
structed using SDR-CHA double amplification. The sensor was demon-
strated to have a low detection limit, a wide detection range, and the
ability to determine the resectability of pancreatic cancer in patients.
These findings demonstrate the potential of the constructed ECL
biosensor in practical applications such as clinical diagnostics, particu-
larly in the detection and management of pancreatic cancer.
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