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A B S T R A C T

Ternary metal sulfide semiconductors demonstrate considerable potential for electrochemiluminescence (ECL) 
applications, because of their high charge carrier mobility and good stability. Herein, CdIn2S4 was innovatively 
employed as a luminescent material owing to its excellent near-infrared (NIR) ECL emission. Its narrow bandgap, 
excellent solubility, and stability in aqueous solutions prevented electrode passivation and enhanced the ECL 
intensity, efficiency, and stability. The MOF-199 nanomaterial featuring a pyramid structure was employed as a 
quenching probe, exhibiting a dual-quenching effect based on electron and ECL energy transfers, facilitated by 
energy-level matching and spectral overlapping with luminescent CdIn2S4. The dual-quenching strategy 
considerably enhanced the quenching efficiency of the probe. Therefore, based on CdIn2S4 exhibiting an 
excellent luminescence performance and MOF-199 demonstrating an exceptional quenching effect, a novel 
quenching-type sandwich immunosensor was developed for the sensitive detection of D-dimers. The detection 
limit of the sensor was 8.51 fg/mL. Furthermore, the sensor exhibited excellent specificity, reproducibility, and 
stability. The proposed approach offers a novel theoretical framework and methodological guidance for the 
detection of biomarkers and, provides valuable insights for the development of new luminescent materials.

1. Introduction

D-dimers, the byproducts of fibrin degradation, function as signaling 
molecules in plasma to activate the coagulation system. In fibrinolysis, 
plasma D-dimers are widely recognized as the definitive markers of 
secondary fibrinolysis, particularly for ruling out venous thrombosis, 
pulmonary embolism, diffuse intravascular coagulation, and related 
diseases. The clinical stage of cancer is associated with increased serum 
D-dimer levels, which are recognized as diagnostic and prognostic in
dicators for various cancers[1,2]. Several methodologies have been 
developed for identifying D-dimers, including whole blood agglutina
tion, enzyme-linked immunosorbent assay, immunoturbidimetric assay, 
and chemiluminescent assay[3]. Despite the advantages the application 

of these methods is limited owing to various challenges. At present, 
electrochemiluminescence (ECL) immunoassay based on the 
antibody-specific recognition of the target is among the most reliable 
assays under study. During ECL, a substance undergoes electron transfer 
on an electrode surface to create an excited state, leading to lumines
cence[4–6]. ECL immunosensors are used in biosensing analysis because 
of their high sensitivity, wide dynamic response range, low 
signal-to-noise ratio, and easy control. Therefore, they are ideal for 
detecting D-dimers.

Diverse binary semiconductor materials, including CdS, CdSe, CdTe 
and ZnSe, have been identified as potential ECL emitters, and are 
currently under active investigation for their potential bioanalytical 
applications in various fields[7–9]. The ternary semiconductor 
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compound ABmCn possesses a chalcopyrite structure. Sulfides, selenides, 
and stable metals containing elements featuring the d10 electronic 
configuration (e.g., Cd, Zn, and In) exhibit favorable photoexcited car
rier mobility, as their conduction bands comprise hybridized and widely 
dispersed sp orbitals[10]. CdIn2S4 is a ternary semiconductor material 
possessing an AB2X4-type cubic spinel structure, in which indium ions 
are chemically stable, featuring tetrahedral and octahedral coordina
tion. Compared with conventional binary metal sulfides, CdIn2S4 pos
sesses superior light-absorption performance and stability and, is widely 
used in optoelectronics, sensing, and photocatalysis. CdIn2S4 has a 
narrow bandgap and adaptable optical characteristics, providing new 
opportunities for innovative ECL emitters. CdIn2S4 demonstrates excel
lent multichannel ECL behavior in aqueous solutions exhibiting high 
emission intensity, which is attributed to the point defects in the ma
terial promoting efficient electron-hole complexation[11]. When 
K2S2O8 is used as a co-reactant, CdIn2S4 demonstrates intense 
near-infrared (NIR) ECL emission and high luminescent stability. 
Experimentally, the ECL emission mechanism in CdIn2S4 is based on 
surface-state transitions. CdIn2S4 exhibits excellent NIR characteristics, 
and the NIR ECL features enable the advantageous properties of low 
photochemical damage, high tissue permeability, and minimal back
ground interference. NIR ECL luminophores have attracted considerable 
attention in bioimaging and diagnostics. CdIn2S4 exhibits has good 
application prospects in ECL sensing and bioimaging.

In addition to the design of efficient luminescent materials, a key 
requirement for the fabrication of quenching-type ECL sensors is the 
development of high-performance quenching probes. Furthermore, an 
efficient quenching mechanism is particularly important. Typically, 
resonance energy transfer is the common mode of quenching, and 
effective quenching can be achieved when the distance is sufficiently 
small and an effective spectral overlap exists between the donor and 
acceptor[12–14]. The dual-quenching effect can notably improve the 
quenching efficiency under the synergistic action of electron and energy 
transfers[15–17]. Polyoxomolybdate–zirconia (POM-ZrO2) is a novel 
ECL luminescent material featuring strong and stable ECL signals[18]. 
Furthermore, using polyaniline@Au nanocrystals (PANI@AuNPs) as a 
quencher, the quenching efficiency considerably enhances through a 
dual mechanism involving energy and electron transfers.

Metal-organic frameworks (MOFs) represent a crucial class of porous 
materials, and their pore dimensions and compositions are highly 
controllable. Their high porosity is pivotal for applications such as 
separation, catalysis, and sensing. MOFs are characterized by high 
selectivity, stability at low medium temperatures, moderate adsorption 
heat, and improved mass uptake, rendering them advantageous 
compared with other porous materials. MOF-199 is a typical nanoporous 
material possessing a double-pyramid structure, which is formed by the 

coordination of 1,3,5-benzene tricarboxylic acid with Cu2 + [19,20]. 
MOF-199 has high stability, high porosity, large specific surface area, 
and abundant surface carboxyl groups, thereby imparting good 
biocompatibility and facilitating its conjugation with biological mole
cules, such as antibodies. Furthermore, MOF-199 exhibits strong ability 
for energy-level alignment with CdIn2S4, concerning electron transfer. 
Additionally, its ultraviolet (UV) absorption spectrum exhibits a certain 
degree of overlap with the ECL emission spectrum of CdIn2S4 therefore, 
MOF-199 can be utilized as an energy acceptor to effectively quench the 
ECL of CdIn2S4. This material can be applied as a high-efficiency 
quenching probe, operating based on the double-quenching effect.

This study developed a sandwich-type ECL biosensor employing a 
novel CdIn2S4 emitter and MOF-199 nanoparticles as signal quenching 
probes for, the ultrasensitive detection of D-dimers. The CdIn2S4 emitter 
demonstrates robust and stable ECL emission, exhibiting enhanced 
biocompatibility through amination modification. The MOF-199 nano
material effectively binds with antibodies and efficiently quenches the 
ECL signal of the luminescent emitter through a dual mechanism 
involving electron transfer and energy transfer, enhancing the stability 
of the system. The developed biosensor demonstrates an excellent linear 
detection range of 0.00005–100 ng/mL, exhibiting a substantially low 
detection limit of 8.51 fg/mL (S/N = 3). This study presents a novel 
theoretical framework and methodological approach for the clinical 
analysis of various biomolecules and, valuable insights into the design of 
new-generation luminescent materials.

2. Experimental section

2.1. Materials and apparatus

The details of the materials and apparatus used are provided in the 
Supplementary Material.

2.2. Preparation of CdIn2S4-NH2

First, CdIn2S4 was synthesized following a previously reported 
method[21]. At room temperature, CdCl2⋅2.5 H2O (228.36 mg) and 
InCl3 (442.34 mg) were dispersed in water (60 mL) and continuously 
stirred for 30 min. Subsequently, thioacetamide (TAA, 601.06 mg) was 
added to the as-prepared mixture and stirred for an additional 30 min at 
room temperature. The homogeneous solution was transferred to a 
100 mL Teflon-lined stainless-steel autoclave, sealed, and subjected to 
hydrothermal treatment at 180 ℃ for 24 h. The resulting suspension was 
centrifuged at 8000 rpm for 5 min, separately washed with deionized 
water and anhydrous ethanol three times, and finally dried in a vacuum 
oven at 60 ℃ for 12 h to successfully obtain CdIn2S4 microspheres.

Scheme 1. Fabrication of the immunosensor for D-dimer detection.
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Next, CdIn2S4 was aminated with (3-aminopropyl) triethoxysilane 
(APTES)[22], and 100 mg of CdIn2S4 was dissolved in 80 % ethanol 
solution and sonicated to form a homogeneous CdIn2S4 suspension 
(1 mg/mL). Thereafter, 1 mL of concentrated ammonia was added to the 
suspension. Subsequently, 67 μL of tetraethyl orthosilicate (TEOS) and 
67 μL of APTES were added dropwise to the CdIn2S4 suspension, and the 
mixture was magnetically stirred at 35 ℃ for 3 h. The resulting sus
pension was centrifuged at 8000 rpm for 5 min, separately washed with 
deionized water and anhydrous ethanol three times, and finally dried in 
a vacuum oven at 60 ℃ for 12 h. Accordingly, CdIn2S4-NH2 was syn
thesized, exhibiting higher biocompatibility than CdIn2S4.

2.3. Preparation of MOF-199-Ab2

MOF-199 was synthesized based on previously reported methods 
with certain modifications[23]. At room temperature, Cu(NO3)2⋅3 H2O 
(0.9 g) and polyvinylpyrrolidone (PVP, 0.4 g) were dissolved in meth
anol (50 mL) via stirring. Next, 50 mL of a methanol solution containing 
1,3,5-benzenetricarboxylic acid (0.43 g) was added to the as-prepared 
solution in incremental amounts, obtaining a blue colloidal suspen
sion. After stirring for 10 min, the colloidal mixture was left to stand at 
room temperature for 24 h. The resulting crystals were centrifuged at 
8000 rpm for 5 min and washed with methanol three times. Subse
quently, the as-formed blue crystalline precipitate was dried in vacuum 
at 60 ℃ for 12 h to obtain MOF-199 octahedra.

Next, 50 μL of the D-dimer of Ab2 (10 μg/mL) was dispersed in 1 mL 
of phosphate-buffered saline (PBS) solution, and 1-(3-dimethylamino
propyl)-3-ethylcarbodiimide (EDC, 76 mg), N-hydroxy succinimide 
(NHS, 11.5 mg) were added, followed by shaking at 4 ℃ for 4 h. 
Thereafter, 2 mg of the MOF-199 solid powder was added to the 
aforementioned solution and subsequently incubated for 12 h at 4 ℃ 
under shaking. After centrifugation, the resulting material was dispersed 
in 1 mL of PBS (pH = 7.4) and stored at 4 ℃.

2.4. Fabrication of the ECL immunosensor

A schematic of immunosensor fabrication on a 4 mm diameter glassy 
carbon electrode (GCE) is illustrated in Scheme 1. Initially, the GCE was 
meticulously polished using 0.05 μm alumina paste, followed by thor
ough cleansing with ultrapure water to ensure optimal surface 
smoothness. Next, 6 μL of the 2 mg/mL CdIn2S4-NH2 solution was 
deposited onto the polished GCE and air-dried at room temperature. 
Thereafter, 6 μL of Ab1 (10 μg/mL) was complexed onto the electrode 
and with PBS (pH 7.4). Afterward, 3 μL of bovine serum albumin (BSA, 
0.1 wt%) was utilized to block the nonspecific binding sites, and the 
electrode was subsequently rinsed with PBS. Thereafter, different con
centrations of D-dimers were applied to the electrode surface, followed 
by incubation at 4 ℃ for 4 h. Subsequently, the electrodes were rinsed 
with PBS. Finally, 6 μL of MOF-199-Ab2 was incubated on the electrode, 
and the biosensor was stored at 4 ℃ for subsequent use.

3. Results and discussion

3.1. Characterization of materials

The morphology of the materials was characterized by scanning 
electron microscopy (SEM). As shown in Fig. S1A and S1B, CdIn2S4 
presents a uniform spherical morphology and an irregular surface 
texture. Its size is almost uniformly distributed in the range of 4 − 7 µm. 
Fig. 1A illustrates the energy-dispersive X-ray spectroscopy (EDS) 
elemental mapping representative image of CdIn2S4, in which Cd, In, 
and S elements are distinctly observed. Furthermore, the elemental 
mapping distribution profile of CdIn2S4 indicates the successful syn
thesis of CdIn2S4 (Fig. S1C).

The Fourier transform infrared (FT-IR) spectroscopy analysis was 
conducted to determine the functional groups of APTES, CdIn2S4, and 
CdIn2S4-NH2 (Fig. 1B). For pure CdIn2S4, the peak at 3427 cm− 1 is 
related to the –OH group on the CdIn2S4 surface. The FT-IR spectrum of 
APTES-functionalized CdIn2S4 demonstrates several new characteristic 
peaks in addition to the typical peaks of CdIn2S4. The large characteristic 

Fig. 1. SEM images of (A) CdIn2S4. (B) FT-IR spectra of APTES, CdIn2S4 and CdIn2S4-NH2. (C) XRD pattern of CdIn2S4. (D) XPS spectrum of CdIn2S4, (E) Cd 3d, (F) In 
3d spectrum and (G) S 2p spectra.
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peaks within 3000 − 3700 cm− 1 correspond to the stretching vibration 
of the amino group. The peak at 2922 cm− 1 is attributed to the C− H 
group of APTES, and those at 1114.5 and 500 cm− 1 correspond to the 
Si− O− Si and Si− O− C stretching vibrations[24]. These finding confirm 
the successful coating of CdIn2S4 microspheres with APTES.

The crystal phase structure of CdIn2S4 was analyzed using the X-ray 
diffraction (XRD) pattern (Fig. 1C). The diffraction peaks and crystal 
faces of CdIn2S4 are highly consistent with those of a cubic spinel 
structure and the standard card PDF#27–0060. In the pure CdIn2S4 
pattern, the main characteristic peaks are located at 14.2◦, 23.2◦, 27.3◦, 
33.1◦, 43.3◦, 47.5◦, and 55.7◦, corresponding to the (110), (220), (311), 
(400), (511), (440), and (533) planes[25].

A detailed X-ray photoelectron spectroscopy (XPS) analysis was 
conducted to determine the elemental composition of CdIn2S4. The 
CdIn2S4 full spectrum (Fig. 1D) reveals that CdIn2S4 comprises Cd, In, 
and S elements, which is consistent with the EDS results[26]. Moreover, 
the C peak in the full spectrum is attributed to the calibration standard 
carbon, whereas the O 1 s signal originates from the O2 or H2O mole
cules adsorbed on the sample[27]. The high-resolution Cd 3d XPS 
spectrum in Fig. 1E exhibits two distinct peaks at 411.9 eV and 
406.03 eV, corresponding to Cd 3d3/2 and Cd 3d5/2 spin-orbit states. The 
difference in the binding energy between these two peaks is 5.87 eV, 
which is attributed to the energy level corresponding to Cd2+, con
firming that Cd exists as Cd2+ in the crystal[28]. In the high-resolution 
In 3d spectrum (Fig. 1F), the peaks at 453.02 eV and 446.01 eV corre
spond to In 3d3/2 and In 3d5/2 spin-orbit states, indicating that the 
oxidation state of In is + 3[29]. In the S 2p spectrum (Fig. 1G), the peaks 
at 162.2 eV and 161.9 eV are attributed to the S 2p1/2 and 2p3/2 
spin-orbit states, respectively, indicating that sulfur exists as S2− in 
CdIn2S4[30]. These results confirm the successful synthesis of CdIn2S4.

The morphology of MOF-199 was characterized by SEM. MOF-199, 
which is a blue powder, that utilizes PVP as a capping agent for main
taining coordination equilibrium on its crystal surface during synthesis. 
Fig. 2A displays the standard bipyramidal morphology of MOF-199, 
featuring a size of approximately 300 − 500 nm, synthesized through 
the incremental addition of 1,3,5-benzenetricarboxylic acid to a copper 
nitrate solution. The bipyramidal units of MOF-199 are stacked to form 
an irregular structure. The morphological inhomogeneity of MOF-199 
has been previously reported[31].

The surface groups of MOF-199 were examined by FT-IR spectros
copy. The FT-IR spectrum in Fig. 2B features distinct absorption bands 
corresponding to the predicted functional groups, confirming the pres
ence of these groups within the MOF-199 structure. A broad peak is 
observed at 3100 − 3600 cm− 1, which is attributed to the − OH groups of 
1,3,5-benzenetricarboxylic acid, and weakly bound water molecules. 
The peak at 1638 cm− 1 is attributed to asymmetric carboxylic acid, 
whereas the bands at 1447 and 1375 cm− 1 correspond to the symmetric 
stretching vibrations of carboxylic acid. The absorption bands at 1107 
and 940 cm− 1 correspond to the in-plane and out-of-plane bending vi
brations of the C− H bond. In addition, the peak at 730 cm− 1 is 

attributed to the stretching vibrations of Cu− O, in which the oxygen 
atom is coordinated to Cu[32]. The aforementioned results further 
confirm the successful preparation of MOF-199.

As a structure-directing agent, PVP facilitates the crystallization of 
MOF structural domains by promoting the interactions between its 
pyrrolidone ring (C––O) and metal ions. The crystal structure of the 
synthesized MOF-199 was characterized using XRD. Fig. 2C presents the 
XRD pattern of MOF-199 and the simulated pattern of a previously re
ported material HKUST-1, demonstrating the similar crystallinity of 
MOF-199 and HKUST-1. The XRD data of MOF-199 closely matches the 
simulation results of HKUST-1, indicating good crystalline quality.

3.2. ECL emission behavior and MOF-199 quenching mechanism of the 
CdIn2S4/K2S2O8 system

We explored the ECL emission mechanism of the CdIn2S4/K2S2O8 
system (Fig. S2A). Comparing the ECL and photoluminescence (PL) 
spectra of CdIn2S4 provided insights into its surface-state properties. 
Fig. S2B depicts the PL spectrum, peaking at 500 nm, and the ECL 
spectrum, exhibiting intense emission in a broad spectral range of 
550 − 750 nm, of CdIn2S4. Therefore, CdIn2S4 exhibits excellent NIR 
emission properties. The ECL spectrum is redshifted compared with the 
PL spectrum, therefore the generation of CdIn2S4* is inferred to be 
caused by the surface-state jump[33]. Considerably, the ECL emission 
mechanism of CdIn2S4 is elucidated as follows: 

CdIn2S4 + e− →CdIn2S4
•− (1)

S2O8
2- + e− → SO4

2− + SO4
•− (2)

SO4
•− → SO4

2− + h+ (3)

CdIn2S4
•− + SO4

•− → SO4
2− + CdIn2S4*                                             (4)

CdIn2S4* → CdIn2S4 + hν                                                               (5)

When the scanning potential is sufficiently negative, CdIn2S4 reduces 
to CdIn2S4

•− (Eq. 1). Meanwhile, S2O8
2- reduces to SO4

•− (Eq. 2). The as- 
formed SO4

•− injects holes into the valence band of CdIn2S4 (Eq. 3). 
CdIn2S4

•− readily reacts with the strong oxidant SO4
•− to form CdIn2S4* 

(Eq. 4). Finally, when CdIn2S4* returns from the excited to the ground 
state as a photon, strong light emission occurs, resulting in ECL emission 
(Eq. 5).

To demonstrate CdIn2S4 as a co-reactive ECL luminophore, the 
function of K2S2O8 in this system was investigated using cyclic vol
tammogram. In Fig. S2C, no clear reduction peak of CdIn2S4 is obtained 
in the PBS solution in the scanning potential of − 1.5 − 0 V (curve a), 
whereas in the PBS solution containing K2S2O8, a reduction peak of GCE 
is obtained at − 0.62 V (curve b), which is attributed to the electro
chemical reduction of the K2S2O8 co-reactant. Furthermore, the reduc
tion peak of CdIn2S4/GCE is obtained in the PBS solution containing 
K2S2O8 at − 1.37 V, and the current increases (curve c), which is 

Fig. 2. (A) SEM image, (B) FT-IR spectrum, and (C) XRD pattern of MOF-199.
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attributed to the semiconductor characteristics of CdIn2S4.
Additionally, we explored the quenching mechanism of the immu

nosensor. ECL measurements were conducted using the GCE/CdIn2S4- 
NH2 (curve a) and GCE/CdIn2S4-NH2/MOF-199 (curve b) electrodes. 
Fig. 3A demonstrates that the ECL signal of the novel luminescent 
CdIn2S4-NH2 considerably decreases when the GCE is modified with 
MOF-199.

The present study proposes a dual-quenching mechanism involving 
the transfer of energy and electrons. The ECL emission spectrum of 
CdIn2S4-NH2 exhibits broad, bright ECL emission at wavelength 
550 − 750 nm, and MOF-199 exhibits UV absorption within 
600 − 750 nm (Fig. 3B). Therefore, the ECL spectrum of CdIn2S4-NH2 
partially overlaps with the UV–vis absorbance spectrum of MOF-199, 
facilitating ECL energy transfer[34,35]. Furthermore, the energy levels 
of the CdIn2S4-NH2 luminophores were investigated by UV− vis diffuse 
reflectance spectroscopy (DRS) and Mott–Schottky (M–S) analyses. The 
results obtained by the UV− vis DRS spectrum of CdIn2S4-NH2 presented 
in Fig. 3C, revealing that the bandgap energy of CdIn2S4-NH2 is esti
mated to be Eg = 2.27 eV. The flat-band potential of CdIn2S4-NH2 can be 
derived from the intercept of the tangent line in the M–S plot (Fig. 3D). 
Because CdIn2S4-NH2 is an n-type semiconductor, its flat-band potential 
can be directly considered as the conduction-band position[36–38], 
leading to ECB = -1.12 V and EVB = -3.39 V. The UV–vis DRS spectrum of 
MOF-199 is depicted in Fig. 3E, from which the bandgap energy is 
calculated to be Eg = 2.57 eV. The highest occupied molecular orbital 
and lowest unoccupied molecular orbital energy levels of MOF-199 were 
determined by cyclic voltammetry. Based on the cyclic voltammogram 
(Fig. 3F), we obtained φox = 0.64 eV, and further obtained therefore 
EHOMO = -5 eV. The aforementioned results are shown in Fig. S3A, and 
the reasonable energy-level matching provides a potential pathway for 
electron transfer from CdIn2S4-NH2 to MOF-199[39,40].

Furthermore, we recorded the fluorescence spectra of CdIn2S4 and its 
mixture with MOF-199 to determine the quenching ability of MOF-199. 
As shown in Fig. S3B, CdIn2S4 exhibits fluorescence emission at 500 nm, 

with the 1028 a.u. fluorescence intensity. However, when CdIn2S4 is 
mixed with MOF-199, the fluorescence emission intensity considerably 
decreases, indicating that MOF-199 inhibits the fluorescence emission of 
CdIn2S4.

To further investigate the quenching effect of MOF-199, we per
formed ECL quenching experiments on CdIn2S4 using different MOF-199 
concentrations (0, 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mg/mL) in 10 mL PBS 
(pH 7.4) containing 80 mmol/L K2S2O8 as the co-reactant. The corre
sponding results are presented in Fig. S3C. With increasing MOF-199 
concentration, the ECL intensity progressively decreases (inset of 
Fig. S3C), illustrating a linear correlation. The quenching constant (Ksv) 
can be evaluated using the Stern–Volmer equation[41,42]: I0/I 
= 1 + Ksv[Q]. In this step, I and I0 corresponded to the ECL intensity 
with and without MOF-199, respectively, while [Q] represented the 
concentration of the MOF-199 quencher. Based on the fitted curve, the 
correlation coefficient is 0.985 in the range of 0–3.0 mg/mL, and Ksv was 
3.23 × 106 g− 1. The aforementioned results indicate that MOF-199 
possesses a substantial quenching effect.

3.3. Optimization of experimental conditions

For enhancing the performance of the sandwich-type ECL immuno
sensor, several key parameters, including the CdIn2S4 concentration, 
PBS pH, K2S2O8 concentration, and MOF-199 quenching concentration, 
were optimized. Fig. S4A demonstrates that the maximum ECL intensity 
is observed at a CdIn2S4 concentration of 2 mg/mL, after which the ECL 
intensity decreases owing to impeded electron transfer. The optimal PBS 
pH for maintaining the bioactivity of the immunosensor was 7.4 
(Fig. S4B), and extreme pH values negatively affected the sensor per
formance. Fig. S4C indicates that the ECL intensity increases with rising 
K2S2O8 concentration up to 80 mmol/L, after which it plateaus, signi
fying the saturation point and optimal concentration of the co-reactant. 
Finally, the fabricated immunosensor was utilized for detecting D-dimer 
at a concentration of 1 ng/mL. Form Fig. S4D, the change in the ECL 

Fig. 3. (A) ECL intensity of GCE/CdIn2S4-NH2 (curve a) and GCE/ CdIn2S4-NH2/MOF-199 (curve b). (B) ECL emission spectrum of CdIn2S4 and UV–vis absorption 
spectrum of MOF-199. (C) UV–vis DRS spectrum of CdIn2S4. (D) M-S curves of the CdIn2S4 samples, (E) UV–vis DRS spectrum, and (F) cyclic voltammogram of 
MOF-199.
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intensity reaches the maximum at the MOF-199 concentration of 2 mg/ 
mL. Therefore, 2 mg/mL of MOF-199 was determined as the optimal 
quencher concentration.

3.4. Characterization and performance analysis of the fabricated 
immunosensor

To validate the immunosensor assembly, the results of the ECL 
intensity–voltage profile analysis of various modified electrodes are 
displayed in Fig. 4A. The ECL signal of the bare electrode recorded in 
PBS (pH 7.4) containing 80 mmol/L K2S2O8 was weak (curve a). When 
the GCE was modified with CdIn2S4-NH2, strong ECL emission was ob
tained at a low excitation potential of − 1.18 V (curve b). The low po
tential facilitated the reduction of energy required for exciting the 
luminophore and the electrode loss[43,44]. Furthermore, when the GCE 
was modified with CdIn2S4-NH2/Ab1, the ECL intensity decreased, 
potentially because the antibody is a macromolecular protein, which is 
linked to CdIn2S4-NH2 through amide bonds, and hinder the electron 
transfer, leading to signal reduction (curve c). With the continuous 
step-by-step dropwise addition of BSA and D-dimer (curves d and e, 
respectively) on to the GCE surface, the ECL intensity gradually 
decreased, which might be because the obstruction of electron transfer 
by the protein molecules. Finally, when MOF-199-Ab2 (curve f) was 
incubated on the GCE, the ECL signal was minimized because of the ECL 
quenching effect of MOF-199. These findings confirm the successful 
fabrication of the immunosensor.

Electrochemical impedance spectroscopy (EIS) was used to evaluate 
the impedance of the electrodes modified with different materials, 
demonstrating biosensor assembly. The EIS equivalent circuit is depic
ted in Fig. 4B, and the corresponding data, simulated using the ZSimp
Win software, are presented in Table S1. The diameters of the 
semicircular arcs in the figure correlate with the electron transfer 

resistance (Ret) at the electrode-solution interface. Due to the free 
transfer of electrons, the EIS curve arc of the bare GCE is substantially 
small and nearly a straight line (curve a). The impedance curve of the 
GCE modified with CdIn2S4-NH2 exhibits a smaller semicircular arc 
(curve b), indicating the better conductivity of the luminescent substrate 
material. The modification of the electrode with CdIn2S4-NH2/Ab1 
(curve c) increases the arc diameter, and the successive modification of 
the GCE using BSA (curve d) and D-dimer (curve e) increases the 
semicircular arc diameter. This is because Ab1, BSA and D-dimer are 
non-electroactive substances that impede electron transfer and lead to 
increased resistance. The continued modification of the electrode with 
MOF-199-Ab2 (curve f) further, impedes the electron transfer resulting 
in the largest arc diameter and maximum Ret value, which confirms the 
occurrence of a specific recognition reaction between D-dimer and Ab2. 
Therefore, the quenching-type ECL immunosensor fabricated in layers is 
successful. The cyclic voltammogram in Fig. 4C further confirms the 
successful fabrication of the sensor layer. When the electrode surface is 
sequentially modified using biomolecules, antibody, BSA, antigen, and 
Ab2, the current gradually decreases, indicating the successful fabrica
tion of the sensor.

The performance of the immunosensor was assessed by measuring 
the ECL intensity at various D-dimer concentrations under optimal 
conditions. From Fig. 4D, the ECL intensity progressively decreases with 
increasing D-dimer concentrations from 0.00005 to 100 ng/mL, when 
assessed under the most favorable experimental conditions. The linear 
regression equation of the calibration curve (Fig. 4E) was IECL 
= 4383.9–1669.7 × lg c, featuring a correlation coefficient of 0.992. 
Compared with that of other detection schemes (Table S2), the linear 
detection range of the proposed method was 0.00005 − 100 ng/mL, 
demonstrating a limit of detection (LOD) of 8.51 fg/mL (S/N = 3). The 
superior performance of the as-developed method compared with the 
other reported approaches might have originated from the remarkable 

Fig. 4. (A) ECL–V curves of (a) GCE, (b) GCE/CdIn2S4-NH2, (c) GCE/CdIn2S4-NH2/Ab1, (d) GCE/CdIn2S4-NH2/Ab1/BSA, (e) GCE/CdIn2S4-NH2/Ab1/BSA/D-dimer, 
(f) GCE/CdIn2S4-NH2/Ab1/BSA/D-dimer/MOF199-Ab2 in PBS (pH = 7.4) containing 80 mmol/L K2S2O8 and 0.1 mol/L KCl; (B) EIS curves obtained with 2.5 mmol/L 
Fe(CN)6

3-/4- and 0.1 mol/L KNO3, and (C) cyclic voltammogram. (D) ECL responses of the immunosensor at different D-dimer concentrations of a to m: 0.00005, 
0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1, 10, 50, and 100 ng/mL. (E) Calibration plot of the immunosensor obtained using different D-dimers. Error bars: 
±standard deviation (SD), n = 5.
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ECL emission properties of CdIn2S4-NH2 and the considerable quenching 
effect of MOF-199.

3.5. Application performance of the immunosensor

The ECL responses of the immunosensor to various antigens were 
investigated. Eight common interfering substances in serum were 
employed to evaluate the selectivity of the immunosensor: namely, 
procalcitonin (PCT), carcinoembryonic antigen (CEA), alpha- 
fetoprotein (AFP), immunoglobulin G (IgG), BSA, neuron-specific 
enolase (NSE), human serum albumin (HSA) and prostate-specific an
tigen (PSA). As shown in Fig. 5A, the ECL response of the samples added 
with the test substances, namely, PCT, CEA, AFP, IgG, BSA, NSE, HAS, 
and PSA, at a concentration of 10 ng/mL, remains nearly unchanged 
compared with that of the blank sample devoid of any test substances. 
Furthermore, the ECL response was approximately the same when the 
sample comprising 1 ng/mL of D-dimer and those composed of 1 ng/mL 
of D-dimer and the aforementioned interfering substances were used as 
the detection materials. The aforementioned results indicate that the as- 
developed ECL immunosensor has good selectivity.

To investigate the reproducibility of the D-dimer immunosensor, we 
utilized the immunosensor for the intra- and inter-batch detection of D- 
dimers. As demonstrated in Fig. 5B, intra-analytical precision is assessed 
by detecting the D-dimer levels in six replicate tests. Inter-analytical 
precision was determined by detecting the D-dimer levels via six 
immunosensor assays. The RSD values were 4.37 % and 3.97 %, indi
cating the good precision and reproducibility, respectively, of the 
sensor.

Good operational stability is a key factor in the practical detection 
and analysis applications of immunosensors. From Fig. 5C, the ECL in
tensity of the immunosensor remains consistent for 12 cycles of the 
continuous potential detection of D-dimer (0.005 ng/mL) on the work
ing electrode, indicating that the immunosensor has reliable stability 
with an RSD of 1.75 %.

3.6. Samples analysis

Recovery experiments were performed using the sample spiking re
covery method to confirm the precision and accuracy of the fabricated 
sensor and assess the feasibility of its practical application (Table 1). 
Human serum samples of known concentrations were diluted to 1.5 and 
3.5 ng/mL using PBS (pH = 7.4). Thereafter, a series of D-dimer stan
dard solutions were added to the as-prepared serum samples. The 
measured recoveries were in the range of 99.6 %− 100.9 %, and the 
relative standard deviations were within 1.5 % − 3.8 % for 11 trials. The 
aforementioned results indicate that the as-fabricated sensor is prom
ising for application in the detection of D-dimers in serum samples.

4. Conclusion

The advancement of high-performance luminophores and efficient 
quenchers has considerably accelerated the transition of ECL technology 
from theoretical concepts to practical applications. Herein, we success
fully synthesized a novel ECL emitter CdIn2S4 whose favorable 
morphology and bandgap facilitated electron transitions and the for
mation of excited states, endowing it with exceptional ECL performance. 
This achievement extends the application of ternary metal sulfides as 
luminophores in the field of ECL. An efficient quenching probe is 
essential for enhancing the sensitivity of ECL sensors. Based on a dual- 
quenching mechanism involving energy and electron transfers, we 
employed MOF-199 nanomaterials as a quencher to fabricate a 
quenching-type ECL immunosensor for the highly sensitive quantitative 
detection of D-dimers. The sensor exhibited excellent linearity within a 
broad detection range of 0.00005–100 ng/mL and, a detection limit of 
8.51 fg/mL (S/N = 3). These findings provide new insights into the 
clinical applications of ECL technology and offer valuable guidance for 
the synthesizing of novel luminophores.
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Fig. 5. (A) ECL intensity response of the immunosensor to blank sample, individual interferences (10 ng/mL PCT, CEA, AFP, IgG, BSA, NSE, HSA, and PSA), 1 ng/mL 
D-dimer, and a mixture of D-dimer (1 ng/mL) with the interfering substances. Error bars: ±standard deviation (SD), n = 5. (B) Reproducibility of D-dimer detection 
using the immunosensor investigated by (a) intra-batch, and (b) inter-batch analyses. Error bars: ±SD, n = 5. (C) Stability of the ECL immunosensor over 12 cycles.

Table 1 
The analysis of D-dimer in human serum samples.

Samples (ng/ 
mL)

Addition (ng/ 
mL)

Average (ng/ 
mL)

Recovery 
(%)

RSD (%， 
n = 11)

1.5 1.15 2.66 100.9 2.3
2.34 3.83 99.6 3.2
4.33 5.82 99.7 1.5
5.62 7.10 99.6 2.4

3.5 2.56 6.05 99.6 3.4
3.86 7.35 99.7 2.1
4.11 7.63 100.5 3.8
5.85 9.33 99.7 2.7
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