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Abstract
An efficient electrochemiluminescence resonance energy transfer (ECL-RET) method is proposed which combines the 
luminescent materials of tris(4,4′-dicarboxylicacid-2,2′-bipyridyl) ruthenium(II) (energy donor) and tin dioxide and tin 
disulfide quantum dots (SnO2/SnS2QDs) (energy acceptor) into the isoreticular metal − organic framework-3 (IRMOF-3) 
material to form a composite. In this mode, the distance between the energy donor and the acceptor was greatly shortened, 
reducing the energy loss, and thereby effectively improving RET efficiency and further significantly improving the ECL 
signal. The obtained composite (SnO2/SnS2QDs-Ru@IRMOF-3) was combined with sandwich immunoreaction to construct 
an ECL immunosensor for the sensitive detection of procalcitonin (PCT). Under the optimized experimental conditions 
with a working potential of − 1.48 V (vs Ag/AgCl), the proposed PCT biosensor exhibited a linear concentration range of 
1 × 10−4–200 ng mL−1, with a detection limit of 0.029 pg mL−1 (S/N = 3). The biosensor was used to detect PCT in actual 
samples. The biosensor has broad application prospects in biological analysis and clinical diagnosis due to its high sensitiv-
ity, good selectivity, and good stability.

Keywords  Electrochemiluminescence · Metal–organic frameworks · Procalcitonin · Quantum dot · Resonance energy 
transfer

Introduction

Sepsis is a life-threatening global health problem that is 
thought to be a systemic inflammatory response caused by 
infections, especially bacterial infections [1]. Patients having 
cancer and receiving chemotherapy are at high risk of devel-
oping infections and even sepsis [2]. Procalcitonin (PCT) 
levels can be elevated when people have sepsis, multiple 
organ failure, or a severe infection with bacteria, fungi, or 
parasites [3–7]. Sepsis can rapidly lead to organ dysfunc-
tion, tissue damage, and death if left untreated. Therefore, 
an accurate and timely diagnosis of sepsis has important 
clinical significance and necessity. PCT is a molecule with 
116 amino acids and a molecular weight of 13 kDa, which 

has been recognized as a reliable prognostic and therapeutic 
indicator of sepsis [8]. Some detection strategies have now 
been used to detect PCT, such as electrochemistry [9–11], 
surface plasmon resonance [12], enzyme-linked immuno-
sorbent assay [13], time-resolved digital immunoassay [14], 
microfluidic technology [15], chemiluminescence immuno-
assay [16], and lateral flow immunoassay [17]. However, the 
general detection method has low sensitivity and a narrow 
linear range, and it is difficult to detect the trace amount 
of PCT in human serum. Therefore, constructing sensi-
tive and efficient detection methods to detect trace PCT in 
serum is important. Electrochemiluminescence (ECL) has 
been widely used in biological and clinical analysis, which 
combines the advantages of electrochemical analysis and 
chemiluminescence techniques, such as easy control, low 
background signal, low cost, simple optical equipment, high 
sensitivity, and good selectivity [18–20]. An ECL immu-
nosensor is constructed based on ECL and specific anti-
body–antigen recognition technology, enabling specific and 
sensitive detection of the target [21]. In recent years, ECL 
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sensors have been rapidly developed due to the continuous 
emergence of ECL luminophore.

ECL resonance energy transfer (ECL-RET) is a novel 
ECL technology that combines high-sensitivity ECL with 
efficient RET. It has received extensive attention due to its 
advantages of no excitation light source, avoidance of scat-
tered light, and low background noise [22, 23]. Once an 
appropriate energy transfer donor (acceptor) is introduced, 
the ECL efficiency of the energy acceptor (donor) is signifi-
cantly enhanced (quenched) by RET [24]. Therefore, a key 
point of ECL-RET is to find suitable donor/acceptor pairs. 
So far, many donor/acceptor pairs have been reported for 
the detection of targets, for instance, Ru(bpy)2(phen-NH2)-
NCNDs (donor) and MoS2 nanoflowers (acceptor) [25], 
graphite phase carbon nitride (g-C3N4) (donor) and Au–Ag 
alloy nanoparticles (acceptor) [26], SnS2@Pt (donor) and 
Ru(bpy)3

2+/Zn-MOF (donor) and gold nanorods (AuNRs) 
(acceptor) [27], and so on. Although these approaches 
made great strides, the RET donor and acceptor in these 
systems were independent and separated by aptamer chains 
or antigen–antibodies of a specific length. The longer path 
between the donor and the acceptor based on aptamer 
chains or antigenic antibodies might lead to energy loss 
in the energy transfer process, thus limiting the RET effi-
ciency. Under these circumstances, co-immobilizing donor/
acceptor pairs within nanostructures to enhance the ECL 
signal would be a promising method. This technique can 
also significantly reduce the electron transfer distance and 
energy loss and increase the effective collision frequency 
compared with the separation of the donor and the accep-
tor. Dispersing donor/acceptor pairs in an aqueous medium 
or immobilizing them on the electrode would greatly 
enhance the ECL signal of the system. So far, this strategy 
has been reported to detect targets, such as Luc-SWCNHs-
PdCuNCs-PEI-Ru(Bpy)2(Mcbpy)2+ [donor (Luc)/acceptor 
(Ru(Bpy)2(Mcbpy)2+ pairs] [28] and g-C3N4/Ag nanostruc-
tures [donor (g-C3N4 nanosheets)/acceptor (Ag nanoparti-
cles) pairs] [29], which greatly enhanced the ECL signal 
due to the shortening of the electron transfer distance and 
reducing energy loss during the ECL-RET process. Inspired 
by this, the energy donor and the luminophore acceptor were 
assembled into a metal–organic framework (MOF) carrier 
in this study to form a composite material, which was suc-
cessfully applied for the detection of the target.

MOFs are an important class of functional porous nano-
materials, which use metal ions as linkers and organic 
ligands as carriers. MOFs have attracted extensive attention 
in the fields of energy storage [30], separation [31], cataly-
sis [32], drug delivery [33], and sensing [34] due to their 
inherent properties, including large surface area, favorable 
pore structure, high porosity, tunable size, and multiple 
functions [35, 36]. Furthermore, MOFs have been used 
as a platform for synthesizing novel hybrid materials with 

excellent chemical properties and may become potential sup-
port materials for loading a large number of luminophores 
to fabricate ECL sensors. In addition, some MOF materials 
can also enhance the ECL signal between the luminophore 
and the reactant. For example, isoreticular metal–organic 
framework-3 (IRMOF-3) with large surface area, high 
porosity, free amine groups on its backbone structure and 
multiple functions not only immobilizes a large number of 
quantum dots (QDs) but also acts as a co-reaction promoter 
to enhance the ECL intensity [37]. Semiconductor QDs have 
attracted huge attention of researchers due to their excellent 
characteristics, such as stable physicochemical properties, 
strong anti-interference ability, excellent optical and electri-
cal properties, broad absorption spectrum, easy surface mod-
ification, easy film formation, good chemical stability, and 
biocompatibility. However, when QDs are directly applied 
to ECL sensors, their ECL efficiency is low. In addition, the 
reagents are wasted, the cost is increased, and their effective 
collision frequency is low, further limiting the ECL intensity 
of QDs. Therefore, certain techniques need to be adopted to 
enhance the luminescence intensity of QDs. In general, the 
ECL intensity of QDs can be greatly enhanced by the fol-
lowing three methods: (1) a suitable co-reaction promoter 
can be introduced to enhance the ECL signal; (2) surface 
modification of QDs to enhance their luminous intensity; 
and (3) finding suitable energy donors to realize ECL-RET 
to enhance the ECL intensity of QDs. Tin dioxide and tin 
disulfide quantum dots (SnO2/SnS2QDs) are environment-
friendly QDs with low toxicity and high biocompatibility, 
which were used as luminescent probes in this study. As 
the main ECL reagents are widely used in various fields, 
tris(bipyridine)ruthenium(II) complex has also been used 
in the research of ECL-RET as donors or acceptors, and 
further applied to construct ECL biosensors with good per-
formance [38].

In this study, an ideal and efficient ECL-RET method was 
developed using tris(4,4′-dicarboxylicacid-2,2′-bipyridyl) 
ruthenium(II) (Ru(dcbpy)3

2+) as the donor and SnO2/
SnS2QDs as the acceptor in the composite. SnO2/SnS2QDs 
were linked to Ru(dcbpy)3

2+ by amide bonds, and ECL-
RET was realized in the nanostructures (SnO2/SnS2QDs-
Ru). In addition, a large amount of SnO2/SnS2QDs-Ru was 
loaded onto IRMOF-3 to obtain a composite material (SnO2/
SnS2QDs-Ru@IRMOF-3) to realize ECL-RET more effi-
ciently. This caused the ECL signal to be greatly enhanced 
due to significantly reduced electron transfer distance and 
energy loss during the ECL-RET process. IRMOF-3 not 
only increases the amount of immobilized SnO2/SnS2QDs-
Ru but also acts as a co-reaction promoter of potassium per-
sulfate, thereby enhancing the ECL intensity of the designed 
immunosensor system. In addition, the organic ligand 
2–aminoterephthalic acid (2-NH2-BDC) of IRMOF-3 could 
also promote the conversion of S2O8

2− co-reactant to sulfate 
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anion radical (SO4
•−), thereby enhancing the ECL intensity 

of the SnO2/SnS2QDs-Ru@IRMOF-3/S2O8
2− system. The 

prepared SnO2/SnS2QDs-Ru@IRMOF-3 has good biocom-
patibility and high specific surface area, which could be used 
to immobilize the target antibody (Ab2). Meanwhile, based 
on the sandwich immunoreaction, SnO2/SnS2QDs-Ru@
IRMOF-3 could also be used to construct ECL immunosen-
sors for detecting PCT. The search for new donor/acceptor 
pairs and the use of large-scale co-immobilization strategies 
have improved the efficiency of ECL-RET, accelerating the 
widespread application of ECL technology. Moreover, the 
sensitive detection of PCT was of great significance for diag-
nosing and treating sepsis-related diseases.

Experimental section

Reagents

PCT and PCT antibody, amyloid-β42 antigen (Aβ42), car-
cinoembryonic antigen (CEA), and prostate-specific anti-
gen (PSA) were purchased from Beijing Biosynthesis 
Biotechnology Co., Ltd. (Beijing, China). Al2O3 powder, 
tin tetrachloride pentahydrate (SnCl4⋅5H2O), thiourea 
(CH4N2S), potassium chloride (KCl), disodium hydrogen 
phosphate dodecahydrate (Na2HPO4·12H2O), potassium 
dihydrogen phosphate (KH2PO4), and peroxide potassium 
sulfate (K2S2O8) were purchased from Xilong Chemical 
Co., Ltd. (Guangdong, China). Tris(4,4′-dicarboxylicacid-
2,2′-bipyridyl) ruthenium(II) dichloride, potassium fer-
ricyanide (K3[Fe(CN)6]), potassium ferrocyanide trihy-
drate (K4Fe(CN)6·3H2O), bovine serum albumin (BSA), 
human serum albumin (HSA), chloroauric acid trihydrate 
(HAuCl4·3H2O), N-hydroxysuccinimide (NHS), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC), ethanol, 
2-amino terephthalic acid (2-NH2-BDC), dimethylforma-
mide (DMF), 5,5-dimethyl-pyrroline N-oxide (DMPO), 
polyvinylpyrrolidone (PVP), and zinc nitrate hexahydrate 
(Zn(NO3)2·6H2O) were purchased from Aladdin Industries 
(Shanghai, China). The experimental reagents were all of 
analytical grade, and the water was ultrapure water (18.2 
MΩ). Serum samples were provided by the Guilin Fifth 
People’s Hospital and stored in a − 20 °C refrigerator for 
further use.

Apparatus

ECL responses were recorded by the MPI-B multifunctional, 
electrochemical analytical system (Xi'an Remex Electronic 
Science-Tech Co., Ltd., China). The voltage of the photo-
multiplier tube (PMT) was set to 800 V. A three-electrode 
system composed of platinum wire counter electrode, Ag/
AgCl (saturated KCl solution) reference electrode, and 

glassy carbon electrode (GCE, 3 mm in diameter) was used 
to perform the ECL experiments. CHI660E A15312 elec-
trochemical workstation (CH Instrument Co., Shanghai, 
China) was used to study electrochemical impedance spec-
troscopy. Transmission electron microscopy (TEM) of the 
synthesized materials was characterized by a Tecnai G2 F20 
S-TWIN instrument (FEI, USA) under 200 kV. The surface 
functional groups of the synthesized materials were charac-
terized by a Fourier transform infrared spectrophotometer 
(FTIR; Perkin-Elmer, USA). Ultraviolet–visible (UV–vis) 
absorption spectra were obtained with a Cary 60 UV–vis 
spectrophotometer (Agilent Technologies, USA). X-ray pho-
toelectron spectroscopy (XPS) of the synthesized materials 
was characterized using an ESCALAB 250 photoelectron 
spectrometer (Thermo Fisher Scientific, USA). The X-ray 
diffraction (XRD) analyses of the material were analyzed by 
a D/max-2500 V/PC powder X-ray diffractometer (Rigaku, 
Tokyo, Japan). An electron paramagnetic resonance (EPR) 
spectrometer was recorded on a Bruker EMX 10/12 spec-
trometer (Bruker BioSpin GmbH, Rheinstetten, Germany). 
An FL3-P-TCSPC time-resolved fluorescence spectrometer 
(Horiba Jobin Yvon, Longjumeau, France) was used to study 
the fluorescence lifetime of the material. The surface mor-
phology of the prepared materials was characterized using 
a model Vario Micro Cube scanning electron microscope 
(SEM) (Elementar Company, Germany). Belsorp-max II was 
used to measure specific surface area and porosity distribu-
tion (Mack Company, Tokyo, Japan).

The phosphate buffer solution (PBS 0.1 M, pH 7.4) was 
prepared with 0.1 M Na2HPO4 and 0.1 M KH2PO4. Differ-
ent pH values of PBS could be adjusted by changing differ-
ent volume ratios of 0.1 M Na2HPO4 and 0.1 M KH2PO4. 
The ferricyanide solution [Fe(CN)6

3−/4−] was prepared with 
potassium ferricyanide and potassium ferrocyanide.

Preparation of SnO2/SnS2QDs

SnO2/SnS2QDs were synthesized following a previous study 
[39] with some modifications. The detailed synthesis process 
is shown in Supplementary Material.

Preparation of SnO2/SnS2QDs‑Ru

First, 100 μL of mixed solution containing 40 mM EDC 
and 10 mM NHS (EDC/NHS 4:1) was added to 400 μL of 
Ru(dcbpy)3

2+ (2 mM) solution. The mixture solution was 
stirred at room temperature (RT) for 15 min to activate the 
carboxyl group of the Ru(dcbpy)3

2+ surface. Next, 800 μL 
of SnO2/SnS2QDs (2 mg mL−1) solution was mixed with 
the Ru(dcbpy)3

2+ solution and stirred continuously for 1 h 
at RT. The obtained mixture was centrifuged (10,000 rpm, 
20 min) and rinsed with 15 mL of ultrapure water for three 
times to remove excess Ru(dcbpy)3

2+ and SnO2/SnS2QDs. 
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In the end, the orange powder product denoted as SnO2/
SnS2QDs-Ru was obtained by drying at 50 °C and saved in 
a vacuum drying oven for subsequent use.

Preparation of SnO2/SnS2QDs‑Ru@IRMOF‑3 
composite

PVP (0.20 g) was dispersed in a mixed solution contain-
ing ethanol (8 mL) and DMF (8 mL). Then, 8 mL of DMF 
containing 18.1 mg Zn(NO3)2⋅6H2O, 4 mg SnO2/SnS2QDs-
Ru, and 5.4 mg 2-amino terephthalic acid was added to this 
solution and sonicated for 30 min. Subsequently, the mixture 
solution was transferred into a 50-mL Teflon-lined autoclave 
and heated at 100 °C for 5 h. Next, 20 mL of DMF was dis-
solved in this reaction mixture, and the mixture solution was 
heated continuously at 100 °C for another 8 h. The reaction 
produced SnO2/SnS2QDs-Ru@IRMOF-3, which was cen-
trifuged (10,000 rpm, 30 min) and washed with ultrapure 
water (15 mL) for three times. Finally, the obtained product 
was dried at 50 °C to get an orange powder product SnO2/
SnS2QDs-Ru@IRMOF-3, which was stored in a vacuum 
drying oven for further use.

Preparation of SnO2/SnS2QDs‑Ru@IRMOF‑3‑Ab2

EDC/NHS (200 μL) mixed solution (40  mM: 10  mM) 
was added to 1  mL of SnO2/SnS2QDs-Ru@IRMOF-3 
(2.0 mg mL−1), and then the mixed solution was stirred 
slowly at RT for 2 h to activate the carboxyl groups on the 
surface of SnO2/SnS2QDs-Ru@IRMOF-3. Next, 200 μL of 
PCT-Ab2 (10 μg mL−1) was mixed with the SnO2/SnS2QDs-
Ru@IRMOF-3 solution and stirred continuously at RT for 
12 h. Subsequently, to eliminate the nonspecific binding site 
on the surface of SnO2/SnS2QDs-Ru@IRMOF-3, 500 mL of 
BSA (10 mg mL−1) was added and stirred at RT for 2 h. The 
obtained precipitate was centrifuged (10,000 rpm, 10 min) 
and washed with 10 mL of PBS (0.1 M, pH 7.4) two times 
to unbound excess PCT-Ab2 and BSA. Finally, the obtained 
SnO2/SnS2QDs-Ru@IRMOF-3-Ab2 was dispersed in 2 mL 
of PBS (0.1 M, pH 7.4) and stored at 4 °C for subsequent 
experiments.

Preparation of immunosensor

The construction process of the ECL immunosensor is 
shown in Scheme 1. The treatment process of the bare GCE 
was referred from a previous study [21]. First, the prepared 
GCEs were immersed in the HAuCl4 solution (1 wt%) 

under a constant potential of − 0.2 V and electrochemically 
deposited for 30 s to obtain a golden yellow thin layer of 
AuNPs. Next, 8 μL of primary antibody (Ab1, 10 μg mL−1) 
was coated onto the modified electrode that reacted at 4 °C 
for 12 h; the captured antibody (Ab1) was immobilized on 
depAu/GCE via the Au–N affinity. Subsequently, to block 
nonspecific binding sites, 4 μL of the BSA (10 mg mL−1) 
solution was added dropwise to the electrode and incubated 
at RT for 1 h. Next, the modified electrode of BSA/Ab1/
depAu/GCE was incubated with 8 μL of a series of PCT 
antigen concentrations for 1 h at RT. Finally, 8 μL of SnO2/
SnS2QDs-Ru@IRMOF-3-Ab2 bioconjugate was coated onto 
the PCT/BSA/Ab1/depAu/GCE and incubated for 1 h at RT 
to obtain an immune complex. After each modification step, 
the electrode was gently rinsed with 200 μL of PBS (0.1 M, 
pH 7.4) to remove the unbound fractions. The obtained sen-
sors were stored at 4 °C when not in use. 

Detection conditions of PCT

The ECL cathodic emission was obtained under the fol-
lowing conditions: the detection potential was -1.48 V (vs 
Ag/AgCl); the PMT voltage was 800 V; the scan rate was 
100 mV s−1, and the PBS (0.1 M, pH 7.4) contained 0.1 M 
K2S2O8.

Serum sample preparation

The serum samples were provided by the Guilin Fifth Peo-
ple’s Hospital of China and loaded into 5-mL centrifuge 
tubes. The collected volume of each male serum sample was 
1 mL. The serum samples were prepared according to the 
procedure described in a previous study [40]. Blood was 
centrifuged at 3500 rpm for 30 min to remove the plasma, 
and the supernatant serum sample was taken and stored at 
4 °C for further analysis.

Results and discussion

Characterization of SnO2/SnS2QDs, SnO2/
SnS2QDs‑Ru, and SnO2/SnS2QDs‑Ru@IRMOF‑3 
nanocomposites

The TEM was introduced to characterize the morphology 
and size of the synthesized SnO2/SnS2QDs, SnO2/SnS2QDs-
Ru, and SnO2/SnS2QDs-Ru@IRMOF-3. Figure 1 shows the 
synthesized SnO2/SnS2QDs were spherical and aggregate, 
and the particle size distribution ranged from 1.3 to 5.5 nm 
with a 3.1 nm average diameter. Figure 1 shows the TEM 
image of the synthesized SnO2/SnS2QDs-Ru. Ru was found 
to be dispersed on the surface of the synthesized SnO2/
SnS2QDs. The TEM image of the SnO2/SnS2QDs-Ru@

Scheme 1   (A) Synthesis of SnO2/SnS2QDs-Ru composite; (B) prepa-
ration of SnO2/SnS2QDs-Ru@IRMOF-3-Ab2; (C) preparation pro-
cess of ECL immunosensor; and (D) ECL-RET and the mechanism 
of SnO2/SnS2QDs-Ru/S2O8 2− without and with IRMOF-3

◂
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IRMOF-3 indicated that the many dots were scattered on the 
surface of the sphere-like structure (Fig. 1). As shown in Fig. 
S1, the TEM − energy dispersive X-ray spectroscopy (TEM-
EDS) mapping showed the presence of an almost uniform 
distribution of Ru (Fig. S1A), S (Fig. S1B), Sn (Fig. S1C), 
O (Fig. S1D), Zn (Fig. S1E), and N (Fig. S1F) elements in 
SnO2/SnS2QDs-Ru@IRMOF-3.

The SEM was used to investigate the morphologies of the 
synthesized SnO2/SnS2QDs, SnO2/SnS2QDs-Ru, and SnO2/
SnS2QDs-Ru@IRMOF-3. Figure 1 shows that the synthe-
sized SnO2/SnS2QDs exhibited spherical-like shapes. The 
SEM image of SnO2/SnS2QDs-Ru in Fig. 1 indicates that the 
surface of SnO2/SnS2QDs was scattered with many irregu-
larly shaped Ru. Figure 1 shows that the layered material 

wrapped SnO2/SnS2QDs-Ru, which was caused by the pres-
ence of IRMOF-3.

EDS was applied to analyze the elemental compositions 
of SnO2/SnS2QDs, SnO2/SnS2QDs-Ru, and SnO2/SnS2QDs-
Ru@IRMOF-3 composites. Figure 2 shows that the EDS 
diagram depicted that SnO2/SnS2QDs contained five ele-
ments, including 0.87% C, 3.12% N, 5.56% O, 30.04% S, 
and 60.41% Sn. The EDS diagram of SnO2/SnS2QDs-Ru is 
shown in Fig. 2. SnO2/SnS2QDs-Ru was found to contain 
23.01% C, 8.61% N, 10.53% O, 14.19% S, 31.12% Sn, and 
12.54% Ru elements. Figure 2 shows the EDS image of the 
SnO2/SnS2QDs-Ru@IRMOF-3 composite, which contained 
seven elements: 25.28% C, 3.08% N, 11.56% O, 12.95% S, 
27.52% Sn, 8.60% Ru, and 11.01% Zn. XPS was performed 

Fig. 1   TEM images of A SnO2/
SnS2QDs (inset: the particle 
size distribution of SnO2/
SnS2QDs), B SnO2/SnS2QDs-
Ru, and C SnO2/SnS2QDs-Ru@
IRMOF-3. SEM images of 
D SnO2/SnS2QDs, E SnO2/
SnS2QDs-Ru, and F SnO2/
SnS2QDs-Ru@IRMOF-3
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to further investigate the chemical states and elementary 
composition of the synthesized SnO2/SnS2QDs-Ru@
IRMOF-3. Figure 2 shows that the XPS full spectrum of 
SnO2/SnS2QDs-Ru@IRMOF-3 composite contained seven 
peaks, namely, S2p, C1s, N1s, Sn3d, Ru3p, O1s, and Zn2p. 
In addition, the Ru3p region (Fig. S2A), Zn2p region (Fig. 
S2B), Sn3d region (Fig. S2C), S2p region (Fig. S2D), and 
O1s region (Fig. S2E) are shown in Supplementary Mate-
rial (Fig. S2).

The UV–vis spectra of Ru(dcbpy)3
2+, IRMOF-3, SnO2/

SnS2QDs, SnO2/SnS2QDs-Ru, and SnO2/SnS2QDs-
Ru@IRMOF-3 are shown in Fig. S3. The XRD patterns 
of SnS2QDs, SnO2QDs, SnO2/SnS2QDs, IRMOF-3, 
Ru(dcbpy)3

2+, SnO2/SnS2QDs-Ru, and SnO2/SnS2QDs-
Ru@IRMOF-3 composite are shown in Figs. S4A and S4B, 
respectively. The detailed explanations of their UV − vis 
spectra and XRD patterns are described in Supplementary 
Material. The FTIR spectra of IRMOF-3, Ru(dcbpy)3

2+, 
SnO2/SnS2QDs, SnO2/SnS2QDs-Ru, and SnO2/SnS2QDs-
Ru@IRMOF-3 are shown in Supplementary Material (Fig. 
S5). The Brunauer − Emmett − Teller (BET) surface area 
(Fig. S6A) and the pore size distribution curves (Fig. S6B) 
of IRMOF-3 and SnO2/SnS2QDs-Ru@IRMOF-3 were char-
acterized by nitrogen adsorption–desorption isotherms. The 
detailed explanation is depicted in Supplementary Material.

Mechanism of ECL‑RET

The ECL-RET mechanism between Ru(dcbpy)3
2+ 

(energy donor) and SnO2/SnS2QDs (energy acceptor) was 

investigated. A series of filters (wavelengths: 525, 550, 
575, 600, 625, 650, 675, 700, and 725 nm) were used to 
collect the ECL spectra of Ru(dcbpy)3

2+, SnO2/SnS2QDs, 
and SnO2/SnS2QDs-Ru composites. As shown in Fig. 3, the 
maximum ECL emission wavelength of Ru(dcbpy)3

2+ was 
located at 625 nm (Fig. 3) and that of SnO2/SnS2QDs was 
located at 675 nm (Fig. 3). Meanwhile, the ECL spectra 
of the SnO2/SnS2QDs-Ru complex alone (Fig. 3, curve a) 
showed two ECL emission peaks: one with a lower inten-
sity peak corresponding to the emission of Ru(dcbpy)3

2+ 
and the other with a higher intensity peak corresponding 
to the emission of SnO2/SnS2QDs. Curve b was similarly 
obtained by combining the curves in Fig. 3 and 3; two ECL 
emission peaks were also observed. The obtained results 
demonstrated the existence of ECL-RET between SnO2/
SnS2QDs and Ru(dcbpy)3

2+ within one nanostructure, 
that is, energy transfer from higher bandgap Ru(dcbpy)3

2+ 
to lower bandgap SnO2/SnS2QDs was possible. From the 
obtained experimental data, it was concluded that ECL-RET 
occurred between Ru(dcbpy)3

2+ and SnO2/SnS2QDs. Among 
them, Ru(dcbpy)3

2+ acted as an energy donor to emit short 
wavelengths, while SnO2/SnS2QDs acted as an acceptor to 
emit long wavelengths, resulting in the enhanced ECL inten-
sity of SnO2/SnS2QDs.

The ECL-RET mechanism was further demonstrated 
as follows. The relationship between the ECL spectra 
of Ru(dcbpy)3

2+ and the UV–vis absorption spectra of 
SnO2/SnS2QDs was investigated. As shown in Fig. 4, the 
maximum ECL emission peak of Ru(dcbpy)3

2+ around 
625 nm (curve a) and a maximum absorption peak located 

Fig. 2   EDS characterization 
of A SnO2/SnS2QDs, B SnO2/
SnS2QDs-Ru, and C SnO2/
SnS2QDs-Ru@IRMOF-3 com-
posites. The XPS full spectrum 
of D SnO2/SnS2QDs-Ru@
IRMOF-3
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at 485  nm ascribed to SnO2/SnS2QDs (curve b) were 
observed. Further, the UV–vis absorption spectrum of SnO2/
SnS2QDs overlapped with the ECL emission spectrum of 
Ru(dcbpy)3

2+, proving that ECL-RET might occur between 
SnO2/SnS2QDs and Ru(dcbpy)3

2+. The energy transfer effi-
ciency in the donor–acceptor platform could be proved via 
testing the decay of the donor fluorescence lifetime. Fig-
ure 4 shows the fluorescence lifetime curves of Ru(dcbpy)3

2+ 
and Ru(dcbpy)3

2+ in the presence of SnO2/SnS2QDs. It was 
observed that the average PL lifetime (τave) of Ru(dcbpy)3

2+ 
was 1.07 ns (curve a). When SnO2/SnS2QDs were added 
to Ru(dcbpy)3

2+, the average lifetime of Ru(dcbpy)3
2+ was 

weakened to 0.59 ns (curve b). Equation (1) was used to 
calculate the energy transfer efficiency [41]:

where τda and τd stand for the average PL lifetime of the 
donor with and without the acceptor, and E represents the 
energy transfer efficiency. The energy transfer efficiency 
from Ru(dcbpy)3

2+ to SnO2/SnS2QDs was counted to be 
44.86%, demonstrating the possible energy transfer proce-
dure between Ru(dcbpy)3

2+ and SnO2/SnS2QDs.
The ECL responses of different modified electrodes were 

investigated to further clarify the ECL-RET mechanism. The 
ECL behavior of SnO2/SnS2QDs (2 mg mL−1) and SnO2/
SnS2QDs-Ru (2 mg mL−1) was measured in PBS (0.1 M, 
pH 7.4, containing 0.1 M K2S2O8). As depicted in Fig. 4, the 
ECL response of SnO2/SnS2QDs was about 3595 a.u. (curve 
a). Compared with the ECL signal of pure SnO2/SnS2QDs, 

(1)E = 1 − (�da∕�d)

the ECL intensity of SnO2/SnS2QDs-Ru was significantly 
increased, and its value was 12,650 a.u. (curve b). In addition, 
the ECL behavior of SnO2/SnS2QDs-Ru (2 mg mL−1) and 
the pure SnO2/SnS2QDs (2 mg mL−1) + pure Ru(dcbpy)3

2+ 
(2 mg mL−1) in the solution was investigated to prove the high 
efficiency of ECL-RET. Figure 4 shows that the ECL intensity 
of SnO2/SnS2QDs + Ru(dcbpy)3

2+ (curve a) was lower than 
that of SnO2/SnS2QDs-Ru composite (curve b). In addition, 
when SnO2/SnS2QDs and Ru(dcbpy)3

2+ were controlled in a 
nanostructure, the ECL peak appeared 0.1 s earlier than SnO2/
SnS2QDs + Ru(dcbpy)3

2+ alone. The results showed that the 
SnO2/SnS2QDs-Ru composite could significantly reduce the 
energy loss of SnO2/SnS2QDs and improve the ECL efficiency 
of SnO2/SnS2QDs due to the short energy transmission path.

ECL mechanism of IRMOF‑3 in the SnO2/SnS2QDs‑Ru/
S2O8

2− system

The ECL behavior of GCE, IRMOF-3/GCE, SnO2/SnS2QDs/
GCE, Ru(dcbpy)3

2+/GCE, SnO2/SnS2QDs-Ru/GCE, and 
SnO2/SnS2QDs-Ru@IRMOF-3/GCE was evaluated in 
0.1 M PBS (pH 7.4) including K2S2O8 (0.1 M) to study the 
ECL mechanism of IRMOF-3 in the SnO2/SnS2QDs-Ru/
S2O8

2− system. Figure 4 shows that the ECL intensity of 
the bare electrode was extremely weak, and its value was 40 
a.u. (curve a); when the IRMOF-3 was added to the GCE 
surface (curve b), the ECL signal greatly increased to 320 
a.u. Further, when detecting SnO2/SnS2QDs (curve c) and 
Ru(dcbpy)3

2+ (curve d), it was found that their ECL intensi-
ties were 3595 a.u. and 8800 a.u., respectively. Compared 

Fig. 3   ECL spectra recorded 
in PBS (0.1 M, pH 7.4) 
containing 0.1 M K2S2O8: 
A Ru(dcbpy)3.2+, B SnO2/
SnS2QDs, and C SnO2/
SnS2QDs-Ru (a), and curve in 
A + curve in B (b)
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with the ECL intensity of pure SnO2/SnS2QDs, the ECL 
response of SnO2/SnS2QDs-Ru composite was greatly 
increased to 12,650 a.u. (curve e) (about 3.5-fold increase), 
while the ECL signal of SnO2/SnS2QDs-Ru@IRMOF-3 sig-
nificantly increased to 17,171 a.u. (curve f) (about 4.8-fold 
increase).

The EPR spectroscopy combined with DMPO as the 
spin-trapping agent was performed to continue investigat-
ing the effect of IRMOF-3 on the ECL mechanism of the 
SnO2/SnS2QDs-Ru/S2O8

2− system. The in situ EPR spec-
troscopy was used to record for four various solutions: (a) 
PBS (pH 7.4) and DMPO; (b) IRMOF-3 and DMPO; (c) 
S2O8

2− and DMPO; and (d) IRMOF-3, S2O8
2−, and DMPO, 

where the concentration of PBS, IRMOF-3, and S2O8
2− was 

0.1 M, 2 mg mL−1, and 0.1 M, respectively, and the volume 
of DMPO was 10 µL. As shown in Fig. 4, the hyperfine 
cracking constant of the DMPO radical admixture represents 
the SO4

•− radical added to DMPO (aN = 13.2 G, aH = 9.6 

G, aH = 1.48 G, aH = 0.78 G). Furthermore, a representative 
four-line EPR spectrum with a hyperfine splitting constant 
was obtained, namely, aH = aN = 14.9 G, corresponding to 
DMPO-OH admixture [42]. First, no reaction occurred in 
PBS (0.1 M, pH 7.4) and DMPO (curve a) or IRMOF-3 
and DMPO (curve b) systems, indicating that neither 0.1 M 
PBS (pH 7.4) nor IRMOF-3 generated OH• or SO4

•−. Sub-
sequently, a typical four-line EPR spectrum with a peak ratio 
of 1:2:2:1 was obtained (curve c), which was attributed to 
the production of the DMPO-OH adduct. Nevertheless, the 
response of DMPO-SO4 was very weak due to the self-
sweeping effect of SO4

•− and the reaction between O2 in 
the solution and SO4

•− to generate OH• [43]. It showed that 
when IRMOF-3 was added (curve d), the peak intensities of 
DMPO-SO4 and DMPO-OH obviously increased, suggest-
ing that the presence of IRMOF-3 induced the generation 
of SO4

•− and OH•. The reason was the increased reduction 

Fig. 4   A ECL spectra of 
Ru(dcbpy)3

2+/GCE (curve 
a) and UV–vis spectra of 
SnO2/SnS2QDs (curve b). B 
Fluorescence lifetime curves of 
Ru(dcbpy)3

2+ without (curve 
a) and with (curve b) SnO2/
SnS2QDs. C ECL response of 
SnO2/SnS2QDs (curve a) and 
SnO2/SnS2QDs-Ru compos-
ites (curve b). D ECL signal 
of pure SnO2/SnS2QDs + pure 
Ru(dcbpy)3

2+ (curve a) and 
SnO2/SnS2QDs-Ru com-
posites (curve b). E ECL 
time curves of bare GCE (a), 
IRMOF-3 (b), SnO2/SnS2QDs 
(c), Ru(dcbpy)3

2+ (d), SnO2/
SnS2QDs-Ru (e), and SnO2/
SnS2QDs-Ru@IRMOF-3 (f). 
F EPR spectra of (a) PBS and 
DMPO; (b) IRMOF-3 and 
DMPO; (c) S2O8

2− and DMPO; 
and (d) IRMOF-3, S2O8

2− and 
DMPO
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capacity of S2O8
2− by IRMOF-3, resulting in the production 

of more active intermediates as SO4
•−.

The ECL spectra of GCE, IRMOF-3, SnO2/SnS2QDs-Ru, 
and SnO2/SnS2QDs-Ru@IRMOF-3 were measured in 0.1 M 
PBS (pH 7.4, containing 0.1 M K2S2O8) and were shown in 
Fig. 5. The maximum emission wavelengths of GCE (curve 
a) and IRMOF-3 (curve b) were both at 575 nm, which 
could be attributed to the emission of 1(O2)2* in the O2/
S2O8

2− system [44]. Besides, the ECL intensity of IRMOF-3 
was stronger than that of GCE, indicating that IRMOF-3 
might enhance the ECL signal in the O2/S2O8

2− system. 
Curves c and d were the ECL spectra of SnO2/SnS2QDs-
Ru and SnO2/SnS2QDs-Ru@IRMOF-3, respectively. The 
ECL spectra of SnO2/SnS2QDs-Ru and SnO2/SnS2QDs-
Ru@IRMOF-3 had two ECL signal peaks: the low peak 
value of 625 nm corresponded to Ru(dcbpy)3

2+ and another 
peak value of 675 nm corresponded to SnO2/SnS2QDs. The 
results indicated that in the SnO2/SnS2QDs-Ru@IRMOF-3/
K2S2O8 system, the SnO2/SnS2QDs-Ru was the luminophor 
and the K2S2O8 was the co-reaction. In addition, the ECL 
intensity of SnO2/SnS2QDs-Ru@IRMOF-3 was stronger 
than that of SnO2/SnS2QDs-Ru, indicating that IRMOF-3 
acted as a co-reaction promoter of SnO2/SnS2QDs-Ru/
K2S2O8 in the system.

The ECL potential curves and cyclic voltammetry (CV) 
curves of GCE in eight different solutions [(a) PBS, (b) 
IRMOF-3, (c) SnO2/SnS2QDs-Ru, (d) SnO2/SnS2QDs-
Ru + IRMOF-3, (e) S2O8

2−, (f) IRMOF-3 + S2O8
2−, (g) 

SnO2/SnS2QDs-Ru + S2O8
2−, and (h) SnO2/SnS2QDs-

Ru + S2O8
2− + IRMOF-3] were recorded to evaluate the 

possible reactions of SnO2/SnS2QDs-Ru, S2O8
2−, and 

IRMOF-3 to further investigate the mechanism of IRMOF-3 
in the SnO2/SnS2QDs-Ru/S2O8

2− system. The ECL poten-
tial curves are exhibited in Fig. 5. The ECL signal of bare 
GCE in the PBS (curve a) and IRMOF-3 (curve b) solu-
tions was very weak and could hardly be observed. Curve 
c was the ECL signal of SnO2/SnS2QDs-Ru solution, 
which was very weak. Curve d was the ECL response of 
IRMOF-3 + SnO2/SnS2QDs-Ru solution, which had lit-
tle change compared with SnO2/SnS2QDs-Ru, indicating 
that IRMOF-3 had no direct effect on the ECL signal of 
SnO2/SnS2QDs-Ru. In addition, a weak ECL intensity cor-
responding to the ECL intensity of singlet oxygen [1(O2)2*] 
was detected in the S2O8

2− solution (curve e) [45]. Com-
pared with the S2O8

2− solution, the ECL intensity of the 
S2O8

2−  + IRMOF-3 solution (curve f) was increased, the 
reason might be the reaction of IRMOF-3 with S2O8

2− to 
produce the ECL signal. Next, GCE was detected in the 
solution of SnO2/SnS2QDs-Ru + S2O8

2−. Compared with 
the ECL signal of SnO2/SnS2QDs-Ru, its ECL intensity 
was increased with a value of about 12,650 a.u., indicat-
ing that S2O8

2− was a co-reaction of SnO2/SnS2QDs-Ru, 
which improved the ECL response of the SnO2/SnS2QDs-
Ru/S2O8

2− ECL system. Finally, the GCE was detected in the 
solution of SnO2/SnS2QDs-Ru + S2O8

2−  + IRMOF-3 (curve 
h). Compared with SnO2/SnS2QDs-Ru + S2O8

2−, the ECL 

Fig. 5   A ECL spectra of (a) 
bare GCE, (b) IRMOF-3, (c) 
SnO2/SnS2QDs-Ru, and (d) 
SnO2/SnS2QDs-Ru@IRMOF-3. 
B ECL potential curves (inset 
are enlarged curves of a, b, c, 
d, e, and f) and C CV curves 
(inset were enlarged curves 
of a, b, c, and d): (a) PBS, (b) 
IRMOF-3, (c) SnO2/SnS2QDs-
Ru, (d) SnO2/SnS2QDs-
Ru + IRMOF-3, (e) S2O8

2−, 
(f) IRMOF-3 + S2O8

2−, (g) 
SnO2/SnS2QDs-Ru + S2O8

2−, 
and (h) SnO2/SnS2QDs-
Ru + IRMOF-3 + S2O8

2−. 
D ECL signal of the SnO2/
SnS2QDs-Ru@IRMOF-3 at 16 
continuous potential scanning 
cycles
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intensity significantly increased to 17,171 a.u. According 
to the experimental results, it was inferred that IRMOF-3 
could act as a co-reaction accelerator of SnO2/SnS2QDs-Ru/
S2O8

2− in this system to enhance the ECL intensity.
In addition, the CV responses of eight different solutions are 

shown in Fig. 5. No reduction peak was observed on the bare 
GCE (curve a). When the GCE was tested in the IRMOF-3 
solution (curve b), an oxidation peak was observed at − 1.13 V 
[46]. Curve c shows that the GCE was measured in the SnO2/
SnS2QDs-Ru solution, and no redox peak was observed. How-
ever, when IRMOF-3 was added to the SnO2/SnS2QDs-Ru 
solution (curve d), an oxidation peak was observed at − 1.13 V. 
When the GCE was tested in the S2O8

2− solution (curve e), 
a significant reduction peak appeared at − 1.43 V due to the 
strongly reducing intermediate (sulfate anion, SO4

•−) formed 
by electrochemical reduction. Next, the CV behavior of the 
GCE was evaluated in the solution of S2O8

2−  + IRMOF-3 
(curve f), and an oxidation peak was observed at − 1.13 V. In 
addition, compared with the S2O8

2− solution, the reduction 
peak potential was moved positively and the peak current was 
increased. The results showed that IRMOF-3 could promote 
the oxidation between SnO2/SnS2QDs-Ru and S2O8

2−. Further 
measurements of the SnO2/SnS2QDs-Ru + S2O8

2− solution 
(curve g): A reduction potential at − 1.2 V was found and the 
peak current obviously increased, indicating a strong interac-
tion between SnO2/SnS2QDs-Ru and S2O8

2−. Finally, the ECL 
behavior of the GCE was detected in the solution of SnO2/
SnS2QDs-Ru + S2O8

2−  + IRMOF-3 (curve h). A reduction 
potential at − 1.4 V was obtained. Moreover, the peak current 
dramatically increased compared with the SnO2/SnS2QDs-
Ru + S2O8

2−. The results showed that IRMOF-3 could accel-
erate the interaction between SnO2/SnS2QDs-Ru and S2O8

2−.
Based on the obtained experimental data and previous studies 

[43, 46, 47], the possible ECL mechanism of the SnO2/SnS2QDs-
Ru@IRMOF-3/S2O8

2− system is shown in Eqs. (2)–(13).
Route:

Route:

Route:

(2)S
2
O2−

8
+ e− → SO2−

4
+ SO∙−

4

(3)Ru(dcbpy)2+
3

+ e− → Ru(dcbpy)+
3

(4)Ru(dcbpy)+
3
+ S

2
O2−

8
→ Ru(dcbpy)2+

3
+ SO∙−

4
+ SO2−

4

(5)Ru(dcbpy)+
3
+ SO∙−

4
→

[

Ru(dcbpy)2+
3

]∗
+ SO2−

4

(6)
[

Ru(dcbpy)2+
3

]∗
→ Ru(dcbpy)2+

3
+ hv(625nm)

(7)IRMOF − 3 − e− → IRMOF − 3
+∙

ECL emission:

The following three signal amplification strategies 
were proposed to improve the sensitivity of PCT detec-
tion: (1) Ru(dcbpy)3

2+ as the energy donor to enhance the 
ECL intensity of SnO2/SnS2QDs; (2) IRMOF-3 as a pro-
moter of co-reactants to enhance ECL signals of lumino-
phor; and (3) IRMOF-3 as a carrier to load more SnO2/
SnS2QDs-Ru due to its large surface area, thus enhanc-
ing the ECL signal. The results indicated that the SnO2/
SnS2QDs-Ru@IRMOF-3 composite had potential applica-
tion value in protein analysis. In summary, IRMOF-3 was 
actually defined as a co-reaction accelerator that interacted 
with S2O8

2− rather than SnO2/SnS2QDs-Ru and enhanced 
the ECL signal in the SnO2/SnS2QDs-Ru/S2O8

2− system. 
The ECL signal of SnO2/SnS2QDs-Ru@IRMOF-3/GCE is 
shown in Fig. 5. The ECL signal was obtained in pH 7.4 
PBS (0.1 M) containing 0.1 M K2S2O8 under 16 continuous 
potential scanning cycles. The relative standard deviation 
(RSD) was 1.5%, indicating excellent stability of SnO2/
SnS2QDs-Ru@IRMOF-3.

The characterization of immunosensor was recorded via 
CV (Fig. S7A) and EIS (Fig. S7B), and a detailed explana-
tion is provided in Supplementary Material (Fig. S7). Opti-
mization of the pH (Fig. S8A), K2S2O8 concentrations (Fig. 
S8B), volume ratio of SnO2/SnS2QDs with Ru(dcbpy)3

2+ 
(Fig. S8C), Ru(dcbpy)3

2+ concentrations (Fig. S8D), SnO2/
SnS2QDs concentrations (Fig. S8E), and SnO2/SnS2QDs-
Ru@IRMOF-3 concentrations (Fig. S8F) are shown in Sup-
plementary Material (Fig. S8).

Detection of PCT via the ECL‑RET immunosensor

The designed SnO2/SnS2QDs-Ru@IRMOF-3 ECL immu-
nosensor was used to detect PCT at optimal conditions. Fig-
ure 6 shows that the ECL signal increased gradually with the 
increase in the PCT concentration (curves a–m). Figure 6 shows 
a good linear relationship between the ECL signal and the log-
arithms of PCT concentrations in the range from 1 × 10–4 to 

(8)IRMOF − 3
+∙ − H+

→ IROMOF − 3
∙

(9)
S
2
O2−

8
+ IRMOF − 3

∙
→ IRMOF − 3

+∙ + SO∙−
4
+ SO2−

4

(10)SnO
2
∕SnS

2
QDs + e− → SnO

2
∕SnS

2
QD∙−

s

(11)SnO
2
∕SnS

2
QD∙−

s
+ SO∙−

4
→ SnO

2
∕SnS

2
QD∗

s
+ SO2−

4

(12)
[

Ru(dcbpy)2+
3

]∗
+ SnO2∕SnS2QDs → SnO2∕SnS2QD

∗
s
+ Ru(dcbpy)2+

3

(13)SnO
2
∕SnS

2
QD∗

s
→ SnO

2
∕SnS

2
QDs + hv(675nm)
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200 ng mL−1 (R2 = 0.9950). Based on the relationship between 
ECL intensities and log C, the obtained regression equation 
was Y = 10,370 + 2250.0 log C (where Y and C represent ECL 
intensity and PCT concentration, respectively; the unit was ng 
mL−1). The detection limit was 0.029 pg mL−1 (S/N = 3) for 
PCT. In addition, the ECL immunosensor designed based on 
SnO2/SnS2QDs-Ru@IRMOF-3 as a luminophor for the detec-
tion of PCT had superior ECL performance than other reported 
detection methods, and the comparison is shown in Table S1. 
On the contrary, the prepared SnO2/SnS2QDs-Ru@IRMOF-3 
ECL immunosensor had a lower limit of detection and a wider 
response range. Therefore, the proposed SnO2/SnS2QDs-Ru@
IRMOF-3 ECL immunosensor had a potential application pros-
pect in the sensitive detection of PCT.

Stability, selectivity, and repeatability 
of the immunosensors

Stability was an important factor that affected the perfor-
mance of immunosensors. Figure 6 shows that the SnO2/
SnS2QDs-Ru@IRMOF-3 composite did not display signifi-
cant changes in the ECL signal at 18 continuous potential 
scanning cycles, and the RSD of ECL intensity was 2.3%. 
Furthermore, the designed ECL immunosensor was stored 
at 4 °C for 30 days to investigate its stability, as shown in 
Fig. 6. The ECL signal of the immunosensor detected by 
PCT dropped to 5.3% after 30 days. The experimental results 
showed that the sensor had good stability and a good practi-
cal application value.

Fig. 6   A ECL intensity curves 
of various PCT concentrations. 
B Linear calibration curve 
between the logarithm of PCT 
concentration and ECL inten-
sity. Various PCT concentra-
tions (ng mL−1): (a) 1 × 10−4, 
(b) 1 × 10−3, (c) 5 × 10−3, (d) 
1 × 10−2, (e) 5 × 10−2, (f) 0.1, 
(g) 0.5, (h) 1, (i) 10, (j) 50, (k) 
100, and (m) 200. C Repeat-
ability of the prepared sensor 
for 18 cycles. D Stability of 
the sensor after storage for 
30 days. E Selectivity and 
specificity of immunosensors: 
Blank, BSA (10 mg mL−1), 
HSA (10 mg mL−1), PSA 
(100 ng mL−1), CEA 
(100 ng mL−1), Aβ42 
(100 ng mL−1), PCT 
(1 ng mL−1), and the mixture. F 
Reproducibility of the proposed 
ECL immunosensor. (PCT 
concentration was 1 ng mL.−1, 
n = 3, error bar = SD). All were 
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Selectivity was the key characteristic parameter to 
evaluate the performance of the immunosensor. As shown 
in Fig. 6, the SnO2/SnS2QDs-Ru@IRMOF-3 ECL sen-
sor was incubated with several interfering agents, for 
example, PSA, CEA, Aβ42, BSA, HSA, and the mixture. 
The ECL intensity displayed no distinct change when 
compared with the blank control. Furthermore, the ECL 
intensities were basically uniform when detecting the tar-
get object 1 ng mL−1 PCT or the mixture. Interference 
experiments showed that the constructed ECL sensor had 
a specific response to the sample containing PCT antigen. 
The results showed that the immunosensor had acceptable 
selectivity.

The repeatability of immunosensors was also an impor-
tant standard for the application of immunoassay. Six modi-
fied electrodes were prepared to detect 1 ng  mL−1 PCT 
under the same experimental conditions to investigate the 
reproducibility of the proposed ECL sensor. The experi-
mental results are shown in Fig. 6, and the RSD was cal-
culated as 3.5%, indicating that the sensor had satisfactory 
reproducibility.

Testing of actual samples

The male serum samples were provided by the Guilin Fifth 
People’s Hospital of China. The PCT concentration of the 
sample was within the linear range of the immunosensor 
based on the result obtained using the proposed method. 
Therefore, the samples were not diluted prior to determi-
nation. The recovery experiment was used to verify the 
accuracy of the constructed immunosensor and evaluate the 
feasibility of its practical application to investigate the fea-
sibility of the immunosensor in clinical application. Three 
concentrations of PCT (0.800, 0.0500, and 0.700 ng mL−1) 
were added to the serum samples for a recovery experiment. 
The experimental results are listed in Table 1. The RSD of 
PCT in serum samples was as low as 3.4%, and the recover-
ies were in the range of 96.0–101%, which confirmed the 
potential application value of the immunosensor in practical 
sample detection.

Conclusions

In this study, Ru(dcbpy)3
2+ could be used as an energy 

transfer donor, and ECL-RET greatly improved the ECL 
signal of SnO2/SnS2QDs (energy acceptor). The co-immo-
bilization strategy of ECL-RET donor/acceptor pairs co-
existing in the same nanocomposite greatly reduced the 
energy loss and improved the ECL efficiency of SnO2/
SnS2QDs. An ECL immunosensor was constructed for 
sensitive detection of PCT. Compared with the previous 
PCT detection methods, the obtained results had a wide 
detection range and a low detection limit, indicating that 
the method had high sensitivity and great potential for the 
detection of PCT. The prepared immunosensors showed 
excellent stability, selectivity, and acceptable reproduc-
ibility, indicating potential applications in real samples.
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