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Abstract 

Background: Anti-myeloperoxidase antibody (anti-MPO) is an important biomarker for anti-neutrophil cytoplasm 
antibody (ANCA)-associated vasculitides (AAVs). However, the complicated operation procedures and insufficient 
sensitivity of conventional anti-MPO detection methods limit their application in monitoring efficacy of AAVs in clini-
cal diagnosis. Herein, a dual amplified electrochemiluminescence (ECL) immunosensor based on multi-function PtCo 
nanozymes/CdS nanocrystals@graphene oxide (PtCo/CdS@GO) luminophores and  K2S2O8/H2O2 coreactants has been 
fabricated for ultrasensitive detection of anti-MPO.

Results: PtCo/CdS@GO luminophores as novel signal amplification labels and nanocarriers to load rabbit anti-mouse 
IgG were synthesized by co-doping with Pt and Co nanozymes simultaneously with several considerable advantages, 
including astonishing peroxidase-like catalytic activity, high-efficiency luminescence performance and superior 
stability in aqueous solutions. Meanwhile, upon the  K2S2O8/H2O2 coreactants system, benefiting from the efficient 
peroxidase-like activity of the PtCo/CdS@GO toward  H2O2, massive of transient reactive intermediates could react 
with  K2S2O8, thus obtaining higher ECL emission. Therefore, the developed ECL immunosensor for anti-MPO detection 
displayed good analytical performance with good concentration linearity in the range of 0.02 to 1000 pg/mL and low 
detection limit down to 7.39 fg/mL.

Conclusions: The introduction of multi-function PtCo/CdS@GO luminophores into the established ECL immunoas-
say not only was successfully applied for specific detection of anti-MPO in clinical serum samples, but also provided 
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Background
Anti-myeloperoxidase antibody (anti-MPO) is one of the 
most important circulating biomarker for clinical diagno-
sis and efficacy monitoring of anti-neutrophil cytoplasm 
antibody (ANCA)-associated vasculitides (AAVs) [1, 
2]. According to the International Consensus on ANCA 
Testing in Eosinophilic Granulomatosis with Polyangiitis 
and the Revised 2017 international consensus on test-
ing of ANCAs in granulomatosis with polyangiitis and 
microscopic polyangiitis, indirect immunofluorescence 
(IIF) and enzyme-linked immunosorbent assays (ELISA) 
have been used to initially screen and verify anti-MPO 
[3, 4]. However, these conventional anti-MPO detec-
tion methods usually suffer from complicated operation 
procedures, insufficient sensitivity and specificity [5, 6]. 
Recently, electrochemiluminescence (ECL) immunoassay 
with the unique advantages of chemiluminescence and 
electrochemistry, such as low background signal, sim-
plified optical setup, excellent spatial and temporal con-
trollability, has been widely used in the fields of clinical 
diagnosis, which possesses great promise as a powerful 
analytical tool to replace IIF and ELISA [7, 8].

In ECL immunoassay system, traditional molecular 
luminophores (Ru(bpy)3

2+, luminol, acridinium ester) 
usually have some drawbacks including reagent waste 
and poor stability, restricting their analytical applica-
tions [9, 10]. Thus, with the development of multidisci-
plinary studies, especially nanomaterial technologies, the 
emergence of various new types of luminophores have 
been developed to overcome the aforementioned short-
comings [11–13]. As the potential ECL luminophore 
candidates, cadmium sulfide nanocrystals (CdS NCs) 
possess impressively splendid features including narrow 
and direct band-gap (2.3  eV), excellent electronic/opti-
cal properties, size/surface-trap controlled luminescence 
and good photostability [14, 15]. Nevertheless, despite 
the great progress made by CdS NCs, their application 
in ECL immunoassay still face some challenges such as 
limited luminescence effectiveness and poor stability. 
Therefore, to address these challenges simultaneously, 
the exploration of novel CdS NCs is highly desirable in 
the field of ECL luminophores.

Currently, a variety of excellent designs of CdS NCs 
have been sequentially developed to enhance the lumi-
nescence efficiency, including metal deposition or dop-
ing [16, 17], band-gap engineering by forming core/shell 

structure [18] and coupling with carbon materials [19]. 
Among various metals dopants, noble metals-based 
dopants, especially doping platinum (Pt) with CdS NCs 
not only evidently enhance the ECL emission through 
perturbing the host energy level or offering a new elec-
tron energy level [20], but also act as peroxidase-like 
nanozymes to generate transient reactive intermedi-
ates like free radicals, and react with another substrate 
quickly, thus further improving the luminescence per-
formance of CdS NCs [21–23]. Furthermore, the per-
oxidase-like activities can be reconstructed by charge, 
coating, doping, loading and external fields [24]. For 
instance, Fang’s group constructed Pt-CdS/g-C3N4-MnOx 
composite photocatalyst for efficient visible-light-driven 
overall water splitting [25]. However, insufficient stabil-
ity, low economy and specificity of Pt-based nanozyme 
still obstacle its broader application in ECL immunoassay 
system [26]. In response to above-mentioned drawbacks, 
the combination of Pt-based CdS NCs with another 
transition metals (Co, Pd, Mo, Ni, etc.) can possess bet-
ter stability, higher luminescence efficiency and catalytic 
activity [27, 28], which hold great promise as efficient 
ECL luminophores to replace conventional luminescent 
reagents.

Additionally, maintaining high-efficiency luminescence 
performance of luminophores while having good stabil-
ity in the most desirable environment, i.e., aqueous solu-
tions is also an extremely important concerns, which is 
closely related to the dispersion of CdS NCs, and few 
technologies can meet all the requirements. Recently, 
two-dimensional (2D) graphene oxide (GO) has been 
generally utilized as preeminent support matrixes for 
nanoparticles anchoring and ensuring dispersion [29]. 
Moreover, the presence of effective electron-hole and 
abundant functional groups (–OH, –COOH, etc.) on the 
surface of GO sheets possess enhanced charge transfer, 
good biocompatibility and stability [30]. In our previ-
ous work, PtCo@rGO hybrids with almost no agglom-
eration has been successfully synthesized, contributing to 
the higher dispersion and catalytic activity [6]. Inspired 
by the above research, simultaneously co-doping with 
PtCo nanozymes, GO-supported PtCo/CdS (PtCo/CdS@
GO) luminophores have been in  situ synthesized suc-
cessfully, loading number of PtCo/CdS NCs and ensur-
ing the dispersion to enhance the luminescence efficiency 
and stability in aqueous solutions. Furthermore, the 

a completely new concept to design other high-performance luminophores. Meaningfully, the ECL immunoassay 
strategy held wide potential for biomarkers detection in clinical diagnosis.
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immunosensor, Anti-myeloperoxidase antibody
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prepared multi-function PtCo/CdS@GO luminophores 
could also be employed as efficient peroxidase-like 
nanozymes to accelerate electrochemical redox processes 
of coreactants, thus further improving the luminescence 
performance.

Herein, a dual amplified ECL immunosensor based on 
multi-function PtCo/CdS@GO luminophores is fabri-
cated for ultrasensitive detection of anti-MPO. As shown 
in Scheme 1 A, PtCo/CdS NCs are stepwise in situ syn-
thesized by co-doping with Pt and Co dual nanozymes 
simultaneously and further immobilized on the surface of 
GO, forming the multi-function PtCo/CdS@GO lumino-
phores. Then, rabbit anti-mouse IgG (anti-Ab) is assem-
bled onto the surface of PtCo/CdS@GO luminophores 
to fabricate anti-Ab/PtCo/CdS@GO bioconjugates. After 
that the ECL immunosensor has been constructed by 
immobilizing MPO (antigen) on the glassy carbon elec-
trodes (GCE) modified with the pre-synthesized Au@
MoS2 nanosheets, which can greatly improve the electro-
conductivity and modifiability of the GCE. In the pres-
ence of anti-MPO (target), the anti-Ab/PtCo/CdS@GO 
bioconjugates are assembled on the surface of modified 
GCE based on sandwich-like immunoreaction. Upon 
the  K2S2O8/H2O2 coreactants system, benefiting from 

the strong peroxidase-like activity of PtCo/CdS@GO 
luminophores toward  H2O2, massive of transient reac-
tive intermediates could react with  K2S2O8 to obtain 
higher ECL emission of PtCo/CdS@GO luminophores, 
thus further improving the analytical performance of the 
developed ECL immunosensor. More importantly, the 
introduction of multi-function PtCo/CdS@GO lumi-
nophores into the ECL immunosensor offer an efficient 
approach for the ultrasensitive detection of anti-MPO 
and held potential applications in clinical analysis, drug 
delivery systems and treatment of diseases.

Materials and methods
Materials and reagents
Human myeloperoxidase (MPO), rabbit anti-mouse IgG 
(anti-Ab) and mouse anti-human MPO monoclonal anti-
body (anti-MPO, target) were purchased from Abcam 
PLC (Cambridge, UK). Insulin (INS), carcinoembryonic 
antigen (CEA), α-1-fetoprotein (AFP), prostate specific 
antigen (PSA), chloroauric acid  (HAuCl4·3H2O), gra-
phene oxide (GO), molybdenum sulfide powder  (MoS2), 
chloroplatinic acid  (H2PtCl6), cobalt chloride  (CoCl2), 
sodium sulfide  (Na2S·9H2O), cadmium nitrate tetrahy-
drate (Cd(NO3)2·4H2O), glycine, sodium citrate, bovine 

Scheme 1 Principle of the ECL immunosensor for anti-MPO detection. A The preparation route of the anti-Ab/PtCo/CdS@GO. B The construction 
and detection process of the sandwich-type ECL immunosensor. C The amplification mechanism of the PtCo/CdS@GO luminophores
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serum albumin (BSA, purity ≥ 98 %), glutaraldehyde, pol-
yvinyl pyrrolidone (PVP, MW: 30,000), hydrogen perox-
ide  (H2O2) and potassium peroxydisulfate  (K2S2O8) were 
obtained from Sigma-Aldrich (St. Louis, USA). All other 
reagents were of analytical grade, blocking buffer (BSA, 
1.0 wt%) and phosphate buffered saline (PBS, 0.01 M, pH 
7.4, 2.7 mM KCl, 137 mM NaCl, 1.8 mM  KH2PO4, 8 mM 
 Na2HPO4) were used Millipore-Q water (≥ 18 MΩ, Milli-
Q, Millipore, Germany).

Instrument
The electrochemiluminescence (ECL) measurements 
were executed using a MPI-E ECL workstation (Xi’an, 
China) with a conventional three-electrode system 
composed of Ag/AgCl electrode as reference, Pt wire 
as auxiliary and Au@MoS2 nanosheets modified glassy 
carbon electrode (GCE, 3 mm in diameter) as working 
electrode. Cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy (EIS) were performed with 
a PC-controlled CHI 660E electrochemical workstation 
(Shanghai, China). Transmission electron microscope 
(TEM, Hitachi, Tokyo, Japan), high-resolution transmis-
sion electron microscopy (HRTEM, Talos F200X, USA), 
scanning electron microscope (SEM, Hitachi SU8000, 
Japan), energy dispersive spectrometer (EDS, Oxford 
X-MaxN, Britain) and UV-2550 spectrophotometer (Shi-
madzu, Kyoto, Japan) were employed to characterize the 
features and morphologies of nanomaterials.

Synthesis of PtCo/CdS@GO luminophores
Firstly, 2 mL  H2PtCl6 solution (20 mM), 7 mL  CoCl2 solu-
tion (1.66 mM) and 76 mg glycine were mixed together 
and stirred for 1 h, and sonicated into an ultrasonic bath 
at room temperature (RT) for 0.5 h. After that, the well-
distributed solution was transferred to a 50 mL Teflon-
lined stainless-steel autoclave and heated at 200  °C for 
9 h. After being cooled to RT and ultrasonically dispersed 
for 15 min, 31.0 mg Cd(NO3)2·4H2O was dissolved into 
the above mixtures (PtCo NCs) and preheated to 80  °C 
under stirring. Then, 99.4 mg  Na2S·9H2O was dissolved 
into 5 mL DI water and slowly injected into the above 
solution. After that, the mixture was heated to 80  °C 
for 3  h with continuous refluxing. Finally, the obtained 
products were washed with a mixture buffer (ethanol/
acetone, volume ratio = 2/1) for three times (8000  rpm, 
15 min) to fully eliminate the excess reactants, and then 
vacuum-dried at RT for further use. Further, 20  mg 
PtCo/CdS NCs and 0.2 mL GO (1  mg  mL− 1) were dis-
persed in 10 mL of DI water with the assistance of ultra-
sound, and then gently stirred at RT for 6 h. Finally, the 
obtained multi-function PtCo/CdS@GO luminophores 
were centrifuged and washed with ethanol/acetone mix-
ture for 3 times, and then ultrasonically dispersed to a 

final dispersion concentration of 10 mg  mL− 1 in 2 mL DI 
water and stored at 4 °C for further use.

Synthesis of anti‑Ab/PtCo/CdS@GO bioconjugates
100 µL multi-function PtCo/CdS@GO luminophores 
dispersion (3.33  mg  mL− 1), 200 µL rabbit anti-mouse 
IgG (anti-Ab, 1 mg  mL− 1) and 200 µL PBS (0.01 M, pH 
7.4) buffer were mixed together and shaken at 4  °C for 
12 h. After that, the as-prepared anti-Ab/PtCo/CdS@GO 
composites were centrifuged at 7000 rpm for 15 min, and 
then, 200 µL blocking buffer (BSA, 1.0 wt%) was mixed 
into the above solution and gently stirred at RT for 1 h to 
prevent nonspecific binding. Finally, the anti-Ab/PtCo/
CdS@GO bioconjugates were collected and washed with 
PBS buffer for 3 times, and then ultrasonically dispersed 
in 400 µL PBS (0.01 M, pH 7.4) at 4 °C.

ECL detection of anti‑MPO
The Au nanoparticles functionalized  MoS2 (Au@MoS2) 
nanosheets were prepared according to our previous 
work [6], and the modification of the GCE surface was 
detailed in supplementary materials. Different concen-
trations of anti-MPO solutions (target, standard solu-
tions or serum samples) were dropped onto the surface 
of BSA/MPO/Au@MoS2/GCE and incubated with at RT 
for 1 h. Subsequently, as-fabricated anti-Ab/PtCo/CdS@
GO bioconjugates (10 µL) was further incubated onto the 
surface of MPO/BSA/MPO/Au@MoS2/GCE at 37 °C for 
1  h. After each step, the modified GCE was thoroughly 
washed with PBS (0.01  M, pH 7.4) buffer to remove 
unbound substance. Finally, the ECL immunoassay was 
performed in 4 mL 0.01  M air-saturated PBS (0.01  M, 
pH 7.4) buffer containing 3 mM  H2O2 and 0.1 M  K2S2O8. 
The potential scanning was ranged from − 1.6 to − 0.6 V, 
scan rate of 0.1 V  s− 1 and photomultiplier tube voltage of 
800 V.

Results and discussion
Characterization of the multi‑function PtCo/CdS@GO 
luminophores
HRTEM, TEM and STEM-EDS elemental mapping have 
been employed to characterize the size, morphology 
and elemental composition of the as-prepared nanoma-
terials, respectively. As displayed in Fig.  1A, B, uniform 
morphology and well-dispersed PtCo/CdS NCs with an 
apex-to-apex diameter of about 65–85 nm were distrib-
uted on the surface of GO with good stability (Additional 
file  1: Figure S1). Additionally, STEM-EDS elemental 
mapping analysis was performed to further confirm the 
successful synthesis of PtCo/CdS@GO nanocomposites. 
As shown in Fig. 1D, the Pt, Co, Cd and S element were 
uniformly distributed onto the entire nanocrystals struc-
ture. Moreover, EDS elemental analysis was also used to 
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demonstrate the chemical compositions of PtCo/CdS@
GO luminophores. As shown in Additional file 1: Figure 
S2, the element peaks of Pt (0.55 wt %) and Co (0.15 wt 
%) were obtained in the EDS image, indicating that the 
multi-function PtCo/CdS@GO Luminophores were syn-
thesized successfully.

Characterization of Au@MoS2 nanosheets
MoS2 nanosheets is a kind of layered nanomaterials 
that can stabilize metal NPs and expand their func-
tions due to its high surface area and two-dimensional 

ultrathin atomic layer structure [31]. When Au NPs 
were in  situ synthesized on  MoS2 nanosheets, it could 
greatly improve the conductivity and modifiability of 
 MoS2. Thus, in order to characterize the as-prepared 
as-synthesized  MoS2 and Au@MoS2 nanosheets, TEM 
was employed. As TEM results shown in Fig. 2 A,  MoS2 
nanosheets displayed a typical layer-like nanostructure. 
After in situ reducing with Au NPs, it was clear that Au 
NPs with the average diameter of 7.75 ± 0.9 nm (Fig. 2B, 
inset) were homogeneously distributed on the  MoS2 
nanosheets surface. Moreover, for further proving the 

Fig. 1 Structural and compositional analyses of the PtCo/CdS@GO luminophores. A Low-magnification TEM image of PtCo/CdS@GO 
luminophores. Scale bar is 50 nm. B High-magnification TEM image of PtCo/CdS@GO luminophores. Scale bar is 20 nm; C HRTEM image and lattice 
fringes of PtCo/CdS@GO luminophores. Scale bar is 5 nm. D STEM-EDS elemental mapping of PtCo/CdS@GO luminophores. Scale bar is 20 nm
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successful preparation of Au@MoS2 nanosheets, UV-
vis absorption spectra characterization was employed. 
As shown in Fig.  2C,  MoS2 nanosheets exhibited two 
characteristic absorption peaks at wavelengths about 
233 nm and 284 nm (curve a) [32]. When the Au NPs 
were dispersed onto the  MoS2 nanosheets surface, a 
shoulder peak at 525 nm (curve b) due to the surface 
plasmon resonance peak of Au NPs [33, 34]. Thus, these 
results confirmed that the Au NPs were reduced over 
 MoS2 nanosheets successfully. In addition, Au@MoS2 
nanosheets could greatly increase the electro-active 
surface area and provide more active sites for biomol-
ecules immobilization. As shown in Fig.  2D, the peak 
potential linearly increased with the increasing scan 
rate and plotted against the square root of scan rate 
(Fig. 2E). According to the equation of Randles-Sevcik 
Ip.a. = 2.69 ×  105AD1/2n3/2v1/2c (where Ip.a. is the oxida-
tion peak current (µA), A is the electrochemical active 
area  (cm2), D is the diffusion coefficient of Fe(CN)6

3−/4− 
(7.6 ×  10− 6  cm2  s− 1), n is the transferred electron num-
ber of Fe(CN)6

3−/4− (n = 1), v is the scan rate (V  s− 1), 
and c is the original concentration of Fe(CN)6

3−/4−), the 
electrochemical active area of the modified GCE (Au@
MoS2/GCE) was calculated as 3.17  mm2, which was 
larger than that of bare GCE (2.71  mm2) [35]. 

Amplification mechanism of the multi‑function PtCo/CdS@
GO luminophores
The multi-function PtCo/CdS@GO luminophores have 
been in  situ synthesized by co-doping with Pt and Co 
nanozymes simultaneously, in which PtCo was employed 
as an efficient peroxidase-like nanozymes toward  H2O2, 
CdS was used as a new type of ECL luminophore, while 
GO was utilized as nanocarrier to load a large amount 
of PtCo/CdS and ensure their dispersion. Specifically, 
in  K2S2O8/H2O2 coreactants system,  K2S2O8 played a 
leading role  (OH• acceptor) in the process of promot-
ing luminescence, while  H2O2 played an auxiliary role 
 (OH• donor). The multi-function PtCo/CdS@GO lumi-
nophores (PtCo) could accelerate electrochemical redox 
processes of  H2O2 to generate massive of transient reac-
tive intermediates  (OH•), and then  OH• rapidly reduced 
 S2O8

2− to produce more strong oxidant  (SO4
•−) with suf-

ficiently negative electrode potential, thus enhancing the 
ECL emission of PtCo/CdS@GO luminophores (CdS). 
Based on the synergistic effect of  K2S2O8 and  H2O2, 
the ECL intensity of the PtCo/CdS@GO luminophores 
was greatly increased. Furthermore, GO as a novel sig-
nal amplification label and nanocarrier could further 
amplify the ECL emission of the PtCo/CdS@GO lumi-
nophores. In addition, the amplification mechanism of 

Fig. 2 A TEM image of  MoS2. Scale bar is 20 nm. B TEM image of Au@MoS2 nanosheets and size-distribution histogram of Au NPs (inset). Scale 
bar is 50 nm. C Typical UV-vis absorption spectra of  MoS2 and Au@MoS2 nanosheets. D CVs of Au@MoS2 modified GCE in reaction buffer with 5 
mM Fe(CN)6

3−/4− and 0.1 M KCl at different scan rates from 20 to 300 mV/s. E The linear relations of Au@MoS2 modified GCE with the anodic and 
cathodic peak current against the square root of scan rate
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the multi-function PtCo/CdS@GO luminophores in ECL 
immunoassay was as follows:

Moreover, in order to further investigate the superior-
ity of  K2S2O8/H2O2 coreactants,  K2S2O8 or  H2O2 as an 
individual coreactant had been compared in the PtCo/
CdS@GO luminophores-based ECL immunosensor. As 
the results shown in Fig. 3A, when  K2S2O8 or  H2O2 as an 
individual coreactant respectively, the ECL intensity in 
 H2O2 system (curve a, 1027 a.u) was lower than that in 
 K2S2O8 (curve b, 6138 a.u). While in  K2S2O8/H2O2 core-
actants system (curve c, 17,343 a.u), the ECL intensity 
of PtCo/CdS@GO luminophores remarkably enhanced, 
resulting in ca. 2.8- and 16.9-fold enhanced compared 
with that of  K2S2O8 and  H2O2, respectively. In summary, 
these results indicated synergistic effect of  K2S2O8 and 
 H2O2 in PtCo/CdS@GO luminophores ECL emission.

Comparison of the ECL responses with different 
nanomaterials
A typical catalytic oxidation reaction of the peroxi-
dase substrate 3, 3′, 5, 5′-tetramethylbenzidine (TMB) 
by  H2O2 was performed to investigate the peroxidase-
like activity of  Fe3O4 (classic nanozyme, Additional 

(1)S2O8
2−

+ e− → SO4
•−

+ SO4
2−

(2)H2O2 + e− → OH•
+OH−

(3)OH•
+ S2O8

2−
→ SO4

•−
+HSO4

−
+ 1/2O2

(4)

SO4
•−

+ PtCo/CdS@GO

+ e− → PtCo/CdS@GO ∗ +SO4
2−

(5)PtCo/CdS@GO∗ → PtCo/CdS@GO+ hv

file  1: Figure S3A), PtCo/CdS@GO (this work), PtCo/
rGO nanozyme (our previous work, Additional file  1: 
Figure S3B) [6] and horseradish peroxidase (HRP). As 
shown in Fig. 3B, when HRP was added to TMB/H2O2 
system, a highest absorbance slope was obtained, which 
was significantly higher than that of  Fe3O4 and slightly 
higher than that of PtCo/CdS@GO and PtCo/rGO. 
These results showed that the PtCo/CdS@GO pos-
sessed a comparable catalytic activity with HRP.

Moreover, in order to explore the superiority of PtCo/
CdS@GO luminophores towards  K2S2O8/H2O2 core-
actants ECL system, we incubated different nanoma-
terials including CdS NCs [36], PtCo/CdS NCs, PtCo/
CdS@GO (molar ratio: Cd/S = 1/4) and PtCo/CdS@GO 
luminophores (molar ratio: Cd/S = 1/1, this work) on 
the electrodes and compared their ECL performance. 
As shown in Fig.  3C, the highest ECL intensity about 
17,343 a.u. was observed from the developed PtCo/
CdS@GO luminophores (curve d), which was higher 
than that of above-mentioned nanomaterials such as 
CdS NCs (curve a, 3799 a.u), PtCo/CdS NCs (curve b, 
10,333 a.u) and PtCo/CdS@GO (curve c, 11,257 a.u). 
These results were ascribed to the enhanced charge 
transfer and preeminent nanoparticles loading capac-
ity of GO, which could effectively increase the lumi-
nescence efficiency of PtCo/CdS@GO. These results 
indicated that the multi-function PtCo/CdS@GO 
luminophores possessed high peroxidase-like activity 
and enhanced electron transfer, which could evidently 
enhance luminescence efficiency [27, 28]. Furthermore, 
GO had large specific surface area to support mas-
sive PtCo/CdS NCs and provided superior stability to 
ensure the dispersion of PtCo/CdS@GO luminophores 
in the ECL system.

Fig. 3 Investigation of the multi-function PtCo/CdS@GO luminophores. A The ECL responses of PtCo/CdS@GO luminophores in 0.01 M PBS (pH 7.4) 
containing 5 mM  H2O2 (a), 0.1 M  K2S2O8 (b), 5 mM  H2O2 and 0.1 M  K2S2O8 (c). B Time-dependent absorbance of oxTMB upon the addition of  Fe3O4, 
PtCo/CdS@GO, PtCo/rGO and HRP in TMB/H2O2 system. C The ECL responses of CdS NCs (a), PtCo/CdS NCs (b), PtCo/CdS@GO (c, Cd/S = 1/4) and 
PtCo/CdS@GO luminophores (d, Cd/S = 1/1) in 0.01 M PBS (pH 7.4) containing 5 mM  H2O2 and 0.1 M  K2S2O8. The ECL experiments were scanned 
from − 1.6 V to − 0.6 V at a scan rate of 0.1 V  s− 1
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Electrochemical characterization of the ECL immunosensor
EIS and CV were recommended as an ideal analysis tool 
to verify the preparation of the ECL immunosensor. As 
shown in Fig.  4A, EIS was performed to monitor the 
fabrication process of the immunosensor, and the semi-
circle diameter (SD) is positively correlated with the 
electron-transfer resistance  (Ret) at the electrode inter-
face in Nyquist plots [37]. When Au@MoS2 nanosheets 
were immobilized onto the surface of the GCE, a smaller 
SD was obtained compared with the bare GCE (curve 
a via curve b) due to its excellent electroconductiv-
ity. After sequentially assembling with MPO (curve c), 
BSA (curve d) and target anti-MPO (curve e), the Ret 
successively increased due to the biomolecules imped-
ing electron transfer. Next, when anti-Ab/PtCo/CdS@
GO bioconjugates were incubated with the modified 
electrode, a great increase of SD was observed (curve 
f ), demonstrating that the electron transfer was further 
restricted. Moreover, in order to verify the results of EIS, 
CV experiments was adopted to characterize the ECL 

immunosensor. Figure 4B showed the CV curves of dif-
ferent modified electrodes in the same electrolyte of EIS. 
And the CV results were well-consistent with that of EIS, 
further proving the successful constructed of the ECL 
immunosensor.

Optimization of the reaction conditions
To explore the optimal analytical performance of the ECL 
immunosensor, several vital experimental parameters 
were systematically optimized in the whole ECL immu-
noassay system, including the concentration proportion 
of PtCo/CdS NCs and GO, the dilution ratio of PtCo/
CdS@GO luminophores and the concentration of  H2O2 
in  K2S2O8/H2O2 coreactants. As shown in Fig.  5A, with 
the concentration proportion of GO from 500:1 to 100:1, 
the ECL intensity gradually increased. This was because 
the introduction of GO enhanced the charge transfer 
efficiently and repressed the recombination of elec-
tron-holes pairs. However, the ECL intensity gradually 
decreased along with the increase of GO concentration 

Fig. 4 Characterization of the fabrication process of the immunosensor. A EIS and B CV curves of bare GCE (a), Au@MoS2/GCE (b), MPO/Au@MoS2/
GCE (c), BSA/MPO/Au@MoS2/GCE (d), anti-MPO/BSA/MPO/Au@MoS2/GCE (e) and anti-Ab/PtCo/CdS@GO/anti-MPO/BSA/MPO/Au@MoS2/GCE (f ) in 
PBS (0.01 M, pH 7.4) containing 5 mM Fe(CN)6

3−/4− and 0.1 M KCl. Zʹ = real impedance component  (ZRE); − Zʺ = imaginary impedance component 
 (ZIM). EIS measurements were carried out with a frequency range of 0.1–100 kHz and amplitude of 50 mV. The CV experiments were scanned from 
− 0.2 to 0.6 V vs Ag/AgCl reference at a scan rate of 0.1 V  s− 1

Fig. 5 Optimization of the detection conditions. A The concentration proportion of PtCo/CdS NCs and GO. B The dilution multiple of PtCo/CdS@
GO luminophores. C The concentration of  H2O2 in  K2S2O8/H2O2 coreactants
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proportion from 100:1 to 20:1, which was because the 
excess GO might shield the active sites of PtCo/CdS 
NCs surface and reduce the ECL intensity of the PtCo/
CdS@GO luminophores. Thus, 100:1 of PtCo/CdS NCs 
and GO was chosen as the optimum proportion in this 
experiment. Moreover, in order to obtain better disper-
sion and higher ECL signal, the dilution ratio of PtCo/
CdS@GO luminophores was further investigated. As 
displayed in Fig. 5B, a gradually increased ECL intensity 
with the dilution ratio of PtCo/CdS@GO luminophores, 
and the maximum ECL intensity was achieved at 3 times 
dilution (3.33 mg  mL− 1). This was because the high con-
centration of PtCo/CdS@GO luminophores would form 
some granular precipitations after mixing with the anti-
Ab, which could reduce the ECL signal. Thus, three times 
dilution of PtCo/CdS@GO luminophores was selected as 
the optimum reaction condition while presenting better 
stability and higher luminescence efficiency in the ECL 
immunoassay system. Moreover, in  K2S2O8/H2O2 coreac-
tants system,  K2S2O8 played a leading role  (OH• acceptor) 
in the process of promoting luminescence, while  H2O2 
played an auxiliary role  (OH• donor) [38]. Figure 5C illus-
trated the effect of the concentration of  H2O2 in  K2S2O8/
H2O2 coreactants on the analytical performance of the 

ECL immunosensor. When the  H2O2 concentration 
increased from 0 to 3 mM, the ECL intensity gradually 
increased, and then reduced rapidly as the  H2O2 con-
centration continued to increase. This was because the 
excessive  H2O2 produced large amounts of  OH•, which in 
turn could scavenge  SO4

•− (eq  OH• +  SO4
•− →  HSO4

− + 
1/2O2), resulting in a decrease in the ECL intensity. Addi-
tionally, above-mentioned results were also supported by 
some similar literatures[38, 39]. Therefore, 3 mM of  H2O2 
in  K2S2O8/H2O2 coreactants was chosen as the optimal 
concentration.

Analytical performance of the ECL immunosensor
Under the optimal experimental conditions, different 
concentrations of anti-MPO in solution were detected 
by the proposed ECL immunosensor for the purpose of 
quantitative analysis. Figure  6A showed that the ECL 
intensities progressively increased with the increase 
of anti-MPO concentrations covering the range of 
0.02 to 1000 pg  mL− 1, and displayed an excellent lin-
ear relationship between the ECL intensity change and 
the function of log  Canti−MPO (Fig.  6B). The fitted lin-
ear regression equation was I = 6539.75 + 3068.59 log 
 Canti−MPO (R2 = 0.9764), where I was ECL intensity and 

Fig. 6 Evaluation of analytical performance of the ECL immunosensor. A ECL intensity of the proposed immunosensor with 0.02, 0.1, 1.0, 10, 50, 
100, 500 and 1000 pg  mL− 1 of anti-MPO. B Calibration plot of the ECL intensities vs. the log  Canti−MPO. C The cross-reactivity of the immunosensor 
against different interfering proteins (50 pg  mL− 1 CEA, 50 pg  mL− 1 PSA, 50 pg  mL− 1 BSA, 50 pg  mL− 1 AFP and 50 pg  mL− 1 INS) and their mixtures 
(50 pg  mL− 1 CEA, 50 pg  mL− 1 PSA, 50 pg  mL− 1 BSA, 50 pg  mL− 1 AFP, 50 pg  mL− 1 INS and 50 pg  mL− 1 anti-MPO). D Investigation of the stability 
of the immunosensor by detecting 50 pg  mL− 1 anti-MPO with 20 consecutive cycles. Data were expressed as mean ± standard deviations, sample 
replicates n = 3. E Long-term stability of the ECL immunosensor for anti-MPO detection in 4 mL 0.01 M PBS (pH 7.4) containing 3 mM  H2O2 and 
0.1 M  K2S2O8 with a potential from − 1.6 V to -0.6 V at a scan rate of 0.1 V  s− 1
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log  Canti−MPO was the logarithm of anti-MPO concen-
trations. The limit of detection (LOD) was 7.39 fg  mL− 1 
calculated as the signal to noise ratio (S/N) of 3. More 
importantly, a comparison of ECL immunosensors in 
different amplification strategies had been performed to 
verify the analytical performance of the developed ECL 
immunosensors. As shown Additional file  1: Table  S1, 
the developed ECL immunosensor exhibits a wider lin-
ear range (20 fg  mL− 1 − 1 ng  mL− 1) and lower limit of 
detection (7.39 fg  mL− 1). This was mainly attributed to 
the multi-function PtCo/CdS@GO luminophores with 
superior stability in aqueous solutions, efficient cata-
lytic capacity to  H2O2 and the amplified ECL emission 
by the nanocarrier GO.

The specificity of the proposed ECL immunosen-
sor was investigated against carcinoembryonic antigen 
(CEA), prostate specific antigen (PSA), BSA, alpha-
fetoprotein (AFP), insulin (INS) and their mixtures con-
taining anti-MPO. Different interfering proteins and 50 
pg  mL− 1 anti-MPO were incubated with the proposed 
ECL immunosensor, respectively. As shown in Fig. 6C, 
anti-MPO displayed an obvious ECL response com-
pared to the interfering proteins, indicating that this 
established ECL immunosensor demonstrated satisfac-
tory specificity for anti-MPO detection. In addition, the 
stability as another key parameter of the ECL immu-
nosensor was evaluated under 20 consecutive cycles 
with 50 nM anti-MPO. Meanwhile, as shown in Fig. 6D, 
the relative standard deviation (RSD) value was as low 
as 4.01 %, displaying an acceptable stability, demon-
strating that the multi-function PtCo/CdS@GO lumi-
nophores could maintain high-efficiency luminescence 
performance in the ECL immunosensor.

Furthermore, the long-term stability of the ECL 
immunosensor was also investigated by storing BSA/
MPO/Au@MoS2/GCE at 4 ºC in different time inter-
vals (0, 1, 3, 6, 9, 12 and 15 days), and then incubated 
with target (anti-MPO, 50 pg  mL− 1) and anti-Ab/PtCo/
CdS@GO. As the results illustrated in Fig. 6E, the ECL 
intensity of the fabricated immunosensor was not sig-
nificantly reduced, and remained at 92.37 % of its initial 

ECL intensity after 15 days, indicating that the ECL 
immunosensor had an acceptable long-term stability.

Application in clinical serum samples
To further estimate the practicability of the proposed 
ECL immunosensor in a complex biological matrix, 
recovery experiments were executed by successively add-
ing anti-MPO in clinical serum samples with a known 
gradient concentration. As shown in Table 1, the concen-
trations of anti-MPO were accurately quantified by the 
fitted linear equation in Fig. 6B (I = 6539.75 + 3068.59 log 
 Canti−MPO), and the recoveries were obtained from 95.54 
to 106.37 % with the RSD of 0.84 to 3.20 % (n = 3). These 
results demonstrated that the proposed ECL immu-
nosensor could serve as an alternative method for ultra-
sensitive detection of anti-MPO held a great potential in 
clinical application.

Conclusions
In this work, an ultrasensitive ECL immunosensor based 
on the dual amplification strategies of multi-function 
PtCo/CdS@GO luminophores and  K2S2O8/H2O2 coreac-
tants has been developed for anti-MPO detection. Ben-
efiting from several considerable advantages of PtCo/
CdS@GO luminophores, including extraordinary perox-
idase-like activity toward  K2S2O8/H2O2, high-efficiency 
luminescence performance and superior stability in 
aqueous solutions, the ECL immunosensor for anti-MPO 
detection displayed excellent analytical performance with 
linear concentration range from 0.02 to 1000 pg  mL− 1 
and LOD down to 7.39  fg  mL− 1. More importantly, the 
introduction of multi-function PtCo/CdS@GO lumi-
nophores not only offers a successful application for 
anti-MPO detection in clinical serum samples, but also 
provides a new concept to design other semiconduc-
tor nanomaterials in biomarker detection systems (e.g., 
ECL immunoassay, photoelectrochemical immunoassay), 
drug delivery systems and disease treatment systems. 
However, there are still some challenges in the future, 
including simplifying the synthesis steps of PtCo/CdS@
GO luminophores and the influence of different molar 

Table 1 Determination of anti-MPO with different concentrations in normal serum samples by the proposed ECL inmmunosensor

Sample Standard solution (fg 
 mL− 1)

ECL intensity (a.u.) Calculated (fg  mL− 1) Recovery (%) RSD
(%)

1 50.0 2486.7 47.77 95.54 0.84

2 500.0 5631.3 505.78 101.16 3.20

3 5.00 ×  103 8727.0 5.16 ×  103 103.23 2.74

4 7.50 ×  104 12260.3 7.32 ×  104 97.54 2.31

5 2.00 ×  105 13,683 2.13 ×  105 106.37 0.92
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ratio of Pt/Co on peroxidase-like activity and ECL emis-
sion. In conclusion, the ECL immunosensor hold great 
potential for biomarkers detection in clinical application.
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