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ARTICLE INFO ABSTRACT

Antimyeloperoxidase (anti-MPO) is regarded as one of the most important circulating autoantibodies for anti-
neutrophil cytoplasm antibody (ANCA)-associated vasculitides (AAVs). Hence, it is crucial for highly sensitive
detection of anti-MPO to monitor efficacy of AAVs in clinical diagnosis. Herein, a highly sensitive electro-
chemiluminescence (ECL) immunosensor for anti-MPO detection was constructed by combining reduced gra-
phene oxide-supported PtCo nanocubes hybrids (PtCo@rGO) with hybridization chain reaction (HCR) as signal
amplification. Multiple ECL luminophores (Dox-ABEI) prepared by cross-linking of N-(aminobutyl)-N-(ethyli-
soluminol) (ABEI) and doxorubicin (Dox) were intercalated into dsDNA products of HCR, achieving the effective
immobilization of ECL luminophores to obtain strong ECL emission. Benefiting from the efficient catalytic ac-
tivity of PtCo@rGO toward H,0,, the massive the superoxide radical (0,®-) were generated to further react with
ABEI for ECL emission. Thus, the designed ECL immunoassay for anti-MPO detection exhibited excellent sen-
sitivity of a concentration variation from 50 fg/mL to 1 ng/mL and a detection limit of 15.68 fg/mL. Importantly,
this work proposed an enzyme-free ECL immunoassay with high sensitivity, excellent specificity for protein
detection in clinical diagnosis.
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1. Introduction

Anti-neutrophil cytoplasm antibody (ANCA)-associated vasculitides
(AAVs) are now recognized as a systemic vasculitis of small vessels with
a high risk of relapse and life-threatening complications (Nakazawa
et al., 2018). Since 1980s, anti-MPO (MPO-ANCAs) has been regarded
as one of important serological hallmarks to diagnose AAVs (Guillevin
et al., 2014). According to the revised international consensus in 2017
(Bossuyt et al., 2017; Savige et al., 1999), anti-MPO is initially screened
by indirect immunofluorescence (IIF), and then verified by enzyme-
linked immunosorbent assays (ELISA) to diagnose AAVs. However, IIF
and ELISA have been still facing great challenges in clinical practice,
such as poor sensitivity and specificity, even requiring skillful operators
with complex training (Savige et al., 1999, 2003). Besides, chemilu-
minescence immunoassay (CLIA) as a popular method in the anti-MPO
detection has been developed, which shows higher sensitivity and ea-
sier operation in comparison with IIF and ELISA (Mahler et al., 2012).
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Regrettably, high cost of enzymes used in CLIA increase the medical
burden (Roth et al., 2013). Thus, to establish an enzyme-free assay with
the advantages of easy manipulation, low cost and high sensitivity for
anti-MPO detection is an urgent demand of modern clinical diagnosis.

Electrochemiluminescence (ECL) immunoassay, due to its high
sensitivity, excellent specificity and low background, has been widely
used in the fields of clinical diagnosis, drug analysis and cellular ima-
ging (Farka et al., 2017; Chen et al., 2010). In ECL system, luminol or its
derivatives with high luminescence yield, cheap cost and good bio-
compatibility become one kind of the most popular luminophores,
which is commonly added into the testing buffer for ECL emission.
However, there are the shortcomings of waste the reagent and limited
luminescence effectiveness. In order to overcome the above-mentioned
shortcomings, the efficient immobilization of luminol or its derivatives
is a key point to obtain high ECL signal for further greatly improving
the sensitivity of the ECL bioassay. Hybridization chain reaction (HCR),
which triggered by ssDNA to self-assemble two metastable hairpin
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probes into long nicked dsDNA products, has been employed as a
powerful enzyme-free signal amplification strategy in the bio-analysis
applications (Bi et al., 2017; Li et al., 2016a; Li et al., 2019; Cao et al.,
2016). Wang's group used HCR-based long dsDNA grafted recognition
element as the nanocarrier for doxorubicin (Dox) immobilization via
intercalation, realizing targeted anticancer drug delivery (Li et al.,
2016b). Inspired by the above research, a novel ECL luminophore (Dox-
ABEI) prepared by cross-linking of N-(aminobutyl)-N-(ethylisoluminol)
(ABEI) and Dox could be anchored onto the dsDNA products of HCR,
which could effectively immobilize plenty of ECL luminophores to ob-
tain strong ECL signals.

Bimetallic nanoparticles have received considerable attention in
catalysis, fuel cell and biosensing because of their better catalytic per-
formance than that of single-metal components (Koh and Strasser,
2007; Wei et al., 2012; Zhang et al., 2012). Among various bimetallic
candidates, Pt-based bimetallic nanoparticles, especially alloying Pt
with another transition metals (Co, Fe, Cu, Ni, etc.), possess high cat-
alytic activity, superior biocompatibility and enhanced electron
transfer, which hold great promise as efficient catalysts instead of bio-
enzymes. However, abundant works have reported that the high-effi-
ciency catalytic performance is closely related to the dispersity, size and
shape of active metal nanoparticles (Wang and Yamauchi, 2013). Two-
dimensional (2D) graphene sheets with rich surface chemistry, large
specific surface area and excellent physical properties (e.g., stability,
solubility and conductivity) have been generally developed as pre-
eminent support matrixes (Imani et al., 2018; Liu et al., 2011; Sousa
et al., 2018; Shi et al., 2019). Especially, the presence of functional
groups such as —OH, —-COOH on graphene sheets provided sites for
metal nanoparticles anchoring and the 2D structure permit large
loading of metal nanoparticles with almost no agglomeration con-
tributing to higher dispersion. Therefore, reduced graphene oxide-
supported PtCo nanocubes hybrids (PtCo@rGO) have been synthesized
by a one-pot hydrothermal method, ensuring the dispersion and loading
of PtCo nanocubes to improve the catalytic activity. Besides, the pre-
pared PtCo@rGO hybrids could also be employed as nanocarriers for
secondary antibody and ECL luminophores to construct an efficient
signal label in ECL immunoassay.

Herein, a dual amplified ECL immunosensor based on PtCo@rGO
hybrids and HCR is proposed for highly sensitive detection of anti-MPO.
As illustrated in Scheme 1A, firstly, shape-controlled PtCo@rGO
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hybrids were synthesized by a one-pot hydrothermal method, and then
thiol-modified DNA trigger (To) and secondary antibody (anti-Ab) were
successively assembled on the surface of PtCo@rGO hybrids to form
anti-Ab/T,/PtCo@rGO composites. Moreover, the ECL immunosensor
was fabricated by immobilizing antigen MPO on the glassy carbon
electrode decorated with Au nanoparticles functionalized MoS, (Au@
MoS,) composites. In the presence of anti-MPO, the anti-Ab/T,/PtCo@
rGO composites were assembled onto the surface of modified electrode
based on the sandwich immunoreaction, and then the T, triggered HCR
to form dsDNA products for anchoring massive Dox-ABEI via inter-
calation. Upon the ABEI-H,O, ECL system, the proposed enzyme-free
immunosensor has displayed high sensitivity for the detection of anti-
MPO, which was attributed to the following two reasons: (i) the syn-
thesized PtCo@rGO hybrids possessed high catalytic efficiency toward
H,0, to generate the superoxide radical (0,®) which further reacted
with ABEI for ECL emission, (ii) the proposed HCR could produce long
nicked dsDNA products for effectively immobilizing a large of ABEI to
obtain strong ECL emission. Meaningfully, this work provided an en-
zyme-free, sensitive and specific ECL method for anti-MPO detection,
which held potential applications in the clinical diagnosis.

2. Experimental
2.1. Reagents and materials

Mouse anti-human myeloperoxidase monoclonal antibody (anti-
MPO, target), rabbit anti-mouse IgG (anti-Ab) and human MPO were
purchased from Abcam PLC (Cambridge, UK). Prostate specific antigen
(PSA), vascular endothelial growth factor (VEGF), carcinoembryonic
antigen (CEA), molybdenum sulfide powder (MoS,), graphene oxide
(GO), chloroauric acid (HAuCl,3H,0), chloroplatinic acid (HyPtClg), tri
(2-carboxyethyl) phosphine hydrochloride (TCEP), 97% doxorubicin
hydrochloride (Dox), N-(4-aminobutyl)-N-(ethylisoluminol) (ABEI),
sodium citrate, glutaraldehyde, glycine, bovine serum albumin (BSA,
purity =98%), polyvinyl pyrrolidone (PVP, MW: 30,000) and hydrogen
peroxide (H,0,) were obtained from Sigma-Aldrich (St. Louis, USA).
DL20 DNA marker was purchased from Takara (Dalian, China). Gelred
nucleic stain was purchased from SenBeiJia Biological Tech. Co., Ltd
(Nanjing, China). All oligonucleotide sequences were ordered from
Sangon (Shanghai, China), and the sequences were listed in Table S1.
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Scheme 1. Schematic illustration of the fabrication process of the ECL immunosensor for anti-MPO detection: (A) the preparation procedure of the anti-Ab/To/

PtCo@rGO; (B) the construction of the sandwich-type immunosensor.
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All other reagents were of analytical grade, and the buffers were pre-
pared using Millipore-Q water (=18 MQ, Milli-Q, Millipore, Germany).

2.2. Instruments

The ECL measurements were performed on the MPI-E ECL work-
station (Remex, Xi'an, China) with a conventional three-electrode
system composed of Pt wire as auxiliary, Ag/AgCl electrode as re-
ference and modified GCE as working electrode, respectively.
Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) were carried out with a CHI 660E electrochemistry workstation
(Shanghai Chenhua Instrument, Shanghai, China). Scanning electron
microscope (SEM, Hitachi SU8010, Japan) was employed to char-
acterize the nanomaterials. Energy dispersive spectrometer (EDS,
Oxford X-MaxN, Britain) was used to analyze the elements of the PtCo@
rGO hybrids. The UV-2550 visible spectrophotometer (Shimadzu,
Kyoto, Japan) was used to characterize Au@MoS, nanosheets. The
polyacrylamide gel electrophoresis (PAGE) analysis was carried out on
a Bio-Rad electrophoresis analyzer (Bio-Rad, USA).

2.3. Synthesis of Dox-ABEI

The Dox-ABEI complex was prepared according to the previous re-
port (Xie et al., 2016). Firstly, 0.5mL ABEI solution (0.01 mM) was
mixed with 0.5mL Dox solution (15mM), and then 0.5mL glutar-
aldehyde (1 wt%) as cross-linking agent was dropped into the above
mixture with constant stirring for 12 h to obtain the Dox-ABEI complex.
The synthetic route of Dox-ABEI compounds was shown in Fig. S1.

2.4. Synthesis of PtCo@rGO hybrids

The PtCo@rGO hybrids were synthesized according to the previous
report with slight modification (Qin et al., 2016). 0.8 mg GO was added
into 1 mL deionized water under the vigorous ultrasonication for 0.5h
and then, 220mg PVP was added and stirred for 12h. After that,
118 mg glycine, 4 mL CoCl, solution (1.66 mM), 1 mL H,PtClg solution
(20 mM) and 0.5 mL as-prepared GO suspension (PVP-GO) were mixed
together and stirred for 30 min, and then sonicated in an ultrasonic bath
at room temperature for 5 min. The resultant solution was transferred
to a 50 mL Teflon-lined stainless-steel autoclave. The sealed vessel was
heated at 200°C for 9h and then cooled to room temperature. The
resultant products were collected by centrifugation at 9000 rpm for
15 min, and then washed with an ethanol/acetone (volume ratio = 2/
1) mixture for three times. The final precipitate (PtCo@rGO) was dis-
persed in 5mL deionized water and stored at 4 °C for further use.

2.5. Fabrication of anti-Ab/T,/PtCo@rGO bioconjugates

180 uL phosphate buffered saline (PBS, 0.01 M, pH 7.4, 137 mM
NaCl, 2.7 mM KCl, 8 mM Na,HPOy,, 1.8 mM KH,PO,) containing 5 mM
TCEP, 100 puL PtCo/rGO hybrids dispersion, 20 uL thiol-labeled DNA
primer (Tp, 100 mM) were mixed and gently stirred for 30 min, and
then 200 pL rabbit anti-mouse IgG (anti-Ab, 1 mg/mL) was mixed to-
gether and gently shaken for 12hat 4°C. As-prepared anti-Ab/To/
PtCo@rGO was collected by centrifugation for 15 minat 9000 rpm.
After that, to prevent nonspecific binding, 200 uL. BSA blocking buffer
(1.0 wt%) was added into the mixture and stirred at room temperature
for 1h. Finally, the obtained product (anti-Ab/Ty/PtCo@rGO) was
centrifuged and washed with PBS for three times to remove free T, and
anti-Ab, and then dispersed in 500 uL PBS at 4 °C for further use.

2.6. Synthesis of Au@MoS, nanosheets
Au@MoS;, nanosheets were synthesized according to the previous

literature with some modification (Su et al., 2014). 10 mL MoS, (20 ug/
mL), 120 pL sodium citrate (100 mM), 20 uL. Tween-80 (100 mM) and
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100 uL. HAuCl, (28.5 mM) solutions were mixed together and stirred
vigorously. Next, the obtained mixture was heated to 60 °C for 5min
and then naturally cooled down to room temperature. Finally, the
product of Au@MoS, nanosheets was centrifuged (7000 rpm, 20 min)
to remove excess reagents. After that, the supernatant was discarded
and the precipitates (Au@MoS, nanosheets) were dispersed in 5mL
deionized water.

2.7. Construction of ECL immunosensor

Firstly, the bare GCE (3 mm in diameter) was polished to a mirror-
like surface using 0.3 pm Al,Oj3 slurry, and then the electrode was ul-
trasonically washed with deionized water and ethanol successively for
10 min. Next, the electrode was dried under N, flush. 10 pL. Au@MoS,
nanosheets solution was dropped onto the surface of clean GCE to form
Au@MoS, film when the solvent evaporated at 37 °C. The obtained
electrode was denoted as Au@MoS,/GCE. After that, 10 uL antigen
MPO (200 pg/mL) dispersion was added onto the Au@MoS,/GCE and
incubated overnight at 4 °C. Next, 10 uL BSA blocking buffer (1.0 wt%)
was added onto the MPO/Au@MoS,/GCE and incubated at room
temperature for 1h to eliminate nonspecific binding sites of the mod-
ified electrode. Ultimately, the electrode (BSA/MPO/Au@MoS,/GCE)
was rinsed with 0.01 M PBS (pH 7.4) for further use.

2.8. ECL detection of anti-MPO

Different concentrations of anti-MPO (standard solutions or serum
samples) were incubated with the prepared immunosensor (BSA/MPO/
Au@MoS,/GCE) at room temperature for 1h. Subsequently, the mod-
ified electrode was further incubated with 10 uL as-prepared anti-Ab/
To/PtCo@rGO bioconjugates at 37 °C for 1h. Next, the DNA hairpins
mixtures (H; and H,) were dropped onto the surface of the modified
electrode at 37 °C for 90 min. Then, 10 pL Dox-ABEI complex was added
into the above modified electrode and reacted at room temperature for
4h to adequately intercalate into dsDNA (formed by HCR). After each
step, the modified electrode surface was washed thoroughly with
0.01 M PBS (pH 7.4) to eliminate unbound substance. Finally, the ECL
measurement was carried out under potential scanning from 0 to
0.8 Vat a scan rate of 0.1 V/s in 4 mL 0.01 M air-saturated PBS (pH 7.4)
containing 3 mM H>0,, and the photomultiplier tube voltage was set at
800 V.

3. Results and discussion
3.1. Characterization of PtCo@rGO hybrids

The morphology, size and elemental composition of the as-synthe-
sized nanomaterials were characterized by high-resolution transmission
electron microscopy (HRTEM), scanning electron microscope (SEM)
and STEM-EDS elemental mapping. As HRTEM results shown in Fig. 1A,
well-dispersed and uniform-sized PtCo nanocubes with an average
apex-to-apex diameter of 39.7 * 3.3nm (Fig. 1A, inset) were dis-
tributed on the surface of rGO. Moreover, Fig. 1B illustrated a clear
structure of PtCo nanocube. Additionally, the SEM results of GO, PVP-
functionalized GO and PtCo@rGO hybrids were displayed in Fig. S2.
Comparing to the wrinkled thin paper-like GO (Fig. S2A), PVP-func-
tionalized GO were even more wrinkled (Fig. S2B). When PtCo nano-
cubes were in situ synthesized on the surface of rGO, the SEM image
demonstrated well-dispersed and uniform-sized PtCo nanocubes with a
grain diameter of 40 nm on the surface of rGO (Fig. S2C). The SEM
results were consistent with the HRTEM results.

To confirm the chemical compositions of PtCo@rGO hybrids, STEM-
EDS elemental mapping analysis was performed. As shown in Fig. 1C-G,
the Pt and Co element were evenly distributed onto the entire nanocube
structure, indicating that the PtCo alloys on the rGO were synthesized
successfully. EDS elemental analysis was also performed. As shown in
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Fig. S2D, the appearance of the Pt and Co element peaks indicated that
the PtCo alloys on the rGO were synthesized successfully.

UV-vis absorption spectroscopy was employed to further investigate
the as-synthesized PtCo@rGO hybrids. As shown in Fig. S3B, when GO
was functionalized by PVP, the absorption peak of GO shifted from
228 nm to 218 nm (curve a vs curve b). The peak shift would mean that
there was an interaction between PVP and GO due to the abundant
C-0, C=0 and O-H functional groups and the high surface area of GO
(Qin et al., 2016). Additionally, typical UV-vis spectrum of PtCo@rGO
hybrids displayed an absorption shoulder at 267 nm, indicating that GO
was reduced and the electronic conjugation within the graphene was
restored (Wang et al., 2015). Moreover, Raman spectroscopy was also
used to characterize the as-synthesized PtCo@rGO hybrids and the re-
sults were exhibited in Fig. S3C.

3.2. Characterization of MoS, and Au@MoS, nanosheets

The SEM was employed to characterize the as-prepared Au@MoS,
nanosheets. Fig. 2A showed SEM image of MoS, nanosheets, which
exhibited a typical layer-like structure with diameter of ~500nm.
When Au nanoparticles (AuNPs) were in situ reduced on the surface of
MoS, nanosheets, it could be seen that AuNPs with the diameter of
~10nm were evenly dispersed on the surface of MoS, nanosheets
(Fig. 2B). TEM was also used to characterize MoS, and Au@MoS, na-
nosheets in Fig. 2C and D. It could be seen that the Au nanoparticles
with an average diameter of 8.1 = 0.7 nm (Fig. 2D, inset) were dis-
tributed on the surface of MoS, nanosheets. These results were con-
sistent with SEM results.

Besides, UV-vis absorption spectroscopy was also used to char-
acterize MoS, and Au@MoS, nanosheets (Fig. S3D). MoS, nanosheets
showed two absorption peaks at wavelengths of 233 nm and 284 nm,
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Fig. 1. Structural and compositional analyses of the
PtCo/rGO nanocubes. (A) TEM and size-distribution
histogram of PtCo/rGO nanocubes. Scale bar is 2
00 nm; (B) HRTEM of PtCo/rGO nanocubes. Scale
bar is 5nm; (C) The high-angle annular dark-field
(HAADF)-STEM image of PtCo/rGO nanocubes.
Scale bar is 100 nm. (D-G) STEM-EDS elemental
mapping of PtCo/rGO nanocubes. Scale bar is
100 nm.

which was consistent with the reported works (Liu et al., 2014). When
the AuNPs were in situ reduced onto the surface of MoS, nanosheets, a
characteristic absorption peak of AuNPs at 525 nm was present, which
could be assigned to the surface plasmon resonance peak of AuNPs
(Devi et al., 2018; Su et al., 2014). Thus, the results from UV-vis spectra
further confirmed that the AuNPs were successfully prepared over MoS,
nanosheets.

3.3. Gel electrophoresis characterization of HCR

The HCR were analyzed by Gel electrophoresis (12% native poly-
acrylamide gel electrophoresis) in running buffer (TBE, 89 mM Tris,
89 mM boric acid, 2mM EDTA) for 60 minat 100 V constant voltages
(Sun et al., 2019). As shown in Fig. 3A, the DNA ladder marker, trigger
(To), hairpin probe 1 (H;), hairpin probe 2 (H,), To+H;, H; + H,, and
To+H; +H, displayed different bright bands in gel electrophoresis,
respectively. As expected, Ty, H; and H, showed a single band, as in-
dicated in lane 1, lane 2 and lane 3, respectively. When H; was in-
cubated with trigger Ty, we could clearly observe a new downstream
band in lane 4 except bands for Ty and H;. This demonstrated that T,
initiated the cross-opening of H; to form dsDNA. However, a new band
was absent as shown in lane 5 when H; and H, were incubated to-
gether. It could be concluded that two species of H; and H, could co-
exist metastably in the absence of trigger To. As expected, ladder bands
appeared in lane 6 when T, was added into the mixture of H; and Ha.
This was attributed that Ty opened H;, and then the newly exposed
domain of H; acted as another initiator to interact with the sticky end of
H,. Finally, nicked dsDNA products were obtained by the cross-opening
of H; and H, until the supply of H; or H, was exhausted (Bi et al.,
2017).
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Fig. 2. SEM images of (A) MoS, and (B) Au@MoS, nanosheets. TEM images of (C) MoS, and (D) Au@MoS, nanosheets.

3.4. Comparison of the ECL responses with different nanoparticles

In order to explore the superiority of PtCo@rGO hybrids towards
the ABEI-H,O, ECL system, the analytical performance of different
nanoparticles including Pt@rGO, PtCo and PtCo@rGO hybrids had
been compared in the whole of ECL immunosensor system. Specifically,
the developed immunosensors (BSA/MPO/Au@MoS,/GCE) were suc-
cessively incubated with 1 ng/mL of anti-MPO, three different nano-
materials, the DNA hairpins mixtures and Dox-ABEI. As the results
shown in Fig. 3B, a high ECL signal about 6684 a.u was observed from
the Pt@rGO-based ECL immunosensor (curve a). However, a relatively
low ECL signal about 5123 a.u. was observed from PtCo-based ECL
immunosensor (curve b). As expected, a highest ECL signal about 9099
a.u. was obtained from the PtCo@rGO-based ECL immunosensor (curve
c), which was higher than that of Pt@rGO and PtCo-incubated ECL
immunosensors. These results showed that the bimetallic PtCo NPs had
higher catalytic activity than that of monometallic Pt NPs and rGO had
large specific surface area to support massive PtCo NPs. As discussed
above, PtCo@rGO hybrids had excellent electrocatalytic activity to-
wards ABEI-H,0, ECL system for signal amplification. Moreover, lo-
calized surface plasmon resonance (LSPR) of PtCo@rGO hybrids

towards ABEI-H,0, system was also studied by numerical calculation of
Maxwell's equations (Fig. S5).

3.5. Electrochemical characterization of the ECL immunosensor

Electrochemical impedance spectroscopy (EIS) was performed to
monitor the impedance changes of during the fabrication process of
electrodes. These electrodes were evaluated by EIS in 0.01 M PBS (pH
7.4) containing 5 mM K3[Fe(CN)g], 5mM K4[Fe(CN)g] and 0.1 M KCL
The electron-transfer resistance was exhibited by the diameter of
semicircle. When the electron transfer was accelerated, a smaller
semicircle diameter was achieved (Chen et al., 2010). As shown in
Fig. 4A, when Au@MoS, nanosheets were modified onto the surface of
GCE, a smaller semicircle diameter was observed compared with bare
GCE (curve a via curve b), attributing to the excellent electro-
conductivity of Au@MoS, nanosheets. Nevertheless, when the MPO
(curve c) and BSA (curve d) were sequentially assembled onto the Au@
MoS,-modified GCE, the semicircle diameters successively increased.
After the modified electrode incubated with target anti-MPO, the
electron transfer was further limited (curve e). These results were at-
tributed that the biomolecules restricted the electron transfer.

Fig. 3. (A) Gel electrophoresis characterization of
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HCR process. Lane M: 20 bp DNA ladder marker;
lane 1: 1 uM Ty; lane 2: 1 uM H;; lane 3: 1 uM Ha;
lane 4: 1uM Ty +1 uM Hy; lane 5: 1yM H; +1 uM
Ho; lane 6: 0.5uM To+1 pM H; +1 uM H,. (B) ECL
responses of Pt@rGO (a), PtCo (b) and PtCo@rGO
hybrids (c) incubated with 1 ng/mL of anti-MPO in
4mL 0.01 M PBS (pH 7.4) containing 5.0 mM H,0,
with a potential from 0 to 0.8 Vat a scan rate of
0.1V/s.
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Fig. 4. (A) EIS and (B) CV curves of bare GCE (a),

Au@MoS,/GCE (b), MPO/Au@MoS,/GCE (c), BSA/
MPO/Au@MoS,/GCE (d), anti-MPO/BSA/MPO/
Au@MoS,/GCE (e), respectively, in 0.01 M PBS (pH
7.4) containing 5mM K;3[Fe(CN)e], 5SmM Kyu[Fe
(CN)¢] and 0.1 M KCl. EIS measurements were car-
ried out with a frequency range of 0.1-100 kHz and
amplitude of 50mV. The CV experiments were
scanned from —0.2-0.6 V vs Ag/AgCl reference at a
scan rate of 0.1 V/s.
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On the other hand, the cyclic voltammetry (CV) as another effective
tool was adopted to characterize the fabricated electrodes. Fig. 4B
displayed the CV curves of various modified electrodes in the same
electrolyte of EIS. A pair of redox was observed due to the oxidation and
reduction of Fe(CN)s*~/%". As curve a and curve b shown in Fig. 4B, the
peak current increased compared with bare GCE when Au@MoS, was
modified on the electrode. Subsequently, the peak current successively
decreased after MPO and BSA were immobilized on the modified
electrode, separately (curve c and curve d). As expected, the peak
current further decreased with the binding between MPO and anti-MPO
(curve e). These CV results were well-consistent with that of EIS, in-
dicating that the ECL immunosensor was successfully constructed.

3.6. Optimization of the reaction conditions

In order to obtain the optimal performance of the ECL im-
munosensor, we optimized several vital conditions, including the di-
lution ratio of PtCo/rGO hybrids, the reaction time of Dox-AEBI, the
incubation time of anti-MPO and the concentration of H,0,, respec-
tively. Fig. S7A showed the influence of the dilution ratio of PtCo/rGO
hybrids on the ECL responses of the biosensor. It could be seen that the
ECL intensity gradually increased with the dilution ratio of PtCo/rGO
hybrids until the ECL intensity reached maximum value at 5 times di-
lution. Thus, 5 times dilution of PtCo/rGO hybrids was chosen as the
optimum reaction condition in this study. Fig. S7B illustrated the effect
of Dox-AEBI reaction time on the ECL responses of the biosensor. When
reaction time increased, more Dox-AEBI molecules could be inter-
calated into dsDNA until the ECL intensity gave rise to a roughly flat
plateau in 240 min. Therefore, 240 min was chosen as the optimum
reaction time in this study. Besides, the incubation time of anti-MPO
was also investigated to evaluate the performance of the ECL im-
munosensor. As displayed in Fig. S7C, the ECL intensity gradually in-
creased with incubation time until the ECL intensity reached to sa-
turation in 60 min. Therefore, 60 min was chosen as the optimum
incubation time of anti-MPO in this study. Finally, the concentration of
H,0, was also optimized. As shown in Fig. S7D, the ECL intensity was
enhanced when the H,0, concentration was increased from 0.05 to
8 mM. When the H,0, concentration reached 3 mM, the ECL intensity
had no obvious change. Thus, the optimal concentration of H,O5 was
3mM.

3.7. Analytical performance of the ECL immunosensor

For the purpose of quantitative analysis, the amounts of anti-MPO in
solution were determined by the ECL immunosensor under the optimal
conditions. Concretely, the developed ECL immunosensor was in-
cubated with different concentrations of anti-MPO. As shown in Fig. 5A,
ECL intensities progressively increased with anti-MPO concentrations in
the range of 0.05-1000 pg/mL. And the ECL intensity was plotted as
function of 1g C,ntimpo illustrated in Fig. 5B. The fitted linear equation
was I = 4196.80 + 1850.36 1g Canti-mpro (R? = 0.9950) with a detection
limit (LOD) of 15.68 fg/mL. This proposed ECL immunosensor for anti-
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MPO detection exhibited excellent analytical performance, which was
not only the high electrocatalytic activity and LSPR of PtCo@rGO to-
wards ABEI-H,0, system but also the large immobilization of lumino-
phore ABEI by the HCR amplification strategy.

To verify the specificity, cross-reactivity studies of the ECL im-
munosensor was tested against BSA, AFP, VEGF, PSA and the mixture
containing anti-MPO (Fig. 5C). Under the optimal conditions, 1 pg/mL
anti-MPO and other interfering proteins were incubated with the ECL
immunosensor, respectively. Compared to the interfering proteins, anti-
MPO showed very high response to the ECL immunosensor. These re-
sults indicated that the designed ECL immunosensor had a good spe-
cificity.

Moreover, the stability of the ECL immunosensor was another key
parameter. The anti-MPO at 1000 pg/mL with 10 consecutive cycles
was measured to evaluate the stability of immunosensor. As displayed
in Fig. 5D, the relative standard deviation (RSD) value was as low as
3.7%, exhibiting an acceptable stability. Additionally, long-term stabi-
lity of ECL immunosensor for anti-MPO detection was evaluated by
storing BSA/MPO/Au@MoS, electrodes at 4 °C (0, 1, 2, 4, 6, 8 and 10
days) and then successively incubating with anti-MPO (1000 pg/mL),
anti-Ab/T,/PtCo@rGO bioconjugates, DNA hairpins mixtures and Dox-
ABEIL As shown in Fig. S8, the ECL intensity reduced gradually and
retained 90.71% of its initial intensity after 10 days, suggesting that the
long-term stability of ECL immunosensor was acceptable.

3.8. Detection of anti-MPO in real samples

Recovery experiments were executed for clinical serum samples to
further evaluate the applicability of the ECL immunosensor. Different
concentrations of anti-MPO were added in normal human serum (50%
diluted by PBS solution). The concentrations of anti-MPO in human
serum could be accurately determined by fitted linear equation in
Fig. 5B. As displayed in Table 1, the recoveries were obtained from
94.0% to 105.4% with the RSD of 0.5%-2.1% (n = 3), indicating that
the designed ECL immunosensor had a great potential application for
anti-MPO detection in clinical analysis.

4. Conclusion

In summary, a highly sensitive enzyme-free ECL immunoassay for
determination of anti-MPO has been successfully constructed based on
the dual amplification strategies of PtCo@rGO and HCR. Significantly,
the prepared PtCo@rGO not only exhibited high catalytic capacity to-
wards ABEI-H,0, ECL system to amplify ECL signal, but also employed
as excellent nanocarriers for secondary antibody and ECL luminophores
to construct an efficient signal label. Besides, HCR-based non-enzymatic
isothermal amplification strategy was designed to effectively im-
mobilize the massive ABEI for ECL signal amplification. On the basis of
PtCo@rGO and HCR, the developed ECL immunoassay for anti-MPO
detection showed prominent sensitivity with LOD down to 15.68 fg/mL,
which provided a promising multifunctional platform for clinical di-
agnosis of ANCA-associated vasculitis or biomarkers (e.g., proteins,
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Fig. 5. (A) ECL intensity of the proposed im-
10k{ A 1k{ B munosensor with 0.05, 0.1, 1.0, 10, 100, 500 and
=. g =. 1000 pg/mL of anti-MPO. (B) Calibration plot of the
& 8k & 8k ECL intensities vs. the logarithm of anti-MPO con-
b g %
B’ 6k 4 5’ centrations. (C) The cross-reactivity of the ECL im-
] = 6k munosensor against other interfering proteins:
S 4k ] i 50 pg/mL BSA, 20pg/mL AFP, 10pg/mL VEGF,
= a = i 30 pg/mL PSA and their mixture (50 pg/mL BSA,
: 2Kk - 5 i | I'=4196.80 + 1850.36 Ig Cuutivro 20 pg/mL AFP, 10 pg/mL VEGF, 30 pg/mL PSA and
Q Q T ap— 1 pg/mL anti-MPO). (D) Stability of the proposed
=S =] p e ECL immunosensor incubated with 1000 pg/mL
0 2 4 6 8 10 ) 1 '2 3 4  anti-MPO. Inset: ECL experiments conditions were
. -1 conducted in 4mL 0.01 M PBS (pH 7.4) containing
Tim Ig (C,.imro/ Pg mL
els g ( miro P8 ) 3.0 mM H,0, with a potential from 0 to 0.8 Vat a
D scan rate of 0.1 V/s.
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Table 1 Appendix A. Supplementary data

Determination of anti-MPO in normal serum samples by the designed ECL in-
mmunosensor.

Standard solution ECL intensity ~ Calculated (fg/ Recovery (%) RSD (%)
(fg/mL) (a.u.) mL)

30.0 1421.0 31.6 105.4 1.5
120.0 2463.7 115.7 96.4 1.9
250.0 3072.7 246.9 98.8 1.3

5.00 x 10° 5440.3 4.70 x 10° 94.0 0.5

peptides, biomolecules).
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