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A B S T R A C T

Owing to the continuous mutations of the coronavirus, the sensitive and accurate detection of the SARS-CoV-2 
nucleocapsid protein is still necessary in clinical diagnosis. Aim to the challenge of sensitivity in chem
iluminescence (CL) imaging detection and the need for high-throughput clinical screening, this work used 
imidazole (Im) as an enhancer for hemin-DNA/luminol/H2O2 CL system to propose a CL imaging method for 
SARS-CoV-2 nucleocapsid protein detection. In this system Im could reduce the hemin-DNA catalyzed oxidation 
energy of luminol by H2O2 to promote the CL emission through the accelerated breaking of O-O bond of dia
nionic cyclic peroxide. The enhancement mechanism was demonstrated with theoretical calculations and several 
characterization techniques. By combining the proximity-induced initiator release with immunological recog
nition, an initiator-triggered DNA nanomachine was designed to achieve the release of abundant primers for 
activating hemin-DNA switch. This signal amplification strategy led to strong CL emission for highly sensitive 
imaging detection of the target. The Im-enhanced hemin-DNA/luminol/H2O2 CL imaging assay exhibited a linear 
detection range over 4 orders of magnitude with a detection limit down to 2.75 pg/mL for SARS-CoV-2 nucle
ocapsid protein, exhibiting promising potential of both Im sensitization and the proposed DNA nanomachine to 
improve the sensitivity of high-throughput CL biosensing for the early diagnosis and clinical screening of the 
coronavirus and other diseases.

1. Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
has been widely spread and its duration has been prolonged since 2019. 
Therefore, the controlling and reducing of the virus’s transmission re
mains a challenge due to the rapid mutation of SARS-CoV-2 (Davis et al., 
2023), and the detection of this virus remains crucial for early diagnosis 
of the disease and control of the epidemic. Although the real-time po
lymerase chain reaction provides the gold standard test for the virus 
gene, the requires of skilled operator, specialized laboratories and 
expensive equipment limit its application in underdeveloped areas (Diao 
et al., 2021; Shan et al., 2021). The immunoassay of SARS-CoV-2-related 
proteins provides a less expensive and easier way for the early patho
genic diagnose, and the serological analysis also improves the accurate 

diagnostic methods and helps epidemiologic studies (Anderson et al., 
2021; Kim et al., 2022). Among the four structural proteins of 
SARS-CoV-2, including spike protein, envelope protein, membrane 
protein and nucleocapsid protein (NP), the SARS-CoV-2 NP has a low 
frequency of mutations and high expression level in human blood (Li 
et al., 2020; Ogata et al., 2020), which has been used as a priority 
diagnostic biomarker for the early diagnosis.

Commonly used protein assays for SARS-CoV-2 NP in clinical prac
tice nowadays include the general enzyme-linked immunosorbent assay 
(ELISA) (Wang et al., 2023; L. Guo et al., 2020; Ferreira et al., 2023), 
lateral flow immunoassay (LFIA) (Perveen et al., 2023; Kilic et al., 2020; 
Sun et al., 2022) and chemiluminescence immunoassay (CLIA) (Zhang 
et al., 2021; Lyu et al., 2021; Xu et al., 2022). The ELISA provides reli
able detection results for protein target, but suffers from the multiple 
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time-consuming washing and incubation steps. LFIA achieves rapid 
detection of proteins, but it also has drawbacks of low sensitivity and 
poor qualitative ability. CLIA is gradually becoming the mainstream 
detection protocol for protein biomarkers due to the high sensitivity and 
cost-effectiveness of CL assays (Xiao and Xu, 2020; Shi et al., 2023; Shi 
et al., 2025). Especially, the homogeneous CLIA has advantages of 
simple operation process, short assay time, low-cost devices and direct 
detection of analytes with high sensitivity and wide detection range, 
which make it more popular in clinical analyses (Takkinen and 
Žvirblienė, 2019; Rani et al., 2023). Besides, CL signals can be captured 
in a large imaging area by a charge coupled device, which benefits the 
high-throughput analysis based on CL imaging detection and enables the 
point-of-care testing through the portable devices such as smartphone 
(Liu et al., 2021; Lai et al., 2019).

Homogeneous CLIA for protein biomarkers using G-quadruplex/ 
hemin has been developed (Zhang et al., 2021; Ao et al., 2023), but its 
flexibility is limited due to the inherent instability of hemin and the 
specific requirement of G4 sequences (Golnak et al., 2015; Alsharabasy 
et al., 2021). The hemin activity regulation method based on 
DNA-grafted hemin (hemin-DNA) provides a promising prospect for the 
construction of homogeneous CLIA. The activity regulation of hemin 
moiety can be achieved by DNA hybridization to separate hemin dimer 
at the ends of double strands into monomers, which recovers the activity 
of hemin (Wang et al., 2014, 2015). This DNA hybridization-induced 
activity regulation strategy for heme-DNA has been successfully 
applied in fluorescence (FL) assays and colorimetric assays, but the 
application of this strategy in chemiluminescence imaging assays is 
limited because of the relatively low catalytic activity of hemin moiety 
in luminol-based CL systems. Therefore, the development of hemin-DNA 
catalyzed luminol-based CL systems for the construction of homoge
neous CLIA is still necessary. In this work, an imidazole (Im) enhanced 
hemin-DNA/luminol/H2O2 CL system was proposed for CL imaging 
detection of SARS-CoV-2 NP through a proximity-activated DNA nano
machine (DNM) to induce hemin-DNA activity regulation (Scheme 1). 
After the target was recognized by a pair of affinity probes, this signal 
amplification strategy and Im-enhanced CL emission led to strong CL 
emission for highly sensitive imaging detection of the SARS-CoV-2 NP. 
The proposed CL assay achieved rapid and sensitive detection of 
SARS-CoV-2 NP with a detection limit of 2.75 pg/mL, exhibiting a 
promising prospect for the early diagnosis of SARS-CoV-2-related 
diseases.

2. Experimental

2.1. Materials and reagents

Luminol, p-iodophenol, naphthol, L-histidine, L-arginine, polyvinyl 
pyrrolidone, L-lysine homopolymer hydrobromide, chitosan, 1,2,4-tria
zole (Tz), pyrazole (Pz), DMSO-d6, K2HPO4, KH2PO4, tris(2- 
carboxyethyl) phosphine hydrochloride (TCEP) and 3-maleimidoben
zoic N-hydroxysuccinimide ester (MBS) were purchased from Sigma- 
Aldrich Co. (Shanghai, China). Imidazole (Im), 2-methylimidazole and 
imidazole-2-carboxaldehyde were bought from Aladdin Biochemical 
Technology Co., Ltd. (Shanghai, China). 4-Chlorothiophenol, 1,4- 
naphthalenedicarboxylic acid and tryptophan were purchased from 
InnoChem Science Technology Co. Ltd (Beijing, China). 1H-benzotria
zole (BZTA) was bought from Meryer Biochemical Technology Co., 
Ltd. (Shanghai, China). Carcinoembryonic antigen (CEA) and α-feto
protein (AFP) were purchased from Beijing Keybiotech Co. Ltd. (China). 
Aminoterminal pro-brain natriuretic peptides (NT-proBNP), recombi
nant SARS-CoV-2 nucleocapsid protein (SARS-CoV-2 NP), anti-SARS- 
CoV-2 NP antibodies (mouse monoclonal antibodies, clone Nos. 8B1 
and 9B3) were obtained from FANTIBODY (Chongqing, China). BCA 
protein kit was purchased from KeyGEN BioTECH Corp. Ltd (Jiangsu, 
China). Hemin labeled oligonucleotides were purchased from Takara 
Bio Inc. (Beijing, China). Other DNA oligonucleotides and Bovine serum 
albumin (BSA) were obtained from Sangon Biotechnology Co. Ltd. 
(Shanghai, China). UltraPowerTM DNA dye was purchased from Bio
Teke Biotechnology Co. (Beijing, China). The DNA sequences were listed 
in Table S1. Ultrapure water from a Millipore water purification system 
(Milli-Q, Millipore) was used for all experiments.

2.2. Apparatus

CL images were captured by BioSpectrum 615 Imaging System, and 
analyzed using VisionWorks image acquisition and analysis software 
(UVP, USA). CL kinetic curves were obtained using MPI-A multifunc
tional electrochemical and chemiluminescence analytical system with a 
flow injector (Xi’an Remex Analytical Instrument Co., Ltd. China). 
Fluorescence decay curve of luminol was collected by FLS980 Photo
luminescence Spectrometer (Edinburgh Instruments Ltd., UK). Fluores
cence spectra was collected on Hitachi F-7000 fluorescence 
spectrophotometer (Hitachi, Japan). The gel electrophoresis was 

Scheme 1. Schematic illustration of CL imaging assay of SARS-CoV-2 NP with proximity-activated DNA nanomachine (DNM) to induce hemin-DNA activ
ity regulation.
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performed on Mini-PROTEAN Tetra System (Bio-RAD, USA) and imaged 
on BioSpectrum 615 Imaging System.

2.3. Preparation of double strand hemin-DNA hybrid

Double strand hemin-DNA hybrids, hemin-D1/D2-hemin and hemin- 
D3/D4-hemin, were prepared by mixing hemin-D1 and hemin-D2 (or 
hemin-D3 and hemin-D4) at 1:1 ratio. After the mixture was annealed at 
95 ◦C for 5 min and cooled to room temperature, the double strand 
hemin-DNA hybrids hemin-D1/D2-hemin and hemin-D3/D4-hemin 
were obtained. The obtained products were diluted to 1 μM with PBS 
(pH 7.2, 10 mM) and stored at 4 ◦C for further use.

2.4. Preparation of DNM

After separately mixed block-1 with primer-1 and block-2 with 
primer-2 at a ratio of 1:1, the DNA hybrids C1 and C2 were obtained by 
annealing the mixtures at 95 ◦C for 5 min and then cooling to room 
temperature. Afterword, C1 (10 μL, 10 μM), C2 (10 μL, 10 μM), liner (10 
μL, 10 μM) and DNA skeleton (5 μL, 10 μM) were mixed for the assembly 
of DNM at 37 ◦C for 30 min. The obtained products of DNM were diluted 
to 1 μM with PBS (pH 7.2, 10 mM) and stored at 4 ◦C for further use.

2.5. Preparation of affinity probes

Affinity probes were synthesized using MBS as the linker. Briefly, 20 
μL of 2 mg/mL Ab1 (or Ab2) was firstly mixed with 40-fold molar excess 
of MBS in PBS (pH 7.2, 10 mM) with a total volume of 200 μL, and 
incubated at room temperature for 2h. Meanwhile, 10 μL of 100 μM P1 
(or P2) was mixed with 150-fold molar excess of TCEP in PBS (pH 5.5, 
10 mM) with a total volume of 200 μL, and incubated at room temper
ature for 2h. Afterward, the reaction product Ab1 (or Ab2) with MBS 
(Ab1-MBS or Ab2-MBS) was purified by ultrafiltration (30 kDa, 8000 
rpm, 5min for 8 times), and the reaction product of P1 (or P2) with TCEP 
was also purified by ultrafiltration (10 kDa, 12000 rpm, 10min for 5 

times). The obtained Ab1-MBS (or Ab2-MBS) complex was mixed with 
reduced P1 (or reduced P2) to incubate for 2 h at room temperature. The 
obtained affinity probe Ab1-P1 (or Ab2-P2) was purified by ultrafiltra
tion (50 kDa, 8000 rpm, 5min for 8 times). BCA protein assay kit was 
used to calibrate the concentrations of affinity probes. The obtained 
affinity probes were stored at − 20 ◦C for further use.

2.6. Calculations

The Gaussian 16 program was used for all calculations (Frisch et al., 
2016). The initial model of the reactants, intermediates, and final 
products in the luminol oxidization was optimized with B3LYP-D3 
functional and the 6-311G(d,p) basis set in water (McLean and Chan
dler, 1980; Lee et al., 1988; Grimme et al., 2010). The polarizable 
continuum model with SMD-coulomb atomic radii was used to find the 
most stable geometry of all intermediates and then search for related 
reactants in the transition state (Miertuš et al., 1981; Tomasi et al., 
2005). After the intrinsic reaction coordinate (IRC) analysis, the tran
sition state was followed by the TS method in two directions, which 
ensured the correlation of transition state to the correct reactants and 
products. Only the transition state had an imaginary frequency. Fre
quency analysis and IRC analysis were performed using the same basis 
set as the optimization.

2.7. Electrophoresis analysis

The loading samples were prepared by mixing 4 μL analyte with 1 μL 
UltraPowerTM DNA dye and 1 μL 6 × loading buffer for 5-min incuba
tion. 8 % native polyacrylamide gel was used for PAGE analysis. After 
loading all samples into the gel, the gel electrophoresis was performed at 
100 V for 60 min, and the DNA bands were visualized by BioSpectrum 
615 Imaging System.

Fig. 1. (A) CL intensity of 10 mM pH 7.2 PBS containing 0.4 mM luminol, 1 mM H2O2, and 20 nM hemin-D1 in absence (column 1) and presence of 4 mM p- 
iodophenol, naphthol, 4-chlorothiophenol, 1,4-naphthalenedicarboxylic acid, tryptophan, Im, 2-methylimidazole, imidazole-2-carboxaldehyde, histidine, arginine, 
polyvinyl pyrrolidone, lysine homopolymer hydrobromide and chitosan (columns 2 to 14). (B) 1H NMR spectra of Im, luminol and the mixture of luminol and Im in 
DMSO-d6. (C) CL kinetic curves of 10 mM pH 7.2 PBS containing 0.4 mM luminol, 1 mM H2O2 and 20 nM hemin-D1 in absence and presence of 4 mM Im. DFT 
calculations of (D) luminol oxidation process and (E) Im-enhanced luminol oxidation process. Error bars: mean ± SD, n = 3.
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2.8. CL response to initiator

1 μL initiator at different concentrations were mixed with DNM (2 
μL, 1 μM), hemin-D1/D2-hemin (1 μL, 1 μM), hemin-D3/D4-hemin (1 
μL, 1 μM) and PBS (5 μL, 10 mM, pH 7.2) to incubate for 20 min at 37 ◦C. 
Then 40 uL CL substrate containing 0.5 mM luminol, 5 mM Im and 1.25 
mM H2O2 was added to perform the CL measurements and collect CL 
signals with an exposure time of 30 s.

2.9. CL response to SARS-CoV-2 NP

1 μL SARS-CoV-2 NP samples with different concentrations were 
added into 9 μL solution containing affinity probes (2 μL, 1 μg/mL), 
iblock/initiator (1 μL, 2 μM), hemin-D1/D2-hemin (1 μL, 1 μM), hemin- 
D3/D4-hemin (1 μL, 1 μM), DNM (2 μL, 1 μM) and PBS (2 μL, 10 mM, pH 
7.2) to incubate for 30 min at 37 ◦C. Afterward, 40 uL CL substrate 
containing 0.5 mM luminol, 5 mM Im and 1.25 mM H2O2 was added to 
perform the CL measurements and collect CL images with an exposure 
time of 30 s.

3. Results and discussion

3.1. Imidazole enhanced hemin-DNA/luminol/H2O2 CL system

The hemin-DNA catalyzed luminol/H2O2 CL system was firstly 
evaluated with several commonly used small molecules as the enhancers 
(Fig. S1) (Liu et al., 2015; Li and Lillehoj, 2021). Only Im exhibited a 
significant CL enhancement (Fig. 1A), which indicated that Im could be 
used as an efficient CL enhancer of this system. It was interesting to 
notice that all negative charged small molecules (column 2 to 6) 
inhibited the CL signal of luminol/H2O2 CL system, but other electro
positive molecules also did not enhance the CL performance of lumi
nol/H2O2 CL system (column 8 to 14), which implied that the effect of 
Im to luminol/H2O2 CL system was not related to the electrostatic 

interaction. Im has been proved to be efficient organocatalyst to 
decrease the reaction energy of the nucleophilic reaction through the 
formation of two hydrogen bonds (Nguyen et al., 2014), thus the 
interaction between Im and luminol was evaluated. 1H NMR spectra of 
luminol showed downfield shift of the peak of H on the benzene ring of 
luminol in the presence of Im (Fig. 1B), which could be caused by the 
hydrogen bond-induced reduction of electron density (Min et al., 2012). 
The FL time-resolved decay curve of luminol showed the increased 
fluorescence lifetime in the presence of Im (Fig. S2), which indicated the 
decrease of molecular vibration due to the interaction of Im with 
luminol through hydrogen bonds (Q. X. Guo et al., 2020; Wang et al., 
2025). Furthermore, the CL lifetime of luminol/H2O2 system exhibited a 
slight decrease upon the addition of Im (Fig. 1C), which implied that Im 
might affect the stability of intermediates in the luminol oxidization 
process.

In the presence of Im, the HOMO-LUMO gap of luminol (L) was 
decreased from 2.39 eV to 2.27 eV (Fig. S3), indicating the high reac
tivity for luminol oxidation (Lai et al., 2019). DFT calculations were 
performed to demonstrate the Im-assisted luminol oxidation (Fig. 1D 
and E). After the reactive oxygen species (O2

− •) attacked the carbox
amide moiety of luminol, an endoperoxide intermediate (L-OO-) was 
produced and then experienced the elimination of N2 to produce un
stable dianionic cyclic peroxide (CP2− ) intermediate, which quickly 
generated CL emission by breaking the O-O bond to produce amino
phthalate dianion (AP2− ) (Giussani et al., 2019) (Fig. S4A). The acti
vation barrier for luminol oxidation with O2

− • was calculated to be 1.16 
eV (Fig. 1D). The process of Im-assisted luminol oxidation was shown in 
Fig. S4B, and the activation barrier for luminol oxidation in the presence 
of Im was decreased to 0.88 eV (Fig. 1E), revealing that Im could reduce 
the reaction energy of luminol, which was consistent with the molecular 
orbital calculations (Fig. S3). Besides, the activation energies to the 
excited state of AP2− in the absence and presence of Im were calculated 
to be 5.63 and 5.66 eV, respectively, implying that Im did not impact on 
the chemical exciting of AP2− . It was worth noting that the total energy 

Fig. 2. (A) CL intensity of 10 mM pH 7.2 PBS containing 0.4 mM luminol, 1 mM H2O2, 20 nM hemin-D1/D2-hemin without (background) and with (signal) 20 nM 
primer-1 in the absence (left) and presence (right) of 4 mM Im. (B–D) Effects of Im (B), H2O2 (C) and luminol (D) concentration on CL intensity of 10 mM pH 7.2 PBS 
containing Im (4 mM for C and D), H2O2 (1 mM for B and D), luminol (0.4 mM for B and C) and 20 nM hemin-D1/D2-hemin in absence or presence of 20 nM primer- 
1. Error bars: mean ± SD, n = 3.
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of CP2− can be convergence in the absence of Im (Fig. S5A), while CP2−

could quickly release the energy to produce AP2− in the presence of Im 
(Fig. S5B), indicating that Im enhanced the CL signal of luminol/H2O2 
CL system not only through the reduction of the activation barrier for 
luminol oxidation, but also assisting the breaking of O-O bond to 
generate CL emission. 1,2,4-Triazole (Tz) exhibited the similar CL 
enhancement effect for luminol/H2O2 CL system, while the benzo
triazole (BZTA) had a significant quenching effect on this CL system 
(Fig. S6).

3.2. Im assisted hemin-DNA enzyme activity switch

The effect of Im on the CL switch which was performed by hemin 
enzymatic activity regulation was further examined. The hemin-DNA 
dimer (hemin-D1/D2-hemin) exhibited negligible CL signal, and CL in
tensity increased in the presence of primer-1 (Fig. 2A, left), which was 
achieved by simple strand displacement reaction to generate hemin- 
DNA monomers. However, the CL intensity of the hemin-DNA mono
mer catalyzed luminol/H2O2 CL system was still insufficient for CL im
aging. Fortunately, the introduction of Im caused significantly CL 
enhancement (Fig. 2A, right), which enabled CL imaging detection.

At optimal pH of 7.2 for the hemin-DNA switch (Fig. S7), the con
centrations of Im, H2O2 and luminol for CL imaging were optimized. The 
maximum signal-to-noise ratio was observed at 2 mM Im (Fig. 2B), while 
the optimal concentrations of H2O2 and luminol were chosen to be 1 mM 
and 0.4 mM (Fig. 2C and D).

3.3. CL performance of DNM-based signal amplification

The DNM-based signal amplification strategy was designed for acti
vating the hemin-DNA switch (Ren et al., 2018; Zhang et al., 2020). The 
DNM was composed by C1 (primer1/block1) and C2 (primer2/block2) 
with a DNA skeleton (Fig. 3A), which provided a high local concentra
tion environment for C1 and C2. Upon the addition of the initiator, the 
bulge loop of C1 was opened through the hybridization of initiator with 
block1, and the primer1 was released due to the unstable hybridization 
between the terminal sequences on the C1 (Fig. S8). The exposed ter
minal sequence of block1 could hybridized with block2 to open the 
bulge loop of C2, which released primer2 to expose the terminal 

sequence of block2. The terminal sequence of block2 contained the same 
sequence with initiator, thus could triggered the cascade hybridization 
chain reaction in the DNA skeleton to release another primer1 and 
primer2 from C1 and C2 to release numerous primers, which turned on 
the hemin-DNA switch for catalyzing the CL emission reaction.

C1 could not separate the hemin-D1/D2-hemin dimer to generate CL 
signal, and the mixture of C1 and C2 also caused negligible change in CL 
signal (Fig. 3B). When DNM was mixed with hemin-D1/D2-hemin 
dimer, a slight increase of CL intensity was observed, which might be 
caused by the unavoidable DNA leakage. However, after the addition of 
a small amount of initiator into the DNM and hemin-D1/D2-hemin 
contained reaction solution, a significant CL signal could be obtained, 
indicating the successful construction of DNM-activated hemin-DNA 
switch. The initiator-induced cascade hybridization reaction was 
confirmed by PAGE analysis (Fig. S9). The bands of hemin-D1/D2- 
hemin dimer, hemin-D3/D4-hemin dimer, C1 and C2 did not change 
when they were mixed (lane 6). However, after the initiator was intro
duced into the mixture, obvious DNA assembly products with high 
molecule weight were observed (lane 7), implying the successful signal 
amplification based on the initiator triggered DNM.

The CL signal of DNM-activated hemin-DNA switch exhibited the 
time-dependent increase after the addition of initiator, and the signal-to- 
noise ratio reached the maximum at 20 min, which was use as the in
cubation time for DNM (Fig. 3C). With the increasing concentration of 
initiator, the CL signal increased, and the plot of the CL intensity versus 
the logarithm of the concentration of initiator showed good linearity 
from 0.1 pM to 1 nM (Fig. 3D), which guaranteed the feasibility of 
quantitative analysis for SARS-CoV-2 NP detection through DNM- 
activated hemin-DNA switch combined with proximity binding- 
induced initiator release.

3.4. CL imaging assay of SARS-CoV-2 NP

The proximity binding-induced initiator release was verified by 
fluorescence (FL) method. The hybridization of T-DNA with P1 and P2 
was used to simulate the recognition of target protein by a pair of affinity 
probes. After the hybridization of T-DNA with P1 and P2, the formed 
proximity-ligated oligonucleotide sequence could hybridize with the 
iblock’ from iblock’/initiator’ and release initiator’ (Fig. S10A). The FL 

Fig. 3. (A) Structural diagram of initiator-triggered DNM for activating hemin-DNA switch. (B) CL intensity of 10 mM pH 7.2 PBS containing 0.4 mM luminol, 1 mM 
H2O2, 4 mM Im, 20 nM hemin-D1/D2-hemin, 20 nM hemin-D3/D4-hemin and 80 nM C1 or the mixture of 80 nM C1 and C2, or 40 nM DNM, or the mixture of 40 nM 
DNM and 1 nM initiator. (C) Effect of incubation time on CL signal of initiator-triggered DNM at 1.0 nM initiator. (D) CL intensity of 10 mM pH 7.2 PBS containing 
0.4 mM luminol, 1 mM H2O2, 4 mM Im, 20 nM hemin-D1/D2-hemin, 20 nM hemin-D3/D4-hemin, 40 nM DNM and initiator at 0.1, 1.0, 10, 100 pM, 1.0 nM and 10 
nM and the corresponding calibration curve. Error bars: mean ± SD, n = 3.
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signal sharply decreased when initiator’ was hybridized with iblock’ due 
to the approach of FAM to BHQ (Fig. S10B). The P1, P2 and the mixture 
of P1 and P2 could not recover the FL signal. However, after the addition 
of T-DNA, the FL signal was significantly recovered, which proved the 
successful proximity binding-induced initiator release.

The CL imaging assay of SARS-CoV-2 NP was executive through a 
pair of affinity probes, which could specifically recognize the SARS-CoV- 
2 NP at the same time to form a new sequence, then the new sequence 
could hybridized with the iblock and released the initiator from iblock/ 
initiator for triggering the DNM to open the hemin-DNA switches. The 
affinity probes Ab1-P1 and Ab2-P2 was obtained by covalently binding 
of antibodies to probe DNA via MBS linker, which was confirmed by 
PAGE analysis (Fig. S11). The CL signal reached the maximum value 
under 20 min incubation (Fig. S12), which was selected as the optimal 
assay time for SARS-CoV-2 NP. The CL intensity increased with the 
increasing concentration of SARS-CoV-2 NP, which showed a good 
linear relationship with the logarithm of SARS-CoV-2 NP concentration 
ranging from 0.01 to 10 ng/mL (Fig. 4A). A Hook effect can be observed 
when the concentration of SARS-CoV-2 NP was higher than 10 ng/mL, 
which was commonly observed in homogeneous immunoassays. The 
detection limit of the proposed CL imaging assay was calculated to be 
2.75 pg/mL, which was higher than the molecular imprinting 
composite-based electrochemical assay (51.2 pg/mL) (Drobysh et al., 
2024), and much higher than the microfluidic immunosensor-based 
colorimetric assay (10 ng/mL) (Liu et al., 2021) and electrochemical 
assay (8.89 ng/mL) (Fukana et al., 2025), tyramide signal 
amplification-based fluorescence assay (48.9 ng/mL) (Huang et al., 
2025) for SARS-CoV-2 NP. The specificity of the proposed CL assay was 
also verified, and only the sample containing SARS-CoV-2 NP exhibited 
a distinctive CL signal (Fig. 4B), indicating the good selectivity of the 
proposed CL imaging assay.

3.5. Sample analysis

Recovery experiments were applied to evaluate the accuracy of the 
proposed CL assay for SARS-CoV-2 NP. Different concentrations of 
SARS-CoV-2 NP were spiked in human serum samples, and the recovery 
rate ranged from 89.18 % to 104.0 % (Table S2), which indicated the 
acceptable reliability of the proposed CL imaging assay.

4. Conclusion

An Im-enhanced hemin-DNA catalyzed luminol/H2O2 CL system has 
been proposed for highly sensitive immunoassay of protein target 
through forming the hydrogen bonds between Im and luminol to reduce 

the luminol oxidation energy barrier and accelerate the breaking of O-O 
bond of CP2− for producing strong CL emission, which leads to a ho
mogeneous CL imaging assay method for the detection of SARS-CoV-2 
NP. Upon the recognition of SARS-CoV-2 NP by a pair of affinity 
probes, the formed proximity-ligated sequence can trigger the release of 
initiator, which further activates the hybridization chain reaction on 
DNM to release numerous primers to separate inactive hemin dimer 
moiety into active hemin monomer moiety and then generate strong CL 
signal under the assistance of Im. The proposed signal amplification 
strategy and CL assay method possesses excellent performance, such as 
high sensitivity, short analytical time, acceptable reliability and high 
throughput of CL imaging technique, and the potential application in 
early diagnosis of SARS-CoV-2 NP disease.
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Fig. 4. (A) Calibration curve for SARS-CoV-2 NP CL imaging detection. (B) CL intensity of 10 mM pH 7.2 PBS containing 0.4 mM luminol, 1 mM H2O2, 4 mM Im, 20 
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AFP, NT-proBNP, BSA or SARS-CoV-2 NP. Error bars: mean ± SD, n = 3.
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