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A B S T R A C T   

Background: Recently, the Coronavirus Disease 2019 (COVID-19) caused by SARS-CoV-2 infection has spread 
rapidly around the world, becoming a new global pandemic disease. Nucleic acid detection is the primary 
method for clinical diagnosis of SARS-CoV-2 infection, with the addition of antibody and antigen detection. 
Nucleocapsid protein (NP) is a kind of conservative structural protein with abundant expression during SARS- 
CoV-2 infection, which makes it an ideal target for immunoassay. 
Methods: The coding sequence for SARS-CoV-2-NP was obtained by chemical synthesis, and then inserted into 
pET28a(+). The soluble recombinant NP (rNP) with an estimated molecular weight of 49.4 kDa was expressed in 
E. coli cells after IPTG induction. Six-week-old BALB/c mice were immunized with rNP, and then their spleen 
cells were fused with SP2/0 cells, to develop hybridoma cell lines that stably secreted monoclonal antibodies 
(mAbs) against NP. The mAbs were preliminarily evaluated by enzyme-linked immunosorbent assay (ELISA), and 
then used to develop a magnetic particle-based chemiluminescence enzyme immunoassay (CLEIA) for mea
surement of SARS-CoV-2-NP. 
Results: mAb 15B1 and mAb 18G10 were selected as capture and detection antibody respectively to develop 
CLEIA, due to the highest sensitivity for rNP detection. The proposed CLEIA presented a good linearity for rNP 
detection at a working range from 0.1 to 160 μg/L, with a precision coefficient of variance below 10 %. 
Conclusion: The newly developed mAbs and CLEIA can serve as potential diagnostic tools for clinical measure
ment of SARS-CoV-2-NP.   

1. Introduction 

Although most common cold infections caused by coronaviruses 
don’t have significant clinical sequelae, several recently identified 
human coronaviruses have posed serious threats to public health, 
including severe acute respiratory syndrome-CoV (SARS-CoV), Middle 
East respiratory syndrome-CoV (MERS-CoV) and SARS-CoV-2. SARS- 
CoV-2 was the cause of the current COVID-19 pandemic, with a major 
clinical feature of pneumonitis (Li et al., 2020; Zhu et al., 2020). Ac
cording to the collected data from World Health Organization, more 
than 326 million cases of COVID-19 have been confirmed and over 5.5 
million people died from the disease until January 2022. 

SARS-CoV-2 was mainly transmitted by droplet, mucosa contact and 

aerosol transmission routes (Huang et al., 2020; Chen et al., 2020), but 
studies found the virus could also be detected in non-respiratory speci
mens from COVID-19 patients, such as feces and urine (Wang et al., 
2020). Its genome is closely related to a bat coronavirus (Zhou et al., 
2020). Although it shares a close evolutionary relationship with 
SARS-CoV (Lu et al., 2020), the receptor-binding domain of SARS-CoV-2 
presented a stronger binding affinity with human ACE2 receptor (Wrapp 
et al., 2020), which might account for its characteristics of being highly 
contagious. 

Similar to other beta-coronavirus, the virion of SARS-CoV-2 pos
sesses a nucleocapsid composed of genomic RNA and phosphorylated 
nucleocapsid protein. The genome size of virus is about 29.9 kb and 
encodes four major structural proteins, including the spike (S), 
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membrane (M), envelope (E) and nucleocapsid (N) proteins (Jin et al., 
2020). The clinical diagnosis for SARS-CoV-2 infection is primarily 
based on detection of viral nucleic acid by the method of real-time 
RT-PCR, and serological antibody tests (Wölfel et al., 2020). 

Several studies found that about 2 weeks after the virus infection, the 
conversion of serum specific antibody against N and S protein was 
observed in most people (Guo et al., 2020; Xiang et al., 2020). While in 
the first week of onset of the disease with high viral loads, the antigen 
detection in clinical samples presents higher sensitivity than serum 
antibody detection, which would be beneficial for the rapid diagnosis of 
SARS-CoV-2 infection (Paules et al., 2020; Li and Li, 2021). N protein 
(NP) only has a molecular weight of about 40 kDa and is abundantly 
expressed during viral infection, which makes it an ideal target for an
tigen detection. In a preliminary clinical study, with Ct value 40 as the 
cutoff of nucleic acid test, the sensitivity, specificity and percentage 
agreement of a fluorescence immunochromatographic (FIC) assay for 
NP detection was about 75 %, 100 % and 80 % respectively (Diao et al., 
2021). The current immunoassays for NP had a high positive predictive 
value for SARS-CoV-2 infection. However, compared with the nucleic 
acid tests, the rapid antigen detection tests still lacks sensitivity, which 
would lead to an increased risk of false-negative results (Vandenberg 
et al., 2021; Scohy et al., 2020). The present study aimed to develop a 
magnetic particle-based chemiluminescence enzyme immunoassay 
(CLEIA) with high sensitivity and specificity for the measurement of 
SARS-CoV-2-NP. 

2. Materials and methods 

2.1. Materials 

The expression plasmid (pET-28a), Escherichia coli cells (BL21) and 
myeloma cell line (SP2/0) were preserved in our lab. RPMI 1640 me
dium, penicillin- streptomycin was purchased from Gibco. Fetal bovine 
serum (FBS) was purchased from ExCell. Hypoxanthine and Thymidine 
medium (HT), hypoxanthine- aminopterin-thymidine medium (HAT), 
polyethylene glycol (PEG), complete and incomplete Freund’s adjuvant 
were purchased from Sigma-Aldrich. Ni-NTA Sefinose Resin and Protein 
A/G Prepacked chromatographic column, ammonium sulfate, BCA 
protein assay kit and TMB Chromogenic Reagent kit were purchased 
from Sangon Biotech. Horseradish peroxidases (HRP), alkaline phos
phatase (AP), Dynabeads™ M-280, EDC and Sulfo-NHS were purchased 
from Thermo fisher. All chemicals used were of molecular biology grade 
or higher. 

2.2. Animals and ethics approval 

Six to eight-week-old BALB/c mice were purchased from Hunan SJA 
laboratory animal company. The manipulation of animals was approved 
by Ethics Committee Board of Hunan Normal University, and performed 
according to the guidelines in accordance with National Institutes of 
Health guide for the care and use of Laboratory animals (NIH Publica
tions No. 8023, revised 1978). 

2.3. Expression and purification of recombinant NP 

Based on the gene information published in GenBank (Gene ID: 
43740575), the full-length coding sequence for SARS-CoV-2 nucleo
capsid protein was chemically synthesized with endonuclease digestion 
sites of EcoR I and Xho I at two terminals. The recombinant plasmid 
pET28a(+)-SARS-CoV-2-NP was transformed into Escherichia coli strain 
BL21, and recombinant his-tag fusion NP was expressed after induction 
with 1 mmol/L isopropyl-β-D-thiogalactoside (IPTG). The cell pellet was 
harvested and then lysed by sonication. The saturated ammonium sul
fate solution (pH 7.4) was slowly added into the supernatant of bacterial 
lysate, to get a concentration of 30 %. Stood at 4℃ for more than 2 h, 
and then centrifuged at 12,000 g for 10 min. The protein precipitates 

was collected and the leftover supernatant was further treated with 
saturated ammonium sulfate solution at the concentration of 40 % and 
50 % in succession. The collected protein samples were respectively 
dissolved in sterile Binding/Wash buffer (0.05 mol/L NaH2PO4, 0.3 
mol/L NaCl, pH 8.0), and identified by 12 % SDS-PAGE. 

The protein sample which contained most of recombinant NP was 
further purified by affinity chromatography. The protein sample was 
slowly added onto the prepared Ni-NTA resin column, and the outflow 
was collected. Then the resin was washed with two resin-bed volumes of 
Binding/Wash buffer, and the outflow was collected. His-tagged pro
teins were gradient eluted from the resin with two resin-bed volumes of 
Binding/Wash buffer containing imidazole with the concentration var
ied from 10 to 200 mmol/L. The outflow and gradient eluent solutions 
were identified by 12 % SDS-PAGE. The elute solutions which contained 
most of recombinant NP were collected and dialyzed with 10 times 
volume of phosphate buffer (pH 7.45) at 4 ◦C for 12 h. The purified 
recombinant NP was stored at -80℃ and its concentration was deter
mined by BCA kit. 

2.4. Preparation and purification of mAbs 

The recombinant NP (rNP) was used as antigen to immunize six- 
week-old BALB/c mice, with the dose of 100 μg per mice and an inter
val of 2 weeks. The titer of serum antibody to rNP in immunized mice 
was determined by indirect enzyme-linked immunosorbent assay 
(ELISA), and the mice were undertaken 4 rounds of subcutaneous im
munization and a final immunization via spleen. 3 days after the final 
immunization, the spleen cells of immunized mice were collected and 
fused with myeloma cell strain SP2/0 using PEG. The cells were cultured 
in RPMI-1640 medium supplemented with HAT and 20 % FBS for a 
week, and then cultured in RPMI-1640 medium supplemented with HT 
and 10 % FBS. The hybridoma cell colonies which secrete antibodies 
against NP were identified by indirect ELISA. After four rounds of sub
cloning by limiting dilution, several hybridoma cell lines that stably 
secreted anti-NP mAbs were obtained and stored in liquid nitrogen. 

Eight-week-old BALB/c mice mouse was primed by intraperitoneally 
injection with 0.5 mL of mineral oil a week before, and then inoculated 
with 1 × 106 hybridoma cells to generate mAbs. 8–10 days later, ascites 
fluid was collected by abdominal paracentesis, and then immediately 
centrifuged at 3000 g for 10 min to collect the supernatant containing 
antibodies. The antibody solution was purified through the treatment of 
4% caprylic acid precipitation, 50 % saturated ammonium sulfate pre
cipitation and Protein A/G affinity chromatography in succession. The 
antibody solution was further dialyzed with phosphate buffer (pH 7.45) 
at 4 ◦C for 12 h. The purified antibody solution was stored at − 20 ◦C and 
its concentration was determined by BCA kit. 

2.5. Western blot 

The sample of rNP was separated by sodium dodecyl sulfate poly- 
acrylamide gel electrophoresis and electrophoretically transferred to 
polyvinylidene fluoride membrane. After blocking, the membranes were 
incubated with the newly developed mAb against NP at a dilution of 
1:1000. After washing, the membranes were further incubated with 
HRP-conjugated second antibody at a dilution of 1:5000 (goat anti- 
mouse IgG, abs20001, Absin Bioscience Co. Ltd., China). The immune 
complexes were detected with ECL reagent (130231, Monad Biotech. 
Co. Ltd., China), and the chemiluminescence signal was imaged by 
Tanon 5500 system (Tanon Co. Ltd., Shanghai, China). 

2.6. Indirect enzyme-linked immunosorbent assay 

Each well of 96-well microplate was coated with 100 μL of 1 μg/mL 
purified rNP at 4 ◦C overnight, and then blocked with 200 μL of TBST 
buffer (0.2 mol/L Tris− HCl, 0.9 % NaCl, 0.05 % Tween-20, pH 7.4) 
containing 0.25 % casein at 37 ◦C for 2 h. The prepared microplate was 
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incubated with 100 μL of sample per well at 37 ◦C for 60 min, and then 
washed 3 times with TBST by an automatic plate washer. The plate was 
further incubated with 100 μL of diluted HRP-conjugated anti-mouse 
IgG antibody solution per well at 37℃ for 30 min, and washed 3 times 
with TBST. The enzymatic chromogenic reaction was performed with 
TMB Reagent kit according to the manufacturer’s instructions. The 
absorbance was recorded at 450 nm/630 nm by a microplate reader 
(Biotek Elx800). 

2.7. Double antibody sandwich enzyme-linked immunosorbent assay 
(DAS-ELISA) 

Each well of 96-well microplate was coated with 100 μL of 10 μg/mL 
capture mAb at 4 ◦C overnight, and then blocked with TBST buffer 
containing 0.25 % casein at 37 ◦C for 2 h. The prepared plates were store 
at 4 ◦C until needed. 5 mg of detection mAb was conjugated to activated 
horseradish peroxidase (HRP), and the antibody precipitate was dis
solved in 1 mL of 50 % glycerol and stored at − 20 ◦C. 

The capture antibody-coated microplate was incubated with 100 μL 
of sample per well at 37 ◦C for 60 min, and then washed 3 times with 
TBST buffer. The plate was further incubated with 100 μL of diluted 
HRP-conjugated detection antibody at 37℃ for 30 min, and then washed 
3 times with TBST buffer. The enzymatic chromogenic reaction was 
performed with substrate TMB, and the absorbance was recorded at 450 
nm/630 nm as mentioned in the part 2.6. 

2.8. Chemiluminescence enzyme immunoassay (CLEIA) 

The capture mAb was coupled with magnetic particles, usually 0.1 
mg antibody per 10 mg Dynabeads. The prepared beads-conjugated 
mAb was suspended with a desired buffer and stored at 2− 8 ◦C until 
needed. 0.1 mg of detection mAb was conjugated with alkaline phos
phatase (AP), and the antibody precipitate was dissolved in 0.25 mL of 
50 % glycerol and stored at − 20 ◦C. The purified rNP was used as 
calibration substance and its concentration was determined by BCA 
protein assay kit. The measurement of calibrators and samples was 
performed on RangeCL-1200i chemiluminescence immunoanalyzer 
(Yuan Jing Biotechnology Co. Ltd., Changsha, Hunan, China). 

20 μL of sample, 30 μL of magnetic particle-conjugated antibody (0.1 
or 0.2 mg/mL) and 50 μL of AP-labeled antibody (diluted as 1:1000 or 
higher) were added into reaction tube. The tube was incubated at 37 ◦C 
for 5 min, and then washed 3 times. 200 μL of chemiluminescence 
substrate solution (LOT 20180802, Yuan Jing Biotech.) was added into 
the tube, and the total relative luminous unit (RLU) was recorded in 10 s. 
Measurements of NP calibrators were all done in triplicates. Logistic 
four-parameter fitting was carried out by Zecen software from RangeCL 
immunoanalyzer, based on the concentration of rNP calibrators and the 
corresponding mean value of obtained RLU reads. The values of NP 
samples were calculated based on the calibration curve from same 
batch. 

2.9. Data analysis 

Calculation of mean values and standard deviation (SD), analysis of 
linear regression and correlation were all carried out by GraphPad 
PRISM 7 software. Individual values were plotted as scatter with lines 
showing the mean value and SD. Calibration curves of CLEIA were 
plotted by Zecen software from RangeCL immunoanalyzer. p ＜ 0.05 was 
considered statistically significant. 

3. Results 

3.1. The expression of recombinant SARS-CoV-2-NP 

The recombinant NP had an estimated molecular weight of 49.4 kDa, 
and was abundantly expressed in Escherichia coli strain BL21(DE3) with 

the induction of isopropyl-β-D-thiogalactoside (IPTG). As shown in 
Fig. 1, the target protein was mostly existed in the supernatant of bac
terial lysate, suggesting the rNP was expressed in a soluble pattern. After 
the treatment of 30 % saturated ammonium sulfate solution and Ni- 
chelating affinity chromatography, purified rNP was obtained for 
further use. 

3.2. Development of monoclonal antibodies against rNP 

Several cell lines that stably secrete monoclonal antibody (mAb) 
against SARS-CoV-2-NP were obtained by hybridoma technique. The 
immunoreactivity of developed mAbs to NP was confirmed by western 
blot, and as shown in Fig. 2a, the developed mAb could specifically 
recognize rNP and form an immune complex band at 50 kDa. 

The prepared mAb solution was adjusted to 1 mg/mL, and the 
antibody titer was determined by indirect ELISA. As illustrated in 
Fig. 2b, three developed mAbs (6D10, 15B1 and 18G10) which were all 
characterized as subtype of IgG1, presented a good sensitivity for rNP 
detection at the titer of 1:64000 or higher in indirect ELISA. As illus
trated in Fig. 2c, the three developed mAbs were further cross-paired to 
perform the measurement of rNP by DAS-ELISA. The mAb pair of 15B1/ 
18G10-HRP presented best sensitivity for rNP detection, and its detec
tion threshold in DAS-ELISA could reach as low as 1.0 μg/L. 

3.3. Analysis performance of CLEIA based on mAb pair of 15B1/18G10- 
AP 

Based on the detection effectiveness of the mAb pairs in DAS-ELISA, 
we selected mAb 15B1 as magnetic particles-conjugated antibody and 
mAb 18G10 as AP-labeled antibody to establish the proposed chem
iluminescence enzyme immunoassay (CLEIA) for rNP measurement. 

Limit of detection (LoD) was used to evaluate the analytical sensi
tivity of proposed assay. It usually requires the analyte signal to be three 
to ten times larger than the background signal, and it defines the point at 
which the analysis becomes possible. As illustrated in Fig. 3a, the 
measurement of blank control (rNP: 0 μg/L) was performed in twenty 
replicates, and then the mean and standard deviation (SD) of obtained 
RLU reads were calculated. The LoD was defined as the concentration 
converted from mean RLU plus three SD (n = 20) of blank control. The 
LoD of proposed CLEIA was calculated according to the calibration curve 
in the same batch, which was 0.1 μg/L. Then rNP was diluted to ten 
gradient concentrations ranged from 0.1 to 1 μg/L, and measured by 
proposed CLEIA. As illustrated in Fig. 3b, the RLU reads presented a 
good correlation with the rNP concentrations (r = 0.992, p < 0.0001), 
suggesting the proposed CLEIA had a good sensitivity for the measure
ment of NP at low concentrations. 

Dose-response is an important indicator for quantitative measure
ment. As illustrated in the Fig. 4, the proposed CLEIA showed a good 
linearity in the measurement of rNP ranged from 0 to 160 μg/L 
(R2>0.98, p<0.0001). 3 rNP samples with the concentration of 0.5, 1 
and 5 μg/L were respectively measured in ten replicates per day for three 
days. Coefficient of variations (CV) is defined as standard variation 
divided by the mean, and used to evaluate the precision of assay. As 
shown in Fig. 5, the precision CV for rNP measurement was below 10 %, 
indicating a satisfactory reproducibility of the proposed assay. 

4. Discussions 

In the case of COVID-19, testing capacity at the primary care level is 
a key step for the prevention of disease transmission. Though the nucleic 
acid detection is taken as a gold standard method for early screening and 
diagnosis of virus infection, there were many challenges for the devel
oping regions to implement the testing, including the lack of trained 
personnel, state-of-the-art equipment and the reagents. Development of 
highly sensitive and specific immunoassays with low costs would be 
beneficial for early clinical diagnosis of SARS-CoV-2 infection, 
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Fig. 1. The expression and purification of 
recombinant NP. (a) pET28a(+)-SARS-CoV-2- 
NP was transformed into E. coli cells, and the 
recombinant NP was expressed by the induction 
of IPTG. Lane M indicated the molecule weight 
marker. Lane 1 and Lane 2 respectively repre
sented the bacterial lysate without or with the 
induction of IPTG. Lane 3 and Lane 4 respec
tively represented the supernatant and sediment 
of IPTG-induced bacterial lysate after centrifu
gation. The supernatant of bacterial lysate was 
gradient treated with 30 %, 40 % and 50 % 
saturated ammonium sulfate in succession, 
while Lane 5, Lane 6 and Lane 7 respectively 
represented the protein precipitate samples by 
the treatment. (b) The protein precipitate sam
ple by the treatment of 30 % saturated ammo

nium sulfate was further purified by affinity chromatography. Lane M indicated the molecule weight marker. Lane 1 represented the protein sample prepared for 
chromatography. Lane 2 represented the outflow of protein sample through the chromatography column, while Lane 3 represented the subsequent outflow of 
washing buffer. Lane 4 to Lane 14 respectively represented the eluent of washing buffer containing 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 and 200 mM imidazole.   

Fig. 2. Evaluation of developed anti-NP 
monoclonal antibodies. (a) The immunoreac
tivity of developed mAb to SARS-CoV-2-NP was 
identified by western blot. Lane 1 represented 
the immune complex band of rNP and mAb 
18G10. (b) The titer of prepared mAbs was 
determined by indirect ELISA. (c) mAb 6D10, 
15B1 and 18G10 were cross-paired to compare 
the detection effectiveness of antibody pairs by 
DAS-ELISA. The recombinant NP was used as 
antigen sample and its concentration varied 
from 0 to 50 μg/L.   

Fig. 3. Sensitivity analysis of proposed 
CLEIA. Magnetic particles-conjugated mAb 
15B1 (0.1 mg/mL) and AP-labeled mAb 18G10 
(diluted as 1:1000) were used to establish the 
proposed CLEIA for SARS-CoV-2-NP measure
ment. (a) The RLU reads obtained in 20 tests of 
blank control (rNP concentration assigned as 
0 μg/L). (b) Ten gradient diluted rNP samples 
with the concentration varied from 0.1 to 1 μg/L 
were measured by proposed CLEIA. Linear 
regression was performed with the RLU reads 
and assigned rNP concentration.   
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especially in low-resource settings (Younes et al., 2020). 
A few Point-of-Care (POC) tests for rapid antigen detection were 

developed during the first global wave of COVID-19, but further opti
mization and clinical validation of these tests are still needed (Mak et al., 
2020; Dinnes et al., 2020). Compared with conventional immunochro
matographic assays, the newly developed CLEIA for SARS-CoV-2-NP had 
shown a better sensitivity and a wider linear detection range (between 
0.1 and 160 μg/L). Recently, a nanoenzyme linked immunochromato
graphic sensor was reported, with a LoD of 0.026 μg/L NP (Liang et al., 
2021). The LoD of proposed CLEIA in present study was about 0.1 μg/L, 
suggesting the sensitivity needs to be further improved. The mean RLU 
reads of blank control in our previous developed CLEIA for PCT mea
surement was not higher than 2000 (Liao et al., 2021). But in present 
study, the mean RLU reads of blank control was higher than 4000, 
suggesting the optimization of dilution buffer and antibody preparation 
is needed to further reduce the background signal. The analysis per
formance of developed mAbs and CLEIA also needs to be fully evaluated 
in clinical specimens and compared with other existing immunoassays 
and molecular diagnostic tools. 

Nowadays, with the introduction of vaccines, SARS-CoV-2 is likely to 

be recognized as one of respiratory pathogens routinely detected in 
clinic. Chemiluminescence immunoassay (CLIA) is a promising choice 
for antigen detection in clinical laboratory, which possessed the char
acteristics of fast, sensitive, automated and high-throughput quantita
tive detection. A recently developed CLIA for SARS-CoV-2 antigen test 
presented a sensitivity of 94 % and specificity of 100 % in samples with 
high viral load (corresponding Ct values ≤ 25 by RT-PCR) (Paul et al., 
2021). The performance of CLIA would not permit it to replace nuclear 
acid testing for SARS-CoV-2, but may enable rapid and efficient detec
tion of people with high viral load who are responsible for the infectious 
clusters (Salvagno et al., 2021; Basso et al., 2021; Krüttgen et al., 2021). 
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Fig. 4. Linearity analysis of proposed CLEIA. Several rNP samples ranged from 0 to 160 μg/L were measured by proposed CLEIA based on mAb pair of 15B1/ 
18G10-AP. Linear regression analysis was carried out based on the RLU reads and rNP concentrations. (a) rNP concentrations assigned as 0, 1, 2, 4, 8 and 16 
μg/L. (b) rNP concentrations assigned as 0, 5, 10, 20, 80 and 160 μg/L. 

Fig. 5. Precision analysis of proposed CLEIA. (a~c) Three rNP samples at the concentration of 0.5, 1 and 5 μg/L were measured by proposed CLEIA in ten times 
per day for 3 days. (d) The coefficient of variations was calculated based on daily RLU reads of each sample. 
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