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Abstract

Objectives: The outbreak of severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has rapidly spread
globally. The laboratory diagnosis of SARS-CoV-2 infection
has relied on nucleic acid testing; however, it has some
limitations, such as low throughput and high rates of false
negatives. Tests of higher sensitivity are needed to effec-
tively identify infected patients.

Methods: This study has developed fully automated chemi-
luminescent immunoassays to determine IgM and IgG anti-
bodies to SARS-CoV-2 in human serum. The assay perfor-
mance has been evaluated at 10 hospitals. Clinical specificity
was evaluated by measuring 972 hospitalized patients and
586 donors of a normal population. Clinical sensitivity was
assessed on 513 confirmed cases of SARS-CoV-2 by RT-PCR.
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Results: The assays demonstrated satisfied assay preci-
sion with coefficient of variation of less than 4.45%. Inac-
tivation of specimen did not affect assay measurement.
SARS-CoV-2 IgM showed clinical specificity of 97.33 and
99.49% for hospitalized patients and the normal popula-
tion respectively, and SARS-CoV-2 IgG showed clinical
specificity of 97.43 and 99.15% respectively. SARS-CoV-2
IgM showed clinical sensitivity of 82.54, 92.93, and 84.62%
before 7 days, 7-14 days, and after 14 days respectively,
since onset of symptoms, and SARS-CoV-2 IgG showed
clinical sensitivity of 80.95, 97.98, and 99.15% respectively
at the same time points above.

Conclusions: We have developed fully automated immu-
noassays for detecting SARS-CoV-2 IgM and IgG antibodies
in human serum. The assays demonstrated high clinical
specificity and sensitivity, and add great value to nucleic
acid testing in fighting against the global pandemic of the
SARS-CoV-2 infection.
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Introduction

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) was initially identified in Wuhan, Hubei
province, China, in December 2019, causing an ongoing
outbreak of the novel coronavirus disease (COVID-19) [1,
2]. Although the epidemic in China has come under
control through strict containment precautions over the
two months, SARS-CoV-2 has rapidly spread to more
than 216 countries and regions [3]. SARS-CoV-2 belongs
to the same family of coronaviruses as severe acute
respiratory syndrome (SARS-CoV) and Middle East res-
piratory syndrome (MERS-CoV), however, its trans-
mission efficiency is much higher than SARS-CoV and
MERS-CoV, and there is no indication that transmission
will cease as the weather gets warmer. The World Health
Organization (WHO) has announced COVID-19 as a
global pandemic, and that there is a long battle ahead to
fight the virus [4].

At present, there is no effective medication to treat the
disease and it might take a year for a vaccine to be devel-
oped. The only way to control the outbreak of the virus is to
identify and quarantine the infected individuals. COVID-19
is characterized by symptoms similar to the common cold
such as fever, non-productive cough, fatigue, and featured
chest CT patterns that may also cause fatal complications,
as with severe acute respiratory syndrome [5, 6]. The etio-
logical diagnosis of SARS-CoV-2 infection relies on a
nucleic acid test with Real Time-PCR (RT-PCR) using
specimens collected via nasopharyngeal swab [7]. How-
ever, high numbers of false negatives have been found in
some laboratories, leading to a positive detection rate of
RT-PCR around 50% of suspected clinical and epidemio-
logical COVID-19 cases. Many factors can cause false neg-
atives, and the specimen collection via nasopharyngeal
swab could be the major challenge as the chance for the
virus to move to the upper respiratory tract is smaller via
non-productive cough. Degradation of the virus mRNA due
to specimen inactivation at 56 °C is another cause for false
negative result [8].

Detection of specific serum antibodies for SARS-CoV-2
could be an integrative tool to the gold standard of nucleic
acid test with RT-PCR by compensating for its false nega-
tive limitations in identifying SARS-CoV-2. It has been well
established that IgM antibodies are generated and released
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into blood soon after the viral infection, followed by IgG
antibodies, therefore the detection of the specific anti-
bodies in blood is a sensitive measurement for viral infec-
tion. It has been reported that the IgM antibodies can be
detected in the blood 7 days after disease onset, and begins
to decrease 10 days after disease onset, while IgG anti-
bodies can be detected 8-9 days after disease onset and
continues to increase rapidly thereafter [9, 10]. Commercial
and non-commercial serological tests are currently under
development.

Based on the sequence of SARS-CoV-2 nucleic acid, we
have constructed and expressed viral nucleocapsid protein
and spike protein. Using the purified recombinant antigen,
we developed chemiluminescent immunoassays (CLIA) to
determine the IgM and IgG antibodies to SARS-CoV-2 in
human serum or plasma, which is performed automatically
by an immunoassay analyzer. The performance of the as-
says has been evaluated at ten hospitals, demonstrating
high specificity and high sensitivity for SARS-CoV-2
detection. Being an effective way to compensate for the
false negative issue of RT-PCR, the fully automated
SARS-CoV-2 IgM and IgG immunoassays provided a
powerful means of laboratory diagnosis for fighting
against global spread of the virus.

Materials and methods

Preparation of recombinant proteins of SARS-CoV-2

Using pFastBacl vector, the plasmids were constructed by inserting
gene fragments for expressing the SARS-CoV-2 nucleocapsid protein
and spike protein based on the published SARS-CoV-2 nucleic acid
sequence on Genbank (MN908947.3). They were then transfected into
the insect cell Sf9 to express SARS-CoV-2 fusion proteins, which were
then purified by a combination of affinity chromatography and ion-
exchange chromatography. Screening and verification for the speci-
ficity and sensitivity of the recombinant SARS-CoV-2 proteins were
performed using SARS-CoV-2 IgM and IgG immunoassay system.

Development of automated CLIA for SARS-CoV-2 IgM and
IgG

Paramagnetic carboxylated-microparticles (purchased from Thermo
Scientific) were coated with the recombinant proteins of SARS-CoV-2
through cross-linking by N-ethyl-N’-(3-dimethylaminopropyl) carbo-
diimide (purchased from Thermo Scientific). Mouse monoclonal anti-
human IgM or IgG (purchased from Fapon Biotech) were conjugated
with NSP-DMAE-NHS (purchased from Maxchemtech), and the con-
jugated antibodies were then purified by gel filtration on a Sephadex
G-50 column. The calibrators were made from inactivated SARS-CoV-2
human serum with designated concentrations in arbitrary unit
(KAU/L). The pre-trigger and trigger solutions are composed of sodium
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hydroxide and hydrogen peroxide. All measuring procedures were
performed by the fully automated immune analyzer (manufactured by
Shenzhen YHLO Biotech). The correlation between the chemilumi-
nescent signal measured as relative light unit (RLU) and the concen-
tration of SARS-CoV-2IgM or IgG is shown in the dose-response curves
(Figure 1).

Principle of the assay

The SARS-CoV-2 IgM and IgG assays are two-step immunoassays for
the qualitative detection of SARS-CoV-2 IgM and IgG antibodies in
human serum and plasma, using direct chemiluminometric micro-
particle technology [11, 12]. The assays are performed on a fully
automated immunoassay analyzer (manufactured by YHLO Biotech).
In the first step, sample, recombinant SARS-Cov-2 antigen-coated
paramagnetic microparticles, and a sample treating agent are com-
bined. SARS-CoV-2 IgM or IgG antibodies present in the sample binds
to the SARS-CoV-2 antigens-coated microparticles. After washing,
acridinium-labeled anti-human IgM or IgG conjugate is added to form
areaction complex in the second step. Following another wash cycle,
Pre-trigger and trigger solutions are added to the reaction mixture. The
resulting chemiluminescent reaction is measured as RLUs. A direct
relationship exists between the amount of SARS-CoV-2 IgM or IgG
antibodies in the sample and the RLUs detected by the optical system
of the immune analyzer. The concentration of SARS-CoV-2 IgM or IgG
in the sample is determined by comparing the RLU of a sample to the
RLU determined from two calibrators.

Establishment of cut-off values for positive prediction of
SARS-CoV-2 IgM and IgG

Three hundred serum samples from both healthy subjects and
confirmed COVID-19 patients were tested for SARS-CoV-2 IgM or 1gG
antibodies, and RLUs were collected by the instrument. According to
the receiver operating curve (ROC), the RLU at which the area under
the ROC (AUC) greater than 0.9 was determined as a cut-off point and
the level of this point was defined as 10 KAU/L. If the concentration of a
sample is greater than or equal to 10 KAU/L, it is considered reactive to
SARS-CoV-2 IgM or IgG.
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Patient samples

The patient samples were collected from individuals recruited from 10
hospitals, 4 of which were from the worst outbreak in Hubei province,
and the rest from 6 other provinces in China. The patients diagnosed
with SARS-CoV-2 infection were confirmed by an RT-PCR nucleic acid
test. We recruited 513 confirmed COVID-19 cases (ages range from
1month to 92 years, with an average of 53 years), 296 of whom were from
the four hospitals in Hubei province, and 217 were from the hospitals in
other provinces. Fifty four suspected COVID-19 cases (ages range from
26 to 70 years, with an average of 49 years) were recruited following
guidelines of diagnosis and treatment of COVID-19, including typical
epidemiological history, clinical symptoms and featured chest CT im-
age [13]. The 972 control subjects (ages range from 1 to 90 years, with an
average of 48 years) for evaluating the specificity were hospitalized
patients with diseases other than COVID-19, 317 of whom were from the
four hospitals in the outbreak Hubei province, and the other 655 from
the six hospitals in other provinces in China. All the above 972 subjects
did not have epidemiological history and clinical symptoms of COVID-
19, and were excluded for SARS-CoV-2 infection by a negative nucleic
acid test with RT-PCR. Samples for evaluating specificity included three
to nine samples positive for IgM and/or IgG for the four common human
respiratory coronaviruses (229E, NL63, 0C43, and HKU1) and more than
20 other pathogens causing respiratory infection. Positive samples of
autoantibodies to rheumatoid factors and some major anti-nucleic
antibodies were included in the samples for specificity evaluation. 586
subjects (ages range from 18 to 35 years, with an average of 25 years)
from a physical examination center in a hospital in Shenzhen (a city of
462 confirmed cases with a population of more than 11 million) were
recruited as a normal population control group. Those subjects were not
tested with SARS-CoV-2 RT-PCR for COVID-19 exclusion, and therefore
we could not completely rule out the possibility, though the chance of
including the COVID-19 can be negligible. The study was conducted
with the approval of the review board for human studies from each
hospital attended.

Performance evaluation

Repeatability and within-laboratory precision were evaluated accord-
ing to the Clinical and Laboratory Standards Institute (CLSI) EP5-A3

Figure 1: Dose-response curve of SARS-CoV-
2 I1gM (A) and SARS-CoV-2 IgG (B).
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protocol [14]. One negative and two to three positive serums for
SARS-CoV-2 IgM or IgG were used for the study. Each sample was
measured in duplicate for each run and two runs (morning and after-
noon) per day over 20 testing days (n = 80). Repeatability and within-
laboratory precision were calculated taking the variance of repeat-
ability, run-to-run and day-to-day into account. Linearity was assessed
according to The National Committee for Clinical Laboratory Standards
(NCCLS) EP6-A guidelines [15]. A sample with high SARS-CoV-2 IgM or
IgG concentration was mixed in different proportions with a sample of
low SARS-CoV-2 IgM or IgG concentration to form a dilution series.
Each dilution was subsequently assayed in triplicates in one run, and
mean results of the measured values were plotted against the dilution
ratios. To evaluate sample stability, serum samples negative and pos-
itive to SARS-CoV-2 IgM or IgG from 55 subjects (15 negative and 40
positive) were measured in duplicate before and after inactivation at
56 °C for 30 min. Clinical specificity was evaluated by measuring 972
hospitalized patients with diseases other than COVID-19, and 586 do-
nors of normal population undergoing physical examinations. To
further evaluate the specificity, serum samples positive of IgM and/or
IgG were tested to some potential cross-reaction infections, including
some common human respiratory coronavirus infections. Clinical
sensitivity was assessed on 513 patients diagnosed to SARS-CoV-2
infection by positive RT-PCR nucleic acid test. The efficacy of the assays
in detecting SARS-CoV-2 IgM and/or IgG antibodies were evaluated on
52 suspected patients negative with RT-PCR, but with typical epide-
miological history, clinical symptoms and featured chest CT images.

Statistical analysis

For the precision study, a percentage of coefficient of variance (CV) of
less than 10% was considered acceptable. For linearity study, the
measured values were plotted against the dilution ratio and a regres-
sion model was selected according to CLSI EP6-A. For sample stabil-
ity study, correlation and comparison of SARS-CoV-2 IgM or IgG
values before and after inactivation were assessed by Passing—Bablok
regression analysis and Bland—-Altman difference plots. Clinical spec-
ificity and sensitivity were calculated according to CLSI EP12-A2 [16].

Results
Repeatability

Four SARS-CoV-2 IgM serum samples (one negative and
three positives) and three SARS-CoV-2 IgG serum samples

>
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(one negative and two positives) were measured twice-a-
day in duplicates over the span of 20 days, and 80 results
were obtained on each serum. The repeatability of the
SARS-CoV-2 IgM is from 2.80 to 4.32%, and the within-
laboratory precision is from 3.02 to 4.45%. The repeat-
ability of the SARS-CoV-2IgG is from 3.11 to 4.30%, and the
within-laboratory precision is from 3.12 to 5.13% (Supple-
mental Table S1 and Table S2).

Linearity

SARS-CoV-2 IgM assay showed good linearity (R’ = 0.9952)
at the measuring range of 0.20-879.74 kAU/L (Figure 2A),
and SARS-CoV-2 IgG assay also showed good linearity
(R*= 0.9982) at the measuring range of 0.20-453.50 KAU/L
(Figure 2B)

Sample stability after inactivation at 56 °C

Passing—-Bablok regression and Bland-Altman analysis
are shown in Figure 3. Across the concentration range of 55
serum samples, the concentrations of SARS-CoV-2 IgM and
IgG measured after sample inactivation strongly correlate
with that before sample inactivation. Spearman’s correla-
tion coefficient is 0.993 for SARS-CoV-2 IgM, and 0.990 for
SARS-CoV-2 IgG (p<0.001 for both assays). No significant
change of SARS-CoV-2 IgM and IgG concentration was
observed after inactivation at 56 °C for 30 min based on the
Bland-Altman difference plots. Therefore, serum samples
can be inactivated before measurement with SARS-CoV-2
IgM and IgG assays.

Clinical specificity

Samples from both hospitalized patients (972 subjects) and
normal population (586 subjects) were used to assess the
clinical specificity of the assay (Table 1). SARS-CoV-2 IgM
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showed the clinical specificity of 97.33% for hospitalized
patients and of 99.49% for normal population. SARS-CoV-2
IgG showed the clinical specificity of 97.43% for hospital-
ized patients and of 99.15% for normal population. No
cross-reaction was observed with IgM and/or IgG anti-
bodies to four common human respiratory coronaviruses
(229E, NL63, 0C43, and HKU1), neither with influenza A
and B viruses, seasonal influenza virus (HIN1, H5N1, H3N2,
and H7N9), legionella pneumophila, mycoplasma pneu-
moniae, chlamydia pneumoniae, adenovirus, respiratory
syncytial virus, measles virus, mumps virus, rhinovirus,
enterovirus, Epstein-Barr virus, CMV, and rotavirus. We
did not find interference with autoantibodies to rheuma-
toid factors and some major anti-nucleic antibodies
(dsDNA, Sm, SS-A, SS-B, Jo-1, Ro-52).

Clinical sensitivity

Samples from 513 confirmed SARS-Cov-2 infection with
RT-PCR were used to evaluate the clinical sensitivity of the
assays (Table 2). We analyzed the clinical sensitivity on both
SARS-CoV-2 IgM and IgG antibodies at three time periods,
before 7 days, 7-14 days, and after 14 days since onset of
symptoms. SARS-CoV-2 IgM showed clinical sensitivity of
82.54, 92.93, and 84.62% respectively, and SARS-CoV-2 IgG
showed clinical sensitivity of 80.95, 97.98, and 99.15%
respectively.
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Positive rate of antibodies in highly
suspected COVID-19 cases

The study recruited 52 patients whom had been highly
suspected for SARS-CoV-2 infection based on typical
epidemiological history, clinical symptoms and featured
chest CT image, but the viral nucleic acid remained nega-
tive after more than three attempts of detection with
RT-PCR. When measuring the antibodies with SARS-CoV-2
IgM and IgG immunoassays, 38 of them showed positive
result for SARS-CoV-2 IgM, giving a positive rate of 73.08%,
and 45 of them were SARS-CoV-2 IgG positive, giving a
positive rate of 86.54%.

Discussion

During the outbreak of COVID-19, we took the lead in
developing automatic SARS-CoV-2 IgM and IgG immuno-
assays, and performed a multi-center evaluation with a
large population across 4 hospitals in the Hubei province
epidemic area and 6 hospitals in other provinces in China.
The assays are based on chemiluminescence detection
technology, and run on an automatic immune analyzer.
They automatically measure the specific IgM and IgG an-
tibodies to SARS-CoV-2 using peripheral blood, and the
time to the first result is less than 30 min at a speed of more
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Table 1: Clinical specificity of SARS-CoV-2 IgM and SARS-CoV-2 IgG.
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Sample number

SARS-Cov-2 IgM SARS-Cov-2 IgG

Negative Positive Clinical specificity Negative Positive Clinical specificity
Hospitalized patients 972 946 26 97.33% 947 25 97.43%
Normal population 586 583 3 99.49% 581 5 99.15%
Table 2: Clinical sensitivity of SARS-CoV-2 IgM and SARS-CoV-2 IgG.
Days since onset Sample number SARS-Cov-2 IgM SARS-Cov-2 IgG

f t

of symptoms Negative Positive Clinical sensitivity Negative Positive Clinical sensitivity
<7 days 63 11 52 82.54% 12 51 80.95%
7-14 days 99 7 92 92.93% 2 97 97.98%
>14 days 351 54 297 84.62% 3 348 99.15%
Total 513 72 441 85.96% 17 496 96.69%

than 150 tests per hour, which would allow for the
screening of COVID-19 in large populations. SARS-CoV-2
IgM and IgG immunoassays demonstrated satisfied assay
range and precision with a CV of less than 4.45%, meeting
the standard for identifying SARS-CoV-2 infection in clin-
ical laboratories. Inactivation of specimen does not affect
sample stability for the assays, and therefore it can be
performed routinely in a laboratory to prevent potential
infection of laboratory operators.

Clinical specificity is a key performance parameter of
immunoassays. Evaluation with 972 serum samples from
hospitalized patients, SARS-CoV-2 IgM and IgG assays
demonstrated clinical specificity of greater than 97%.
Although we did not observe cross-reaction with more than
20 respiratory pathogens including the four common hu-
man respiratory coronaviruses (229E, NL63, 0C43, and
HKU1) and some autoantibodies, human serum could have
many other unknown factors causing interference for im-
munoassays, such as different disease conditions and even
patient ages. The cross-reactivity with SARS-CoV and
MERS-CoV have not yet been investigated due to inacces-
sibility to positive serum samples. We also evaluated the
clinical specificity based on 586 healthy individuals, and
the specificity of both SARS-CoV-2 IgM and IgG assays
exceeded 99%. The better specificity of the two assays on
the normal population indicated that interference is less
likely to occur in this group of normal population than that
in hospitalized patients.

The outbreak of the COVID-19 in Wuhan, Hubei prov-
ince, allowed us to recruit a large population of infected
patients to evaluate the clinical sensitivity of SARS-CoV-2
IgM and IgG immunoassays. Serum from 513 confirmed
COVID-19 cases by RT-PCR nucleic acid tests have been
measured for SARS-CoV-2 IgM and IgG concentration.

SARS-CoV-2 IgM antibodies can be detected in 82.54% of
patients before 7 days since onset of symptoms, and the
positive rate reached to the highest of 92.93% on the period
of 7-14 days, and then decreased to 84.62% after 14 days
since onset of symptoms. The positive rate of SARS-CoV-2
IgG was 80.95% before 7 days since onset of symptoms,
and reached to 97.98 and 99.15% on 7-14 days and after
14 days respectively since onset of the symptoms. These
trends of positive rates of SARS-CoV-2 IgM and IgG anti-
bodies are consistent with the general profiling of antibody
development after viral infection. We have observed an
interesting phenomenon that SARS-CoV-2 IgM and IgG
antibodies developed simultaneously (the positive rates
before 7 days were very close). This observation is different
from the general pattern that IgG comes after IgM, but is
consistent with some recent studies [17, 18]. Further studies
are needed to verify this phenomenon and its clinical sig-
nificances in the diagnosis and prognosis of COVID-19. Out
of the 351 confirmed cases, three patients did not develop
SARS-CoV-2 IgG antibodies at 20—-32 days after onset of the
symptoms. We did not perform follow up studies, and
therefore do not know if these patients might develop an-
tibodies later, or never develop antibodies.

Detection of SARS-CoV-2 viral nucleic acid is a direct
evidence of viral infection, thus RT-PCR was considered to
be the gold standard for etiological diagnosis of COVID-
19. However, the high false negative rates mainly caused
by challenges in specimen collection through nasopha-
ryngeal swabs have limited its clinical application. We
examined 52 highly suspected cases for COVID-19 whose
nucleic acid tests had repeatedly returned as negative,
and found that 38 of them were SARS-CoV-2 IgM positive
and 45 of them were IgG positive, indicating examination
of the specific SARS-CoV-2 antibodies can efficiently
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compensate for the false negative limitations of nucleic
acid testing.

In conclusion, we have developed fully automated
immunoassays for the detection of SARS-CoV-2 IgM and
IgG antibodies in human serum using an automatic im-
mune analyzer. Using specimens of peripheral blood, the
immunoassays solved the sample collection challenges of
nucleic acid testing. Thanks to the full automation of the
immunoassays, sophisticated operational training and
stringent laboratory settings are not required, as is the case
for nucleic acid testing. The high throughput of SARS-CoV-
2 IgM and IgG assays allows for the mass screening for
COVID-19. The high clinical specificity and sensitivity of
the automated SARS-CoV-2 IgM and IgG immunoassays
add great value to nucleic acid testing in fighting against
COVID-19.
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