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Validation of 12 Rapid Antigen Tests for the Detection of SARS-CoV-2
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The rapid identification SARS-CoV-2 virus has become the basis for the control of the COVID-19 outbreak. The rapid antigen tests
for SARS-CoV-2 are quick, widely available, and inexpensive. Rapid antigen tests have gradually replaced the time-consuming
and costly RT-PCR. Currently, although several RAT kits have been extensively used for the diagnosis of COVID-19, validity data
are limited due to the inconsistent sensitivity and poor reproducibility. Meanwhile, WHO does not recommend specific commer-
cial RAT kits. Therefore, it is crucial to establish a method to evaluate the effectiveness of different rapid antigen tests kits. This
study aimed to develop an evaluation system for rapid antigen tests to provide an efficient and accurate technique for screening
SARS-CoV-2 antigen detection kits. Given large number of rapid antigen tests kits available, this study only focused on those
that are representative and commonely used in China. By minimzing biases through randomization, concealment, and blinding,
we eventually found that the Test 1 had the lowest sensitivity and the Test VI had the highest sensitivity. This study provided an
evaluation platform that can potentially serve as a reference for COVID-19 diagnostic strategies.
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1 INTRODUCTION SARS-CoV-2 Antigen Rapid Diagnostic Test (RAT) is a cheaper,
faster, and accurate analysis at the protein level. Prior researches
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protein (NP) of wild-type, Alpha-, Beta-, Gamma-, Delta-, Epsi-
lon-, Kappa-, and Omicron-variants[4,5]. Multiple in vitro rapid
antigen diagnosis kits, based on the immunochromatographic
principles, are now commercially available for the detection of
SARS-CoV-2. RATs can be easily performed without additional
equipment or staff and provide results within 15 minutes. In view
of'the current global pandemic, antigen RATs play a pivotal role
as countries are incrementally lifing travel bans and easing phys-
ical distancing measures. WHO currently does not recommend
specific diagnostic tests for COVID-19 screening using RAT
kit[6]. Nevertheless, no standards are available for comparing
the performance of various kits.

We previously introduced a high-sensitivity antigen test that
was based on the fully-automated light-initiated chemilumines-
cent immunoassay (LiCA®). LiCA® showed a suerior capability
in detecting SARS-CoV-2 antigen and could detect roughly
100~5,000-fold lower levels of the analyte as compared to oth-
er rapid tests studied[7]. At present, many RAT Kkits are also
commercially available. The differences in test performance are
reported between studies using the same RAT kits and between
studies that employed different kits[7,8]. Therefore, it is urgent
to develop novel effective evaluation methods for COVID-19
detections. In this study, the sensitivity of various SARS-CoV-2
RAT kits was evaluated in terms of the limit of detection (LOD)
using a set of serial ten-fold diluted SARS-CoV-2 nucleocapsid
protein. To date, a direct comparison of the twelve RATSs has
been performed. Therefore, the goal of this paper was to provide
a method and applications of COVID-19 detection.

2 MATERIALS AND METHODS

2.1 Analytical validation

This research was primarily performed at the National In-
fectious Disease Medical Center of the Capital Medical Uni-
versity, affiliated with Beijing Ditan Hospital, Beijing, China.
Our research was in compliance with the protocol of Clinical
and Laboratory Standards Institute (CLSI) EP5-A3: User Ver-
ification of Precision and Estimation of Bias[9]; and EP12-A2
guidelines: User Protocol for Evaluation of Qualitative Test
Performance[10].

2.2 2019-nCoV nucleocapsid protein

Nucleocapsid Protein Solution Reference Material of 2019-
nCoV was manufactured by the Chinese National Institute of
Metrology, China. The sequence of SARS-CoV-2 N gene was
derived from NCBI GenBank database (28274 to 29533 nt),
the plasmid containing the full length of the N protein was con-
structed. E. coli recombinantly expressed and further purified
to obtain the recombinant 2019-nCoV NP protein. The sample
was finally diluted in PBS buffer solution and then dispensed
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into freezing tubes.

The 2019-nCoV NP protein was diluted into 100000 pg/
mL, 50000 pg/mL, 25000 pg/mL, 12500 pg/mL, and 10000
pg/mL in PBS buffer. As recommended by the manufacturers,
these samples were added to the lysis solution of the RAT kits
and diluted into 5000 pg/mL, 2500 pg/mL, 1250 pg/mL, 1000,
pg/mL 500 pg/mL, 250 pg/mL, 125 pg/mL, 100 pg/mL, and
62.5pg/mL, with supplemental dilution concentrations of 50
and 25 pg/mL added, if necessary. One hundred microliters of
NP protein dilutions were loaded into the sample well of the
cassette, and the test result was read within 15 min.

2.3 Rapid Antigen Test (RAT)

The RAT kits used in the present study were all commercial-
ly available in China. These kits demonstrated good clinical
performance. With all kits, an immunochromatographic (ICT)
format was utilized to detect viral antigens by using the im-
mobilized coated SARS-CoV-2 antibody on the device. These
labeling materials include colloidal gold and latex.

2.4 Qualitative assessment of RAT test performance

The experiments consisted of coders, operators, and outcome
raters. To avoid biases, all experimental data were collected in
a blinded fashion. RATs and diluted samples were numbered
randomly. All of them were blinded to the RATs and samples.
All participants received standardized training before the study
was initiated.

The assay was carried out under the same conditions and
against judgment criteria. There were a total of 8 results (4
repetitions x2 interpretations). The overall RAT result was
judged positive if outcome raters identified at least 5 positive
results. Weakly and medium positive band intensity needed
to fulfill 10 positive repetitions with uniform color rendering.
The lowest concentration of the recombinant NP protein with
weakly positive band intensity was designated the LOD of the
RAT. The protocol for the qualitative assessment of RAT test
performance is shown in Figure 1. Result interpretation, con-
centration gradient testing and repeatability test of minimum
concentration for 2019-nCoV NP protein is listed in Figure 2.

2.5 Statistical analysis

All analyses were performed using SPSS 26.0 software
package. Figures were generated by means of GraphPad prism
9 and Adobe illustration. The Kolmogorov-Smirnov test was
conducted to test for normality. We used a two-tailed Student’s
t-test to compare normally-distributed data and a two-tailed
Mann-Whitney U test for non-normal distribution data. The
criterion for significance was set at 0=0.05. Difference was
deemed significant when a p-value <0.05.
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Figure 1. Flow of the evaluation protocol for RAT qualitative test performance. The study was conducted by using a blind
method. With researchers and interpreters blinded, we finally obtained eight results interpreted as positive more than
or equal to 5 times, while ten repetitions were positive and showed uniform color, which we rated as positive. All other

cases were deemed negative.

3 RESULTS

3.1 Rapid comparative evaluation of SARS-CoV-2
antigen detection kits

To analyze the sensitivity and repreducibility for assessing
SARS-CoV-2 virus detection kits using diluted recombinant
antigen, we evaluated 12 RATs (I-XII) that were approved for
clinical diagnosis in China. All information of RATs kits is listed
in Table 1. The lists include all three latex Ag-RATs test (I, X,
XI) and the other tests were colloidal gold tests. All tests were
based on lateral flow chromatography.

The assay was performed as described in Materials and Meth-
ods section[9, 10]. Comparison sensitivity of RATs for 2019-nCoV
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nucleocapsid protein. The recombinant SARS-CoV-2 nucleocapsid
protein (NP) was diluted to concentrations ranging from 2500
pg/mL to 50 pg/mL (refer to Table 2. and Fig. 2 for details).
The sensitivity of RATs for 2019-nCoV NP is shown in Table 2
and Figure 3A. As shown in Table 2, the 12 RATSs had different
detection sensitivities. We found that Flowflex COVID-19 Ag
RAT (ACON) tests showed a slightly higher sensitivity than
others RATs, and the minimum detectable concentration was 50
pg/mL (refer to Fig. 2 and 3). Reciprocally, LEPU Technology to
test 2019-nCoV antigen showed lower sensitivity than the other
RATs, with the lowest detectable concentration being 2500 pg/
mL (refer to Table 2). Interestingly, Latex-labeled RATs had a
significantly lower detection sensitivity than colloidal gold-labeled
RATs (P=0.0273, Fig. 3B). However, analysis based on the data
provided by the manufacturer, there was no statistically signif-
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icant difference in the lowest detection line between the RATS
of the two labeling materials (P=0.3165, Fig. 3C). In summary,
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we were led to conclude that the model for the NP protein was
the most accurate.
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Figure 2. Concentration gradient and Repeatability test for 2019-nCoV nucleocapsid protein. A. Result interpretation of
COVID-19 Ag-RATs; B. The addition of sample dilutions of different concentrations to the RAT test plate allowed for the
observation of lines with varying display levels. With this RAT, at 50,000 pg/ml and 25,000 pg/ml, the T line was more
conspicuous than the C line, and gradually became lighter. It was judged to be weakly positive until 50 pg/ml, when the
T-line was the faintest; C. Ten replicates were performed for RAT plates showing weak (50 ng/ml) and moderate (62.5 ng/
ml) positivity in this RAT. Each replicate was positive at each concentration and showed consistent color shade.

DISCUSSION

The rapid spread of COVID-19 represents a major global
medical challenge. The diagnostic tests for COVID-19 disease
are a subject of great interest to policy makers and regulators.
Currently, diagnostic tests for COVID-19 include serological,
antigen and viral nucleic acid tests. RT-PCR is the gold-standard
for diagnosing COVID-19. However, RT-PCR analysis has some
inherent limitations: It entails specialized equipment, requires
professionals for result interpretation and is time-consuming.
While serological COVID-19 assay is a blood test for the detection
of the specific COVID-19 antibodies produced by the immune
system[ 1 1]. However, this method also has obvious restrictions,
including a protracted window of detection, a lack of sensitivity
and specificity, and possible false positives. Therefore, less ex-

pensive, and easy-to-use RATs are needed for the detection of
SARS-CoV-2 NP, not only for diagnosing COVID-19, but also
for characterizing the course of disease.

Various RATs are available on the China market and subject to
China regulations with the mandatory marked/labeling for sales.
Most of RATs process upper respiratory tract swabs, including
nasopharyngeal (NP), oropharyngeal (O), or nasal (N) swabs.
Here, we evaluated 12 different marked commercial assays for
the laboratory detection of SARS-CoV-2 NP. We found the lowest
detectable concentration was limited to 50 pg/ml by Flowflex
(Acon Biotech), these results were similar to those reported by
prior studies[5,12]. The Flowflex RAT of ACON Biotech achieved
the highest sensitivity for the detection of Delta and Omicron
variants[5]. However, LEPU Technology 2019-nCoV antigen test
showed marginally lower detection sensitivity for NP than the
other RATs, the lowest concentration being 2500 pg/mL (refer
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to Table 2). The sensitivity of the RAT depends on the binding
kinetics and epitopes of the monoclonal antibody used as well
as the composition of the lysis buffer[13]. Our analytical study

Yu, et al

suggests that strong heterogeneity exists among different RATs
in the detection of SARS-CoV-2 NP antigen.
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Figure 3. The minimum concentration of standard substances in different Rapid Antigen Test kits. A. Heatmap of the
minimum concentration of standard substances in different Rapid Antigen Test/RAT kits; B. Minimum detection limits
for colloidal gold and latex in RATs; C. Minimum TCID, for colloidal gold and latex according to manuals provided by the
manufacturers. Data were presented as means = S.D., *P < 0.05.

Table 1. Overview of RAT kits evaluated in the study.

Number Kits Manufacturer Detection method Recommended M.ini.mum detection
Test Sample® limits (TCID, /mL)
| Flowflex 2019-nCoV antigen ACON biotech Latex NP or N or O swab 160
test
Il 2019-nCoV antigen test FOSUN diagnostic colloidal gold N swab 150
I 2019-nCoV antigen test EasyDiagnosis colloidal gold NP or N or O swab 500
1\ 2019-nCoV antigen test KHB colloidal gold NP or N swab 500(CT=31)
Vv 2019-nCoV antigen test Vazyme colloidal gold NP or N or O swab 50
VI 2019-nCoV antigen test LEPU Technology colloidal gold N swab 200
VI 2019-nCoV antigen test XABT colloidal gold NP or N swab 200
VIl 2019-nCoV antigen test Biobase colloidal gold N or O swab 115
IX 2019-nCoV antigen test Zybio colloidal gold NP or N or O swab 70
X 2019-nCoV antigen test Livzon Latex NP or N or O swab 100
Xl GenFocus 2019-nCoV anti- Jinwofu Latex NP or N or O swab 100(CT=31)
gen test
Xl 2019-nCoV antigen test YHLO colloidal gold NP or N swab 250

2NP, nasopharyngeal; N, nasal; O, oropharyngeal.

Several previous related studies had more or less limitations.
For example, no material was available to compare the results from
alternative assays with different cross-reactivities. Furthermore,
there was no clinical samples and untailored sampling participants
in this study. We used this method mainly because the sample
source in China is limited to patients who are symptomatic at
the time of sample collection. And we were unable to compare
the performance of the RATs assays to other high-throughput
antigen assays. Meanwhile, SARS-CoV-2 antigen assays were not
standardized, and the results may thus not be directly extrapolated
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to other populations. In a previous study, we performed a series
of serial dilutions using high-value pools diluted in low-value
pools[7]. Therefore, dilution linearity and assay accuracy were
not assessed in this study.

In summary, this study provided an evaluation method for the
systematic detection of SARS-CoV-2 antigen by RATs. Although
all of RATs were in compliance with the current laws of the
China, there are still significant differences in terms of detection
limits of the SARS-CoV-2 recombinant proteins. Therefore, it is
necessary to establish a standard manufacturer’s instructions for
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their optimal operation on testing sites. We analyzed the detection
performance of 12 RATs through an assay platform established
in this study, which provides reference information for national
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governments, international donor agencies and global health
policy-making bodies.

Table 2. Test results of different kits of standard substances concentration.

The concentration of I Il i 1\ v Vi Vil Vil IX X Xi Xl
2019-nCoV (pg/mL)

5000.00 + + + + N -
2500.00 + + + + & s
1250.00 + + + + + o
1000.00 + - s + o a
500.00 + & + . 2
250.00 + + - - = + + -

125.00 + - B, . B B + 3

62.50 - - - - = = - -

50.00 - - - - - - - - -

25.00 - - - - = o o - - - -

The table summarizes the results of the standard substance concentration tests for/using different kits. Various kits are denoted by different colors. ‘+'means
the test result is weakly, moderately, or strongly positive, ‘-’ indicates the test result is negative.
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ABBREVIATION USED

COVID-19, Corona Virus Disease 2019; SARS-CoV-2, severe
acute respiratory syndrome coronavirus 2; rRT-PCR, real-time
reverse transcription polymerase chain reaction; RAT, rapid
antigen Test; ICT, immunochromatography; NC, Nitrocellulose
membrane; CLSI, Clinical and Laboratory Standards Institute;
NP, nasopharyngeal; O, oropharyngeal; N, nasal; TCID, , 50%
tissue culture infective dose; Ct, Cycle threshold.
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