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Abstract: Currently available COVID-19 antibody tests using enzyme immunoassay (EIA) or
immunochromatographic assay have variable sensitivity and specificity. Here, we developed and
evaluated a novel microsphere-based antibody assay (MBA) for detecting immunoglobulin G (IgG)
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) nucleoprotein (NP) and spike
protein receptor binding domain (RBD). The seropositive cutoff value was set using a cohort of 294
anonymous serum specimens collected in 2018. The specificity was assessed using serum specimens
collected from organ donors or influenza patients before 2020. Seropositive rate was determined
among COVID-19 patients. Time-to-seropositivity and signal-to-cutoff (S/CO) ratio were compared
between MBA and EIA. MBA had a specificity of 100% (93/93; 95% confidence interval (CI), 96–100%)
for anti-NP IgG, 98.9% (92/93; 95% CI 94.2–100%) for anti-RBD IgG. The MBA seropositive rate for
convalescent COVID-19 patients was 89.8% (35/39) for anti-NP IgG and 79.5% (31/39) for anti-RBD IgG.
The time-to-seropositivity was shorter with MBA than EIA. MBA could better differentiate between
COVID-19 patients and negative controls with higher S/CO ratio for COVID-19 patients, lower S/CO
ratio with negative controls and fewer specimens in the equivocal range. MBA is robust, simple and
is suitable for clinical microbiology laboratory for the accurate determination of anti-SARS-CoV-2
antibodies for diagnosis, serosurveillance, and vaccine trials.
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1. Introduction

In 2003, severe acute respiratory syndrome coronavirus (SARS-CoV) caused the first severe
coronavirus epidemic, leading to more than 8000 cases, mainly in Asia [1,2]. In 2019, a novel
coronavirus, now known as the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
became the first coronavirus to cause a global pandemic [3]. Unlike the 2003 SARS-CoV, the novel
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SARS-CoV-2 transmits efficiently among humans, possibly due to high viral load at presentation [4]
and efficient binding to the human receptor angiotensin receptor 2.

Antibody assays play a major role in clinical management, contact tracing, vaccine studies
and the understanding of the epidemiology and pathogenesis of COVID-19 [5,6]. Antibody testing
allows the retrospective diagnosis of an infection by comparing the antibody titer at the acute and
at the convalescent phase of the illness. This is especially important for patients whose viral load
is too low to be detected by virus detection assays. Furthermore, antibody testing is the preferred
method for identifying subclinical infections. Several assays have been developed to detect antibodies
against SARS-CoV-2. Enzyme immunoassay is a commonly used antibody assay for the detection of
SARS-CoV-2 [5,7,8]. We have previously used enzyme immunoassay to determine the serial antibody
profile of COVID-19 patients [9] and to determine the seroprevalence of SARS-CoV-2 in Hong Kong
and in the Hubei province [5]. Lateral flow immunochromatographic assay allows for rapid detection,
but currently available antibody testing assays for SARS-CoV-2 mainly rely on enzyme immunoassay
or lateral flow immunochromatographic assays and the sensitivities of these assays are relatively
low [10].

With the advance in technology, microsphere-based antibody assay (MBA) using flow cytometers
have been developed for different clinical applications. The use of multiplex microsphere-based
assays have been reported for respiratory viruses [11,12], viruses that cause childhood exanthems [13],
and arthropod-borne viruses [14,15]. There are several advantages with MBA. First, since a large
number of microspheres can be coated in a single reaction, the coating would be expected to be more
uniformed than those of enzyme immunoassay (EIA), in which each well is coated separately. Second,
the signal from MBA is detected inside a flow cytometer, which avoids potential external sources that
may affect the measurement of the signal. For example, scratches on microtiter plates can affect the
value for EIA. Third, MBA can be easily modified into a multiplex and high-throughput platform for
simultaneous detection of different antigens in multiple specimens [12,16]. Finally, there are fewer
steps and reagents involved for MBA than EIA (Supplementary Figure S1). In this study, we developed
and evaluated an in-house MBA for the detection of immunoglobulin G (IgG) against SARS-CoV-2
nucleoprotein (NP) and spike protein receptor binding domain (RBD).

2. Results

2.1. Establishing the MBA

First, we determined the optimal microsphere-protein molar ratio for MBA. For NP, increasing the
microsphere–protein molar ratio from 1:1 to 1:4 resulted in higher mean fluorescent intensity (MFI)
values (Figure 1A). However, since a microsphere–protein molar ratio of 1:2 could already result in a
high MFI value, this ratio was selected (Figure 1B). For RBD, there was no significant difference when
increasing the microsphere–protein molar ratio from 1:1 to 1:4 (Figure 1C). Therefore, we have selected
a microsphere–protein molar ratio of 1:1 for RBD (Figure 1D).

Next, we tested MBA at a ratio of 1:2 for NP and 1:1 for RBD with different negative controls and
a positive control (Supplementary Figure S2). The negative controls include microspheres without
biotinylated NP or RBD (green), diluent only control (orange), and a serum specimen collected in 2018
(blue). The positive control was a serum specimen from a COVID-19 patient (red). All three negative
controls had an MFI of <35, while the serum specimen from the COVID-19 patient had an MFI of
1695 for anti-SARS-CoV-2 RBD IgG and 843 for anti-SARS-CoV-2 NP IgG. Next, we determined the
optimal serum dilution for MBA and EIA using serially-diluted serum specimens from a COVID-19
patient. With both NP and RBD, the MFI plateaued at 1:400 for MBA and 1:100 provided the highest
OD values with EIA (Figure 2). Hence, we have used 1:400 dilution for MBA and 1:100 for EIA for
subsequent evaluation.
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Figure 1. Determination of optimal microsphere-protein molar ratio for microsphere-based assay. 
Serum from a COVID-19 patient was used. The mean fluorescent intensity at different microsphere-
protein molar ratio are shown for (A) nucleoprotein (NP) and (B) receptor binding domain (RBD), 
and the corresponding stacked histogram of selected microsphere-protein molar ratio are shown in 
(C) NP (1:2) and (D) RBD (1:1). Experiment was performed in triplicate with serum specimen collected 
from 3 different COVID-19 patients and a representative graph is shown. Error bar represents the 
standard error of mean from 3 replicates. 

Next, we tested MBA at a ratio of 1:2 for NP and 1:1 for RBD with different negative controls 
and a positive control (Supplementary Figure S2). The negative controls include microspheres 
without biotinylated NP or RBD (green), diluent only control (orange), and a serum specimen 
collected in 2018 (blue). The positive control was a serum specimen from a COVID-19 patient (red). 
All three negative controls had an MFI of < 35, while the serum specimen from the COVID-19 patient 
had an MFI of 1695 for anti-SARS-CoV-2 RBD IgG and 843 for anti-SARS-CoV-2 NP IgG. Next, we 
determined the optimal serum dilution for MBA and EIA using serially-diluted serum specimens 
from a COVID-19 patient. With both NP and RBD, the MFI plateaued at 1:400 for MBA and 1:100 
provided the highest OD values with EIA (Figure 2). Hence, we have used 1:400 dilution for MBA 
and 1:100 for EIA for subsequent evaluation. 

 

Figure 1. Determination of optimal microsphere-protein molar ratio for microsphere-based
assay. Serum from a COVID-19 patient was used. The mean fluorescent intensity at different
microsphere-protein molar ratio are shown for (A) nucleoprotein (NP) and (B) receptor binding domain
(RBD), and the corresponding stacked histogram of selected microsphere-protein molar ratio are shown
in (C) NP (1:2) and (D) RBD (1:1). Experiment was performed in triplicate with serum specimen
collected from 3 different COVID-19 patients and a representative graph is shown. Error bar represents
the standard error of mean from 3 replicates.
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(EIA) for (A) NP, and (B) RBD. Serial dilutions of COVID-19 serum were used to detect anti-NP IgG 
and anti-RBD IgG with MBA and EIA. Experiment was performed with n = 3 and a representative 
graph is shown. Error bar represents the standard error of mean from 3 replicates. 
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collected between 2016 and 2018 (n = 53), and from patients with influenza virus infection between 
January and September 2019 (n = 40) (Figure 3). The specificity was 100% (93/93; 95% confidence 
interval (CI) 96–100%) for anti-NP IgG and 98.9% (92/93; 95% CI 94.2–100%) for anti-RBD IgG of all 
negative controls (organ donors and influenza patients). Subgroup analysis showed that for organ 
donors, the specificity was 100% (53/53; 95% CI: 93.3–100%) for anti-NP and 98.1% (52/53; 95% CI, 
89.9–100%) for anti-RBD IgG; for influenza patients, the specificities of MBA anti-NP and anti-RBD 
IgG were both 100% (40/40; 95% CI, 91.9–100%). 

Figure 2. Dynamic range of microsphere-based antibody assay (MBA) and enzyme immunoassay (EIA)
for (A) NP, and (B) RBD. Serial dilutions of COVID-19 serum were used to detect anti-NP IgG and
anti-RBD IgG with MBA and EIA. Experiment was performed with n = 3 and a representative graph is
shown. Error bar represents the standard error of mean from 3 replicates.

To determine the seropositive cutoff value for MBA, microsphere-based NP and RBD IgG assay
was performed on 294 anonymous archived serum specimens collected in 2018. These anonymous
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serum specimens encompass all age groups from the pediatric population to those aged over 80 years
(Supplementary Table S1). We first excluded outliers with >3 SDs above the mean of the 294 archived
anonymous serum specimens described previously [15]. After excluding the outliers (two for MBA
anti-NP, one for MBA anti-RBD, four for EIA anti-NP, and four for EIA anti-RBD), the seropositive
cutoff MFI (for MBA) or OD (for EIA) was then set as three SD above the mean of the remaining
specimens. The seropositive cutoff values of MBA was 111.8 for anti-NP-IgG and 51.2 for anti-RBD
IgG. The cutoff values of EIA was 0.58 for anti-NP-IgG and 0.54 for anti-RBD IgG.

To determine the specificity of the MBA, we retrieved 93 archived serum from organ donors
collected between 2016 and 2018 (n = 53), and from patients with influenza virus infection between
January and September 2019 (n = 40) (Figure 3). The specificity was 100% (93/93; 95% confidence
interval (CI) 96–100%) for anti-NP IgG and 98.9% (92/93; 95% CI 94.2–100%) for anti-RBD IgG of all
negative controls (organ donors and influenza patients). Subgroup analysis showed that for organ
donors, the specificity was 100% (53/53; 95% CI: 93.3–100%) for anti-NP and 98.1% (52/53; 95% CI,
89.9–100%) for anti-RBD IgG; for influenza patients, the specificities of MBA anti-NP and anti-RBD
IgG were both 100% (40/40; 95% CI, 91.9–100%).Int. J. Mol. Sci. 2020, 21, x 5 of 12 
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Figure 3. (A,B) Comparison of MFI between 39 COVID-19 patients, 40 influenza patients, and 53
organ donors for (A) NP and (B) RBD. (C,D) Comparison of OD values between COVID-19 patients,
influenza patients, and organ donors for (C) NP and (D) RBD.

2.2. Seropositive Rate and Time-To-Seropositivity

Using the conditions optimized in the previous sections, we determined the seropositive rate of
the 39 recovered COVID-19 patient using MBA, including 16 male and 23 female patients. The median
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age was 57 years (range 20 to 87 years old). Of the 39 patients, eight patients (20.5%) had severe
illness requiring oxygen supplementation. The blood specimens were collected at the out-patient
follow-up clinic at a median of 44 days after symptom onset (interquatile range from 28 to 53 days).
The seropositive rate was 89.8% (35/39) for anti-NP and 79.5% (31/39) for anti-RBD IgG.

2.3. Time-To-Seropositivity

Next, we compared the time-to-seropositivity between MBA and EIA for 33 COVID-19 patients with
serial samples available during hospitalization. Out of 33 patients, nine (27.3%) patients had anti-NP
IgG detected earlier by MBA, compared to one (3%) detected earlier by EIA, and nine (27.3%) patients
had anti-RBD detected earlier by MBA, compared to four (12%) by EIA. The time-to-seropositivity
of MBA was shorter than that of EIA for both anti-NP (median time-to-seropositivity: 10 vs. 12 days;
hazard ratio for time-to-seropositivity: 1.41; 95% confidence interval, 0.89–2.47, p = 0.1546) and
anti-RBD (median time-to-seropositivity: 13 vs. 14 days; hazard ratio for time-to-seropositivity: 1.05;
95% CI, 0.62–1.79, p = 0.8655), though not reaching statistical significance (Figure 4).Int. J. Mol. Sci. 2020, 21, x 6 of 12 
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Figure 4. Cumulative count of seropositive COVID-19 patient specimens detected by MBA and EIA.

2.4. Comparison of S/CO

Next, we compared the signal-to-cutoff (S/CO) ratio (Figure 5). Among the convalescent serum
specimens of the 39 COVID-19 patients, the S/CO ratio was significantly higher for MBA than that
of EIA for both NP (median S/CO, 3.39 vs. 1.95; p < 0.0001) and RBD (median S/CO, 2.23 vs. 1.92;
p = 0.0001). Among the 93 negative controls (organ donor and influenza patients), the S/CO ratio was
significantly lower for MBA than that of EIA for both NP (median S/CO, 0.18 vs. 0.43; p < 0.0001) and
RBD (median S/CO, 0.25 vs. 0.43; p < 0.0001). There were fewer specimens that have signal values
within the equivocal range (S/CO 0.9-1.1) for MBA than those in EIA (Table 1). In particular, there were
significantly fewer within the equivocal range for MBA in the negative control group for anti-NP IgG
(0% (0/93) vs. 8.6% (8/93); p = 0.0067).

Table 1. Comparison of S/CO Between MBA and EIA.

Specimens Collected at Out-Patient Clinic
(n = 39)

Negative Controls
(Organ Donors + Influenza Patients)

(n-93)

MBA NP RBD NP RBD
S/CO > 1.1 34 (87.2%) 29 (74.4%) 0 1 (1.1%)

S/CO 0-9-1.1 2 (5.1%) 5 (12.8%) 0 1 (1.1%)
S/CO < 0.9 3 (7.7%) 5 (12.8%) 93 (100%) 91 (97.8%)

EIA NP RBD NP RBD
S/CO > 1.1 32 (82.1%) 26 (66.7%) 0 0

S/CO 0-9-1.1 3 (7.7%) 6 (15.4%) 8 (8.6%) 5 (12.8%)
S/CO < 0.9 4 (10.3%) 7 (18%) 85 (91.4%) 88 (94.6%)
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3. Discussion

3.1. Principle Outcomes

This study evaluated our newly developed MBA in the detection of IgG against SARS-CoV-2 NP
and spike protein RBD. MBA was found to be highly specific, and had a high seropositive rate for
patients with COVID-19. The time of seropositivity was shorter for MBA than that of EIA. Furthermore,
when compared with EIA, MBA had a significantly higher S/CO for COVID-19 patients and a
significantly lower S/CO for negative controls, and with fewer specimens within the equivocal range
(S/CO 0.9–1.1). Hence, MBA is superior to EIA in the detection of IgG against SARS-CoV-2 antibody.

3.2. Comparison with Other Studies

In this study, we established the seropositive cutoff values using a pre-pandemic serum panel
encompassing 294 individuals from all age groups, including young children <10 years old and elderly
>80 years old. This is unlike other evaluations in which healthy young adult blood donors are used
as negative controls [8]. In real life, patients often have comorbidities and many are elderlies [17].
For some studies, the specificity was evaluated using recombinant antigen instead of serum from
non-COVID-19 patients [18].

Many rapid lateral flow immunochromatographic assays are now commercially available.
Although these immunochromatographic assays are convenient for testing, the results of these
assays are poor [19,20] or with variable sensitivity and specificity [21]. Our flow-cytometry-based
microsphere-based antibody assay has several advantages over immunochromatographic assays. First,
MBA can provide a quantitative result, while immunochromatographic assay can only give qualitative
results. Therefore, MBA can assess the rise of antibody levels in a quantitative manner. Second,
the interpretation of immunochromatographic assays can be difficult if the band is weakly positive.
Hence, there may be inter-operator differences in interpreting the results. In contrast, MBA can provide
an objective readout, eliminating inter-operator differences in result interpretations.
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Virus neutralization assay can detect antibodies that prevent viruses from infecting cells.
Since neutralization assays require the use of live SARS-CoV-2 virus, they can only be performed
in biosafety level 3 laboratories. Hence, neutralization assays cannot be performed in most clinical
laboratories. In contrast, the detection of IgG with recombinant virus antigens can be performed safely
in biosafety level 2 clinical microbiology laboratories. Previous studies have shown that IgG correlates
well with neutralizing antibody titer [8,22].

A recent study measures anti-SARS-CoV-2 IgG level using a magnetic bead-based assay [18].
However, since a magnetic chemiluminescence analyzer is required, this may not be feasible in most
clinical laboratories. In this study, our in-house MBA only requires a simple flow cytometer that is
available in most clinical laboratories. Our technique can be easily applied to any laboratory with a
standard flow cytometer. After simple gating and optimization, no further adjustments are required.
Our method can be easily extended to other protein antigens.

3.3. Limitations of This Study

First, we only recruited adult patients. Further evaluation should be performed in pediatric
patients. Second, as for all serology assays, cross-reactivity may affect the results [8]. Even for the
pre-pandemic serum, some samples can be seropositive for SARS-CoV-2 because of cross reaction
with other human coronaviruses, especially from lineage B betacoronavirus. Third, samples were
not tested for virus neutralization and therefore neutralizing activities of the detected IgG antibodies
are unknown.

3.4. Conclusions and Implications for Clinical Practice and Research Studies

In this study, we have demonstrated that our novel flow-cytometry-based MBA allowed for
an earlier detection of anti-SARS-CoV-2 antibodies among COVID-19 patients than EIA. MBA also
had fewer equivocal results than EIA. A rapid and accurate diagnosis of the SARS-CoV-2 is crucial
for clinicians to provide appropriate treatment to patients, to limit further spread of the virus and,
ultimately, to eliminate another peak of pandemic risk to the public. Furthermore, our assay can be
used to investigate the immune response in COVID-19 patients, establishing retrospective diagnosis
especially for patients with immune-mediated diseases, determining seroprevalence in epidemiological
studies, and assessing the efficacy of novel vaccines.

4. Materials and Methods

4.1. Serum Specimens

To set the cutoff for the EIA and MBA, we retrieved 294 archived anonymous serum specimens
from the clinical biochemistry laboratory collected between April and June 2018, which were used
in our previous study [23]. For assessment of specificity, we retrieved 93 sera collected before 2020,
including 53 sera collected from potential organ donors between 2016 and 2018 in a study on hepatitis
E in HKSAR, and from 40 influenza patients between January and September 2019. For COVID-19
patients, serum specimens were collected from 39 recovered COVID-19 patients during the convalescent
phase at the infectious disease out-patient follow-up clinic at Queen Mary Hospital. To assess the
time-to-seropositivity, we retrieved 161 serial serum specimens obtained from 33 of these 39 patients
during hospitalization. This study has been approved by the HKU/HA HKW Institutional Review
Board (UW 13-265 and UW 18-141). Written informed consent was obtained from all COVID-19 patients.

4.2. Cloning, Purification and Biotinylation of Recombinant NP and Spike Protein RBD of SARS-CoV-2

Cloning and purification of SARS-CoV-2 NP and spike RBD were performed as we described
previously [9]. The purified NP and spike protein RBD were biotinylated with EZ-linkTM

Sulfo-NHS-Biotin (ThermoFisher Scientific, Waltham, MA, USA). Please refer to Supplementary
Methods for details.
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4.3. Enzyme Immunoassay for NP and Spike RBD

EIA for NP and RBD was performed as we described previously [9] (See Supplementary Methods
for details).

4.4. Microsphere-Based Antibody Assay

1.43 × 107 of 4.95µM SuperAvidinTM coated microspheres (Bangs Laboratories, Fishers, Indiana,
USA) were washed with 500 µL of phosphate buffered saline (PBS) and 1% bovine serum albumin
(BSA), and were centrifuged at 14,000 rpm at 4 ◦C for 15 min. The washing was discarded and
microspheres were resuspended in 1 mL of 1% BSA, followed by sonication for 30 s. For every
1.43 × 107 microspheres, microspheres were coated with different molar ratio of biotinylated NP,
1:1 (2.3 µg), 1:2 (4.6 µg), 1:4 (9.2 µg) or biotinylated spike RBD, 1:1 (1.2 µg), 1:2 (2.4 µg), 1:4 (4.8 µg),
and were incubated at 4 ◦C with shaking. After overnight incubation, 2.86 × 105 microspheres were
distributed to each well of V-bottom 96 well plates and centrifuged at 1500 rpm, 4 ◦C for 5 min to
remove the uncoated protein. The supernatant was discarded and microspheres were blocked with
30 µL of fetal bovine serum (FBS) for 1 h at room temperature with shaking. After blocking, FBS were
removed by centrifugation at 1500 rpm and 4 ◦C for 5 min, then 30 µL of serum or diluent (1% BSA,
PBS) was added to each well. Samples were incubated at room temperature with shaking. After 2-h
incubation, beads were washed by adding 100 µL of PBS and 1% BSA, centrifuged at 1500 rpm, 4 ◦C
for 5 min. Supernatant was discarded, 30 µL, 5 µg/mL of Alexa Fluor ® 647 AffinPure Fab fragment
goat anti-human IgG, Fcγ fragment specific (Jackson ImmunoResearch, West Grove, Pennsylvania,
USA) in PBS and 1% BSA was added to each well and incubated at room temperature in the dark with
shaking. After 1-h incubation, beads were washed by adding 100 µL of PBS and 1% BSA, centrifuged
at 1500 rpm, 4 ◦C for 5 min. Supernatant was discarded and microspheres were resuspended with
200 µL PBS and 1% BSA. Flow cytometry analysis was performed using BD LSR Fortessa analyzer
(BD Biosciences, San Jose, CA, USA), and the flow cytometry data were analyzed using FlowJo v10.6.2
(FlowJo LLC, Ashland, OR, USA) (Supplementary Figure S3).

4.5. Statistical Analysis

Statistical analysis was performed using PRISM 6.0. We compared categorical variables using
Fisher’s exact test and continuous variables using Mann-Whitney U test. The S/CO ratio was compared
between MBA and EIA by Wilcoxon matched-pairs signed rank test. A p value of less than 0.05 was
judged statistically significant.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/18/
6595/s1.

Author Contributions: Conceptualization, C.H.-Y.F. and K.K.-W.T.; data curation, C.H.-Y.F. and L.-L.C.; formal
analysis, C.H.-Y.F. and K.K.-W.T.; funding acquisition, K.K.-W.T.; investigation, K.K.-W.T.; methodology, C.H.-Y.F.,
J.-P.C., T.K.D. and L.-L.C.; project administration, K.K.-W.T.; Resources, J.-P.C., C.Y.-K.C., L.-H.W., A.C.-K.N.,
P.K.P.P., D.T.-Y.H., S.S., K.-H.C., I.F.-N.H., K.-Y.Y. and K.K.-W.T.; supervision, K.K.-W.T.; validation, C.H.-Y.F. and
K.K.-W.T; writing–original draft, C.H.-Y.F. and K.K.-W.T; writing—review and editing, C.H.-Y.F., J.-P.C., T.K.D.,
L.-L.C., C.Y.-K.C., L.-H.W., A.C.-K.N., P.K.P.P., D.T.-Y.H., R.W.-S.P., T.W.-H.C., S.S., K.-H.C., J.F.-W.C., I.F.-N.H.,
K.-Y.Y. and K.K.-W.T. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Public Sector Trial Scheme for the Prevention and Control of
Coronavirus Disease 2019 (COVID-19) in Hong Kong (SST/115/20GP), and donations of Richard Yu and Carol Yu,
May Tam Mak Mei Yin, the Shaw Foundation Hong Kong, Michael Seak-Kan Tong, Respiratory Viral Research
Foundation Limited, Hui Ming, Hui Hoy and Chow Sin Lan Charity Fund Limited, Chan Yin Chuen Memorial
Charitable Foundation, Marina Man-Wai Lee, the Jessie & George Ho Charitable Foundation, Perfect Shape
Medical Limited, and Kai Chong Tong; The funding sources had no role in the study design, data collection,
analysis, interpretation, or writing of the report.

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/1422-0067/21/18/6595/s1
http://www.mdpi.com/1422-0067/21/18/6595/s1


Int. J. Mol. Sci. 2020, 21, 6595 9 of 10

Abbreviations

MBA Microsphere-based antibody assay
EIA Enzyme immunoassay
SARS-CoV Severe acute respiratory syndrome coronavirus
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
NP SARS-CoV-2 nucleoprotein
RBD Spike protein receptor binding domain
IgG Immunoglobulin G
FBS Fetal bovine serum
PBS Phosphate-buffered saline
S/CO Signal-to-cutoff

CI Confidence interval
MFI Mean fluorescent intensity
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