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A B S T R A C T   

SARS-CoV-2 is quickly evolving from wild-type to many variants and spreading around the globe. Since many 
people have been vaccinated with various types of vaccines, it is crucial to develop a high throughput platform 
for measuring the antibody responses and surrogate neutralizing activities against multiple SARS-CoV-2 variants. 
To meet this need, the present study developed a SARS-CoV-2 variant (CoVariant) array which consists of the 
extracellular domain of spike variants, e.g., wild-type, D614G, B.1.1.7, B.1.351, P.1, B.1.617, B.1.617.1, 
B.1.617.2, and B.1.617.3. A surrogate virus neutralization on the CoVariant array was established to quantify the 
bindings of antibody and host receptor ACE2 simultaneously to spike variants. By using a chimeric anti-spike 
antibody, we demonstrated a broad binding spectrum of antibodies while inhibiting the bindings of ACE2 to 
spike variants. To monitor the humoral immunities after vaccination, we collected serums from unvaccinated, 
partial, or fully vaccinated individuals with either mRNA-1273 or AZD1222 (ChAdOx1). The results showed 
partial vaccination increased the surrogate neutralization against all the mutants while full vaccination boosted 
the most. Although IgG, IgA, and IgM isotypes correlated with surrogate neutralizing activities, they behave 
differently throughout the vaccination processes. Overall, this study developed CoVariant arrays and assays for 
profiling the humoral responses which are useful for immune assessment, vaccine research, and drug 
development.   

1. Introduction 

The pandemic of SARS-CoV-2 is almost 2 years since the initial report 
of wild-type virus from Wuhan, China towards the end of 2019. Due to 
the high mutation rates of the RNA virus, several SARS-CoV-2 variants 
are circulating throughout the world which include alpha, beta, gamma, 
delta, and omicron. To date, there are many vaccines authorized for 
emergency use, e.g., mRNA-1273, BNT162b2, AZD1222, JNJ- 
78436735, and CoronaVac. However, they are all designed using the 
wild-type strain. The advent of SARS-CoV-2 mutations raises concerns 
regarding the long-term efficacy of existing vaccines. The possibility of 

vaccination escape, in which vaccine-generated immunity is insufficient 
to give disease protection, is a concern. The existence of convalescent or 
vaccine-mediated immunity, together with high viral transmission, may 
accelerate the emergence of escape mutants. Although in vitro findings 
demonstrate a decrease in neutralizing antibody titers, the efficacy of 
available spike-based vaccines against the Alpha (B.1.1.7) variant of 
concern (VOC) does not appear to be jeopardized (Emary et al., 2021; 
Hall et al., 2021). So, to be able to catch up with the viral mutations in 
vaccine development is extremely difficult because the research, 
development, and clinical trial are time-consuming and expensive. Thus, 
the alternative strategy is to systematically evaluate the protective 
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efficacy of the current vaccines against SARS-CoV-2 variants. 
The majority of SARS-CoV-2 vaccines employ three strategies: 

mRNA, viral vector, and inactivated virus platforms. Moderna’s mRNA- 
1273 uses lipid nanoparticle delivery of mRNA expressing a prefusion 
stabilized version of spike protein obtained from SARS-CoV-2 isolates 
from Wuhan, China, early in the outbreak. AZD1222, which is devel-
oped at Oxford University and comprises the SARS-CoV-2 structural 
surface glycoprotein antigen, spike protein gene in a replication- 
deficient chimp adenoviral vector ChAdOx1. CoronaVac and BBIBP- 
CorV are two inactivated virus vaccines developed by the Chinese 
company Sinovac and Sinopharm, respectively. Nevertheless, the sud-
den rise of new circulating variants has prompted serious doubts con-
cerning the spatial and temporal effects of these vaccines. 

To evaluate the vaccine protection against ongoing variants, it is 
needed to establish a multiplexed platform for evaluating immune re-
sponses. The protein microarray platform is highly suited because it can 
immobilize multiple antigens and profile humoral immunity (Syu et al., 
2020). Our group and others have developed different types of protein 
microarrays to profile the serum antibodies in COVID-19 patients (de 
Assis et al., 2021; Du et al., 2021; Jiang et al., 2020) and after vacci-
nation with BBIBP-CorV (Ma et al., 2021). In addition to serum 

antibodies, neutralizing antibodies is the most important component for 
blocking viral entry. Until now, there is no existing platform that has 
multiple variant antigens nor measuring the neutralizing antibody 
against multiple variants. In this study, we developed a multiplexed 
SARS-CoV-2 Variant (CoVariant) protein array by immobilizing 
wild-type and eight spike variants on a slide. By incubating with 
anti-spike and ACE2, the CoVariant can simultaneously detect the 
quantity of antibody and surrogate neutralizing activity on each spike 
protein variant in a single assay. In addition, sera from cohorts of pa-
tients who received one or two doses of the mRNA 1273 (Moderna) or 
AZD1222 (AstraZeneca) vaccine against SARS-CoV-2 and its variants 
were used to assess the surrogate neutralization and antibody profiles 
after vaccination. 

2. Results 

2.1. Fabrication of CoVariant protein microarray 

To develop the CoVariant protein microarray, we focused on the 
wild-type and eight common variants of SARS-CoV-2. We selected the 6x 
His-tagged extracellular domain (ECD) of spike protein to maintain the 

Fig. 1. Design and quality control of 
CoVariant protein array. 
The CoVariant protein array contained the 
extracellular domain (ECD) of spike proteins 
and printed in triplicates on the array. a The 
amino acid sequences of the ECD of spike 
proteins from wild type SARS-CoV-2 and 
their variants, including D614G, B.1.1.7, 
B.1.351, P.1, B.1.617, B.1.617.1, B.1.617.2, 
and B.1.617.3. SP, signal peptide. HR, hep-
tad repeat. TM, transmembrane domain. CP, 
cytoplasmic domain. b Fluorescence staining 
of 6x His to visualize the his-tagged proteins 
that were immobilized on the CoVariant 
protein array. c Fluorescence staining of 
ACE2 to show the receptor binding to the 
various spike ECDs. d Cy3-labeled pan anti-S 
staining to visualize the spike proteins. e 
Quantification of anti-6x His signals. f 
Reproducibility of two anti-6x His assays.   

T.-S. Ho et al.                                                                                                                                                                                                                                   



Biosensors and Bioelectronics 204 (2022) 114067

3

optimal antigen integrity and conformation (Fig. 1a). Moreover, ECD 
contained both N-terminal domain and receptor binding domain which 
were important in the ACE2 interactions (Liu et al., 2020; Zhang et al., 
2021). Wild-type and variant spike proteins along with some control 
proteins were printed in triplicates on the aldehyde-coated slides and 
formed the most comprehensive CoVariant protein microarray. The 
CoVariant protein arrays were quality checked for protein immobiliza-
tion, reproducibility, and protein functions. The protein immobilization 
was confirmed by bright signals of anti-His and anti-S staining (Fig. 1b, 
d, 1e). The reproducibility was evaluated by two independent anti-His 
stainings and showed a 0.999 r square value (Fig. 1f). The spike 

proteins on the array were properly folded and functional by staining 
with ACE2 (Fig. 1c). 

2.2. Dual quantification of antibody and surrogate neutralizing activity 

Given that the binding of receptor-binding domain (RBD) to the re-
ceptor ACE2 is crucial for virus entry, we measured the neutralizing 
activity via surrogate method as an alternative for plaque reduction 
assay (Tan et al., 2020). Since the spike proteins on the CoVariant 
protein array were functional, we aimed to quantify both antibody and 
ACE2 bindings using two separate fluorescence signals (Fig. 2a). As a 

Fig. 2. High throughput detection and quantification of antibodies and surrogate neutralizing activities by using CoVariant protein array. 
An anti-S antibody was used to as a proof of concept. a Assay procedures to simultaneously quantify antibodies and surrogate neutralizing activities. The antibody 
amounts from either serum or anti-S were quantified by Cy3-labeled anti-human antibody. The surrogate neutralizing activities were quantified by Cy5-labeld ACE2. 
The representative images from no antibody, low anti-S, and high anti-S were listed. b A dose dependent detection of anti-S bindings and ACE2 bindings on the wild- 
type SARS-CoV-2 spike protein. c Quantification of anti-S signals and normalized with anti-6x His signals. d Quantification of neutralization was calculated by the 
surrogate virus neutralization was indicated by the inhibition of ACE2 binding = 1 – (ACE2 with antibody/ACE2 without antibody) x 100%. e Quantification of anti-S 
signals across wild-type and variants. f Quantification of surrogate neutralize activities across wild-type and variants. Regression curve, r square, and IC50 were 
calculated with sigmoidal 4 pl model. 
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proof of concept, a humanized anti-S antibody was used to simulta-
neously detect the specificity of the antibody and ACE2 bindings against 
wild-type and common variants. Anti-S bound to wild-type spike protein 
and dose-dependently inhibited the ACE2 bindings (Fig. 2b). The sur-
rogate virus neutralization was indicated by the inhibition of ACE2 
binding = 1- (ACE2 binding with antibody/ACE2 binding without 
antibody) x 100%. Based on the anti-S dose-response curve, the top, 
bottom, and IC50 were 101%, 4%, and 767 pg, respectively (Fig. 2c). 
The ACE2 inhibition curve also showed a similar pattern, the top, the 
bottom, and the IC50 were 95%, 5%, and 1516 pg, respectively (Fig. 2d). 
Interestingly, the humanized anti-S showed broad bindings and surro-
gate neutralizing activities across the wild-type and eight common 
variants (Fig. 2e and f). This assay platform could accelerate the research 
and development of antibody drugs and other therapeutics. 

An ELISA-based neutralization detection kit produced by GenScript 
cPass was recently received emergency use authorization from the Food 
and Drug Administration. Given the cPass ELISA kit only measured the 

neutralizing antibody for wild-type RBD, we selected the wild-type data 
on the CoVariant array for comparison. By using the WHO reference 
panel with high to low reactivities, we identified a high correlation of 
surrogate neutralizing activity between CoVariant and cPass methods 
with 0.973 r square value (Fig. S1a). We also showed the high correla-
tion of surrogate neutralizing activity between CoVariant and reference 
values with 0.983 r square value (Fig. S1b). Moreover, serum IgG level 
measured by CoVariant array was highly correlated with reference 
values with 0.977–0.984 r square value (Figs. S1c and S1d). Thus, we 
believed the CoVariant arrays and assays are not only high throughput 
but also comparable with other measurements or units. 

2.3. Surrogate neutralizing activities in partial and fully vaccinated 
subjects 

To survey the immune response after vaccination, we collected sera 
from unvaccinated subjects (UN), individuals who received either one 

Fig. 3. High throughput detection of surrogate neutralizing activities against wild-type and common SARS-CoV-2 variants in partial and fully vaccinated subjects. 
Sera from partial, fully, or unvaccinated subjects were collected and analyzed for their surrogate neutralize activities by using CoVariant protein arrays. a Serum 
profiling images from 3 fully vaccinated and 3 unvaccinated subjects. The Cy3 green channel indicated the IgG amounts. The Cy5 red channel indicated the ACE2 
bindings. b Surrogate neutralizing activities against wild-type SARS-CoV-2 in partial, fully, and unvaccinated subjects. c-j Surrogate neutralizing activities against 
eight common SARS-CoV-2 variants. AZ, M, and UN referred to AZD1222, mRNA-1273, and unvaccinated respectively. AZ1 n = 36, AZ2 n = 20, M1 n = 9, M2 n =
14, and UN n = 33. Data were analyzed by one-way ANOVA followed by Tukey’s post-hoc tests, p < 0.05 between different letters. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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dose of AZD1222 (AZ1), two doses of AZD1222 (AZ2), or one dose of 
mRNA-1273, (M1), or two doses of mRNA-1273 (M2). The mean and 
standard deviation of the days after vaccination were 58.7 ± 9.0, 59.1 ±
24.9, 63.9 ± 28.6, 57.1 ± 28.9 for AZ1, AZ2, M1, and M2, respectively. 
Collected sera were used for high throughput profiling for their antibody 
specificities and surrogate neutralizing activities (Fig. 3a). 

The surrogate neutralizing antibodies against wild-type and eight 
variant spike proteins were significantly higher after one or two doses of 
vaccines (Fig. 3b-j and Fig. S2). In wild-type and B.1.617.2 spike pro-
teins, the surrogate neutralizing antibodies were the highest in M2, 
followed by M1 or AZ2, followed by AZ1, and the lowest in UN (Fig. 3b 
and i). In D614G, B.1.1.7, P.1, B.1.617, B.1.617.1, and B.1.617.3 spike 
variants, the surrogate neutralizing activities were M2 ≥ M1 ≥ AZ2 >
AZ1 > UN (Fig. 3c, d, 3f-h, 3j). In B.1.351 spike protein, the surrogate 
neutralizing activity was M2 = M1 > AZ2 = AZ1 > UN (Fig. 3e). 
Although the surrogate neutralizing activities among vaccines were 
slightly different in wild-type and eight variants, they all share the 
similar tendency of higher in two doses than one dose and higher in 
mRNA-1273 than AZD1222. After being fully vaccinated, the M2 
showed greater surrogate neutralizing activities than the AZ2 against all 
the wild-type and eight variants (Fig. 3 and Fig. S2). 

2.4. IgG/A/M bindings in partial and fully vaccinated subjects 

IgG is one of the most important immune responses after COVID-19 
vaccination (Wei et al., 2021). To evaluate the COVID-19 vaccines 
against multiple variants, we quantified the IgG signals in AZ1, AZ2, M1, 
M2, and UN. The IgG levels against wild-type and variants were higher 
in either one or two doses of vaccines, except for B.1.617 (Fig. 4). In 

AZD1222, both partial or fully vaccinated subjects generated a signifi-
cant amount of IgG against all the wild-type and eight variants. How-
ever, in AZD1222, two doses did not induce more IgG than one dose 
(Fig. 4). In contrast, M2 evoked more IgG than M1 in most spike variants 
(Fig. 4 and Fig. S3). This may partially explain the better surrogate 
neutralizing activities in M2 than AZ2. 

IgA is the most prevalent isotype within the mucosal membranes and 
plays an important role in mucosal immunity which might help to fight 
against invading SARS-CoV-2. Only a few studies addressed the IgA 
levels after natural infection or vaccination (Du et al., 2021; Jalkanen 
et al., 2021). Here, we evaluated the IgA responses against multiple 
variants in partial and fully vaccinated subjects. In mRNA-1273, neither 
one dose nor two doses did not induce IgA (Fig. 5 and Fig. S4). In 
contrast, the two doses of AZD1222 evoked a significant amount of IgA 
against wild-type and variants, except for B.1.617 and B.1.617.2 (Fig. 5 
and Fig. S4). The increment of IgA after two doses of AZD1222 may 
contribute in part to the surrogate neutralizing activities. 

IgM plays a major role in the surrogate neutralizing activities in 
COVID-19 convalescent patients (Gasser et al., 2021). We quantified the 
IgM responses against multiple variants in partial and fully vaccinated 
subjects. In AZD1222, neither one nor two doses did not induce IgM 
(Fig. S5 and Fig. S6). Interestingly, two doses of mRNA-1273 signifi-
cantly increased the IgM level against wild-type and variants, except for 
B.1.617 and B.1.617.2 (Fig. S5 and Fig. S6). The elevation of IgG and 
IgM after two doses of mRNA-1273 may in part contribute to the sur-
rogate neutralizing activities. 

Fig. 4. High throughput detection of serum IgG against wild-type and common SARS-CoV-2 variants in partial and fully vaccinated subjects. 
Sera from partial, fully, or unvaccinated subjects were collected and analyzed for their IgG bindings by using CoVariant protein arrays. a IgG bindings against wild- 
type SARS-CoV-2 in partial, fully, and unvaccinated subjects. c-i IgG bindings against eight common SARS-CoV-2 variants. Data were analyzed by one-way ANOVA 
followed by Tukey’s post-hoc tests, p < 0.05 between different letters. 
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2.5. Crosstalk between antibody isotypes and surrogate neutralizing 
activities 

Identifying the antibody response to SARS-CoV-2 and possible pro-
tection is crucial for global health security and the development of more 
effective vaccines. To analyze the relationship between antibody iso-
types and the surrogate neutralizing activities, we performed global 
correlation analysis with all the subjects against wild-type spike protein 
(Figs. S7a–c). IgG, IgA, and IgM levels were significantly correlated with 
surrogate neutralizing activities. If focusing on AZD1222, the IgM was 
not related to surrogate neutralizing activities (Figs. S7d–f). If focusing 
on mRNA-1273, all three isotypes were significantly correlated with 
surrogate neutralizing activities (Figs. S7g–i). While the IgG level 
increased in AZ1, AZ2, M1, and M2, the IgA and IgM level only evoked in 
AZ2 and M2, respectively (Fig. S8). This indicated a distinct humoral 
immune regulation between vector and mRNA vaccines. 

3. Discussion 

Reduced morbidity and death in the elderly and other vulnerable 
populations is a significant priority for mass vaccination efforts, 
particularly in the context of limited vaccine supply and VOC onset. All 
of the SARS-CoV-2 variants differ in two critical regions of the spike 
protein that are recognized by our body’s immune system’s neutralizing 
antibodies. These regions are the RBD which can interact with the ACE2 
receptor (Liu et al., 2020; Zhang et al., 2021) and the N-terminal domain 
(NTD) which is a prime target for B cells after vaccination (Carreño 
et al., 2021). Mutations in some of these regions can reduce the 
neutralizing antibodies to attach to the spike. In this study, we 

developed a multiplexed CoVariant protein microarray by immobilizing 
the wild-type and eight spike ECD variants on a chip. Since the ECD 
contained both RBD and NTD, we were able to determine the amount of 
antibody and neutralization on each spike variant in a single experi-
ment. In addition, if there is a new VOC such as omicron in the future, we 
will express that spike ECD and expand it on the CoVariant protein 
array. 

While IgG, IgA, and IgM isotypes were found to be associated with 
surrogate neutralizing activities, they behaved differently after vacci-
nation. In AZD1222, the IgG level was increased after one dose and 
remained at a high level after the second dose. Only after two doses of 
AZD1222 were able to induce the IgA level. As a result, the surrogate 
neutralizing activity was higher in two doses than one dose of AZD1222. 
In mRNA-1273, the IgG level was elevated after one dose and further 
evoked after the second dose. The IgM level was also evoked after the 
second dose of mRNA-1273. Moreover, the IgM level played a key role in 
the ability of the convalescent plasma to neutralize SARS-CoV-2 (Gasser 
et al., 2021). As a result, the two doses of mRNA-1273 showed better 
surrogate neutralizing activity than the two doses of AZD1222. Although 
the detailed mechanisms for the isotype differences in AZD1222 and 
mRNA-1273 were not clear, it agreed with recent findings that suggest 
the mixing of these two vaccines generates stronger humoral responses 
(Schmidt et al., 2021). 

Humoral responses take the form of numerous antibody subtypes, 
among which IgG is the most abundant and long-lived (Wisnewski et al., 
2021). We found the abundant elevation of IgG isotypes against the 
spike and its variants after partially and fully vaccination may indicate 
long-term protection. Our findings were consistent with others that 
showed dominant IgG isotypes in either vector or mRNA vaccines (Ewer 

Fig. 5. High throughput detection of serum IgA against wild-type and common SARS-CoV-2 variants in partial and fully vaccinated subjects. 
Sera from partial, fully, or unvaccinated subjects were collected and analyzed for their IgA bindings by using CoVariant protein arrays. a IgA bindings against wild- 
type SARS-CoV-2 in partial, fully, and unvaccinated subjects. c-i IgA bindings against eight common SARS-CoV-2 variants. Data were analyzed by one-way ANOVA 
followed by Tukey’s post-hoc tests, p < 0.05 between different letters. 
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et al., 2021; Jalkanen et al., 2021). Among humoral responses, the 
surrogate neutralizing activities were the most valuable parameters for 
mimicking the infection. Several studies have shown a link between the 
level of neutralization and the risk of infection for SARS-CoV-2 (Addetia 
et al., 2020; Khoury et al., 2021a). As a result, the quantity of the hu-
moral response after immunization, which coincides with neutralizing 
antibody titers (Khoury et al., 2021b), may be clinically significant. 

4. Conclusion 

In this study, we developed CoVariant arrays and surrogate 
neutralizing assays to facilitate the biochemical studies and immune 
assessments of the SARS-CoV-2 variants. The results showed a broad 
binding spectrum and surrogate neutralizing activities of the antibody 
drugs toward multiple variants. By using CoVariant arrays and assays, 
we investigated the humoral immune responses against multiple vari-
ants after partial or full vaccination with either AZD1222 or mRNA- 
1273. The future directions would be utilizing the CoVariant protein 
array to evaluate cellular immune responses after vaccinations as well as 
integrating the Omicron variant into the array to further evaluate the 
existing vaccines. 

5. Methods 

5.1. Fabrication of CoVariant protein microarray 

For the fabrication of multiplexed SARS-CoV-2 Variant (CoVariant) 
protein microarrays, twenty-three viral proteins including the spike 
proteins, nucleocapsid proteins, 4 cell membranes, and 8 controls were 
mixed with 30% glycerol and transferred into the 384 well as source 
plate for printing (Table S1). The cell membrane was prepared by har-
vesting 5 × 106 cells, washed, and extracted by a membrane isolation kit 
(ThermoFisher, #89842). The slides were precoated with aldehyde and 
stored at 4 ◦C as previously described (Du et al., 2021). Each sample was 
printed in triplicate in each block (9 × 10 format) and 14 identical 
blocks per slide using a contact printer (CapitalBio, #SmartArrayer 
136). After printing, the CoVariant protein microarrays were immobi-
lized overnight, vacuum-sealed, and stored at 4 ◦C for a short term (<6 
months) or at − 80 ◦C for a long term (6 months to a few years). The 
immobilization and functionality of the proteins on the microarrays 
were assessed by anti-His, anti-spike, and ACE2. 

5.2. Quality control of CoVariant protein microarray 

The CoVariant protein microarrays stored at − 80 ◦C were thawed to 
room temperature, washed with 1X TBST (TBS with 0.1% Tween 20) for 
10 min, blocked by SuperBlock buffer (ThermoFisher, #37537) for 15 
min, and incubated with 50 μL of 647-conjugated Rabbit Anti-His tag 
1.1 ng/mL (Jackson Lab, #300-605-240), anti-spike antibody 31.25 ng/ 
mL (Sino Biological, #40150-D001) with anti-human IgG conjugated 
with Cy3 1.5 μg/mL (Jackson Laboratory, #109-165-003), or bio-
tinylated ACE2 125 pg/mL (Sino Biological, #10108-H08H–B) with 
Cy5-conjugated Streptavidin 2 ng/mL (Jackson Lab, #016-170-084) for 
quality control. After several washes, the arrays were dried and scanned 
then scanned for Cy3 and Cy5 signals with power 25% and 30% 
(Caduceus Biotechnology, #SpinScan). 

5.3. Antibody and receptor specificity profiling 

Chimeric monoclonal antibodies against the SARS-CoV-2 spike (Sino 
Biological, #40150-D001) were used to compete with ACE2 bindings. 
After blocking, the CoVariant array was incubated with 50 μL of serially 
diluted monoclonal antibodies for 1 h, and washed again with TBST. 
Followed by incubation with 50 μL of Cy5-conjugated Streptavidin 2 ng/ 
mL (Jackson Laboratory, #016-170-084), biotinylated ACE2 125 pg/mL 
(Sino biological, #10108-H08H–B), and anti-human IgG conjugated 

with Cy3 1.5 μg/mL (Jackson Laboratory, #109-165-003) for 1 h, 
washed, dried, and then scanned. 

5.4. Subjects and ethical statement 

Blood samples were obtained with standard aseptic phlebotomy 
technique at least 20 days after the first dose of vaccination or at least 7 
days after the second dose of vaccinations. Each participant took 10 mL 
of blood using sodium heparin BD vacutainer collection tubes (5 mL; 
Becton Drive Vacutainer, Franklin Lakes, USA). Serum was separated 
and stored at − 80 ◦C until use. Participants who have available blood 
samples and signed informed consents were included. While those who 
have severe, chronic illnesses such as hepatomegaly, severe anemia, 
bleeding disorders, or any known pre-existing immunologic disorders, 
having received blood products 6 months prior to the day of enrollment 
were excluded. All participants gave their informed consent before they 
participated in the study. The study was conducted adhering to the 
Declaration of Helsinki, and the protocols were approved and conducted 
following the Institutional Review Boards of National Cheng Kung 
University Hospital (NCKUH) (reference number A-ER-110-203), which 
is organized and operated according to the laws and regulations of Good 
Clinical Practice (ICH-GCP). 

5.5. Serum profiling 

After blocking, the CoVariant array was incubated with 50 μL of 50- 
fold diluted serum in TBST supplemented with 1% BSA for an hour and 
washed. Followed by incubation with 50 μL of biotinylated human ACE2 
125 pg/mL, and Cy5-conjugated streptavidin 2 ng/mL, Cy3-labeled anti- 
human IgG/A/M antibodies (Jackson Laboratory, 75 ng/ml #109-165- 
008, 150 ng/ml #109-165-011, and 1.5 μg/ml #109-165-043) for an 
hour. After final washes, the arrays were dried and scanned for Cy3 and 
Cy5 signals. 

5.6. Data analysis 

The signals were analyzed by GenePix Pro software as foreground 
minus background. To calculate the competition assay (surrogate 
neutralizing activity), data from the sample and buffer were both 
needed. The surrogate virus neutralization was indicated by the inhi-
bition of ACE2 binding = 1 – (ACE2 with sample/ACE2 without sample) 
x 100%. For IgG/A/M quantification, the fluorescence signals from spike 
proteins were divided by their His signals to normalize the protein 
amounts. The dose-response curve was analyzed by the sigmoidal 4 pl 
model. The correlation was analyzed by the linear regression model. 
Comparison between multiple groups was done by one-way ANOVA 
followed by Tukey’s post-hoc tests with a p < 0.05 as the threshold for 
significance. The outliers were identified by Grubbs’ method with alpha 
0.0001. All the statistics and figures were done by GraphPad Prism 
software. All data were presented as mean ± SD, where n was the 
number of subjects. 

Data availability 

The list of materials on the CoVariant array was attached in Sup-
plementary Table 1. The datasets generated during and/or analyzed 
during the current study are available from the corresponding author 
upon request. 
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