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Diagnostic

COVID-19 is still unfolding, while many people have been vaccinated. In comparison to nucleic acid testing
(NAT), antibody-based immunoassays are faster and more convenient. However, its application has been
hampered by its lower sensitivity and the existing fact that by traditional immunoassays, the measurable sero-
conversion time of pathogen-specific antibodies, such as IgM or IgG, lags far behind that of nucleic acids. Herein,
by combining the single molecule array platform (Simoa), RBD, and a previously identified SARS-CoV-2 S2
protein derivatized 12-aa peptide (S2-78), we developed and optimized an ultrasensitive assay (UIM-COVID-19
assay). Sera collected from three sources were tested, i.e., convalescents, inactivated virus vaccine-immunized
donors and wild-type authentic SARS-CoV-2-infected rhesus monkeys. The sensitivities of UIM-COVID-19 as-
says are 100-10,000 times higher than those of conventional flow cytometry, which is a relatively sensitive
detection method at present. For the established UIM-COVID-19 assay using RBD as a probe, the IgG and IgM
seroconversion times after vaccination were 7.5 and 8.6 days vs. 21.4 and 24 days for the flow cytometry assay,
respectively. In addition, using S2-78 as a probe, the UIM-COVID-19 assay could differentiate COVID-19 patients
(convalescents) from healthy people and patients with other diseases, with AUCs ranging from 0.85-0.95. In
summary, the UIM-COVID-19 we developed here is a promising ultrasensitive biodetection strategy that has the
potential to be applied for both immunological studies and diagnostics.

1. Introduction

COVID-19, caused by SARS-CoV-2, has aroused a huge global impact.
As of April 17, 2022, there have been 504 million infected people around
the world (https://coronavirus.jhu.edu/map.html)(Dong et al., 2020).
Accurate and early diagnosis is a key step to control the pandemic.
Although nucleic acid testing (NAT) is the gold standard in detecting
SARS-CoV-2 infection, serological testing is an essential complement to
NAT, especially for fast detection and the monitoring of mild or
asymptomatic infections (Lee et al., 2020). In addition, because of the
high correlation between SARS-CoV-2-specific antibody responses
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against RBD and serum neutralization activity (Ma et al., 2021), sero-
logical testing is the most convenient way to estimate the serum
neutralization activity for both COVID-19 patients and vaccinated peo-
ple (Xue et al., 2022). More importantly, IgM and IgG play critical roles
during infection and recovery; for example, the SARS-CoV-2-specific IgG
response can be used as an index of infection and previous infection
(Woo et al., 2004). It is generally believed that SARS-CoV-2-specific IgM
antibodies will appear within 7 days after infection for a rapid and ur-
gent immune reaction (Bosnjak et al., 2021), while SARS-CoV-2-specific
IgG antibodies will appear after 14 days. These time windows for sero-
conversion are also widely recognized for many other viral infections
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(Gaylord et al., 2015; Xie et al., 2022). Because of this, the common
knowledge is that serological testing is not suitable for the early detec-
tion or monitoring of COVID-19 and other infections and limits its
clinical application. The most traditional method for serological testing
is enzyme-linked immunosorbent assay (ELISA), usually with a pg/mL
ultimate sensitivity. However, we believe that the appearance of
SARS-CoV-2-specific antibodies after infection or vaccination is gradu-
ally progressing. Thus, we hypothesize that the seroconversion times for
both IgG and IgM could be reliably shortened if a method with much
higher sensitivity than ELISA is applicable. By then, we can detect
COVID-19 by immunoassay at a much earlier time point, which will
promote the antibody detection assay to play a more essential role in
practical clinical diagnosis.

Single molecule array (Simoa), has shown unique advantages in
clinical applications, especially in the detection of low abundance pro-
teins or biomarkers due to its high sensitivity (Preische et al., 2019).
Compared with traditional ELISA tests, Simoa has also played a great
role in the detection of antigens and antibodies (Cai et al., 2021; Norman
et al., 2020; Shan et al., 2021), neutralizing antibodies (Gilboa et al.,
2021) and vaccine monitoring (Ogata et al., 2021) in body fluids during
the COVID-19 pandemic, contributing greatly to the in-depth under-
standing of COVID-19 and the development of new detection and
monitoring methods. However, most of the current seroconversion
studies start from the onset of symptoms, while the number of days of
infection before the onset of symptoms is unknown. In addition, the
human challenge trial (Killingley et al., 2022) and animal model tests
(Ryan et al., 2021) could also not provide precise time of earlier sero-
conversion; thus, the early seroconversion surveillance of IgG and IgM
antibodies was not achieved.

Additionally, for antibody detection aimed at SARS-CoV-2, in addi-
tion to using traditional antigens as probes, i.e., the N protein and S
protein, another widely applied antigen is RBD. The reason is that the
overall performance of RBD is similar to that of N protein and S protein,
but the antibody response to RBD is related to serum neutralization
activity (Brouwer et al., 2020). In addition, according to our previous
study, a SARS-CoV-2 spike protein-derived peptide, S2-78 (aa
1148-1159), can be applied to detect asymptomatic infections (Li et al.,
2021a; Speer et al., 2021), and the overall diagnostic performance of
$2-78 is comparable to that of the S protein. Importantly, there are
several advantages of peptide-based detection when compared to pro-
tein or protein domain-based detection. For example, higher stability,
lower cost, and ease of scaling up in a very short period by chemical
synthesis, etc.

Herein, we combined RBD/S2-78 peptide and the single molecule
detection power of Simoa and developed an ultrasensitive immuno-
assay. This assay was applied to monitor the SARS-CoV-2-specific anti-
body responses induced by an inactivated virus vaccine or SARS-CoV-2
infection. Highly sensitive detection was achieved, and it is exciting to
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find that the seroconversion time revealed by this assay is approximately
two weeks earlier than by flow cytometry, which improves our under-
standing of the seroconversion time window after virus infection.

2. Materials and methods
2.1. Sample collection and cohorts

Eight vaccination participants were enrolled in this study. The par-
ticipants were immunized with the inactivated virus vaccine, and serum
samples were collected at 10 time points after the 1st dose and 2nd dose
(Cohort 1 in Table 1). Sera from 47 COVID-19 convalescent patients, 43
healthy controls and 50 other diseases, including lung cancer and non-
respiratory diseases, were collected from Foshan Fourth Hospital,
Foshan, Tongren Hospital, Shanghai and Ruijin Hospital, Shanghai. The
serum samples were collected on the day of hospital discharge (Cohort 2,
Cohort 3 and Cohort 4 in Table 1). The rhesus monkey sera were pro-
vided by Wuhan Institute of Virology, Wuhan, China. Two rhesus
monkeys were infected with the reference strain of SARS-CoV-2, and the
other two were infected with the B.1.351 variant (Cohort 5 in Table 1).
Samples were taken for 8 consecutive days from the beginning of the
infection. All the samples were strictly inactivated (56 °C water bath for
30 min). All samples were stored at —80 °C until use.

Ethical approval

The study was approved by the Institutional Ethics Review Com-
mittee of Foshan Fourth Hospital, Foshan, China (ref. no. 202005), and
the Ethics Commission of Shanghai Jiao Tong University (ref. no.
B20211201). Written informed consent was obtained from each partic-
ipant. The infected rhesus sera collection was approved by Wuhan
Institute of Virology (WIVA42202006; WIVA42202002-01).

2.2. $2-78 peptides conjugated on magnetic microbeads

The S2-78 peptides, belonging to the spike protein of SARS-CoV-2 (aa
1148-1159) and containing 12 amino acids (FKEELDKYFKNH), were
synthesized by GL Biochem, Ltd. (Shanghai, China). To conjugate S2-78
peptides onto the magnetic beads, the peptide was modified with a
cysteine. Briefly, the magnetic beads were modified with PEI (Sigma-
Aldrich, Missouri, USA, Cat No. 181978-250G) to endow the amino
groups onto the surface of beads. Then, 400 pL of 4 mg/mL Sulfo-SMCC
(Sigma-Aldrich, Missouri, USA, Cat No. M6035) was mixed with 1 mg
PEI-modified beads in a 2 mL centrifuge tube and incubated at 25 °C for
1 h. After washing three times, 400 pL of 0.1 mg/mL S2-78 peptide PBS
solution was added and incubated at 25 °C for 2 h. The S2-78 beads were
washed three times with PBST (10 mM, pH = 7.4) and stored in 100 pL
PBST for subsequent use.

Table 1
Samples used in this study.
Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5
Group Vaccination Convalescent Healthy control Other diseases Infected rhesus
Numbers 8 47 43 50 4
Age 24+1.7 40.6 £ 15.2 51.6 +£18.2 56.2 £ 15.0 -
Gender Male 4 23 22 26 -
Female 4 24 21 24 -
Severity  Severe - 0 - - -
Nonsevere 47
Days after symptom - 26.8+7.8 - - -
onset
Source Shanghai Jiao Tong University, Foshan 4th Hospital, Tongren Tongren Wuhan Institute of virology, Wuhan,
Shanghai Guangdong Hospital, Hospital, China
Shanghai Shanghai Ruijin
Hospital,

Shanghai
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2.3. RBD protein conjugated on magnetic beads

RBD protein was provided by Sanyou Biopharmaceuticals Co., Ltd.
(Shanghai, China, Cat No. LZQ20200809). Briefly, a solution of 50 pL, 4
mg/mL EDC (Sigma-Aldrich, Missouri, USA, Cat No. E1769) and 100
pL, 4 mg/mL NHS (Thermo Fisher Scientific Inc., USA, Cat No. 24500)
were added to a 2 mL reaction tube mixed with 50 pL, 1 mg beads to
activate beads at 25 °C for 30 min. All components were dissolved or
suspended in MEST (50 mM, pH = 6.0). After washing the beads with
MEST once, 200 pL of 0.03 mg/mL RBD solution was mixed with the
beads immediately and incubated for 2 h. The supernatant was removed
by magnetic adsorption, and the beads were washed 3 times with
blocking buffer (containing PBS with 0.5% BSA and 0.3% glycine).
Finally, the RBD beads were blocked with 400 pL blocking buffer
(containing PBST with 0.1% BSA and 0.03% Proclin 300 (Sigma-
Aldrich, Missouri, USA, Cat No. 48914-U) overnight at 4 °C and stored at
4 °C until use.

2.4. Establishment of the UIM-COVID-19 assay

S2-78 peptides or RBD-coated beads were applied following a similar
protocol. All procedures were performed using an HD-X Analyzer
(Quanterix, Inc.). The beads were diluted in bead diluent to a concen-
tration of 2.0 x 107 beads/mL. The detector antibodies biotinylated goat
anti-human IgG and IgM (Sangon Biotech Co, Ltd, Shanghai, China, Cat
No. D110152; D110159) were both diluted in detector diluent. For S2-
78 peptide-coated beads, the detector antibodies were diluted to a
concentration of 0.5 pg/mL. Streptavidin-f-galactosidase (SPG)
concentrate was diluted to 50 pM in SBG diluent. For RBD-coated beads,
the detector antibodies were diluted to 0.3 pg/mL, and the streptavidin-
fB-galactosidase (SPG) concentrate was diluted to 150 pM. The serum
samples or SARS-CoV-2 standard neutralizing antibodies (National In-
stitutes for Food and Drug Control, China, Cat No. 280034-202001)
were diluted to the expected ratio using sample diluent. After inputting
all reagents, the automated measuring procedure was accomplished by
HD-X Analyzer. In the two-step assay, the reaction cuvette contained 25
pL of bead suspension, 100 pL of the sample, and 20 pL of the detector
antibody and was incubated for 35.25 min for the first step. After
washing 6 times with washing buffer, 100 pL SBG was added to the
reaction cuvette and incubated for 5.25 min. In the three-step assay, the
reaction cuvette was incubated for 15 min in the first step, which con-
tained 25 pL of bead suspension and 100 pL of sample. The beads were
washed to remove the residue, and 100 pL of detector antibodies was
added for 5.25 min of incubation for the second step. The third step was
the same as the second step. The beads were loaded onto the disc after
washing and resuspending in RGP solution. The array disc was then
sealed with oil and imaged with a high-resolution camera. After analysis
of the images, the number of “1” and “0” wells was counted, and then the
average number of enzyme-labeled protein molecules per bead (AEB)
was calculated (Rissin et al., 2013). Four-parameter logistic regression
was used to fit standard curves. All measurements were performed in
duplicate. The limit of detection (LoD) was calculated by using the signal
from the control group plus 3 times the standard deviation (SD).

2.5. Establishment of the flow cytometry assay

For comparison with the single-molecule array, flow cytometry was
performed. These tests were performed on a BD Accuri C6 Flow Cy-
tometer (BD, America). Briefly, 10 pL magnetic bead suspension
including 2 x 10* beads, 100 serum samples (dilution ratio = 1:200) or
SARS-CoV-2 standard neutralizing antibodies, 40 pL 0.1 mg/mL Cy5-
conjugated goat-anti-human IgG (Sangon Biotech Co, Ltd, Shanghai,
China, Cat No. D111118) or Cy5-conjugated goat-anti-human IgM
(Biosynthesis Biotechnology Co., Ltd. Beijing, China, Cat No. bs-0345G-
Cy5), and 50 pL Cas-PBST (10 mM, pH = 7.4, with a 1% mass concen-
tration of casein sodium salt) were added to a 2 mL centrifuge tube and
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incubated for 1 h at 37 °C. After separation on a magnetic rack and
washing 3 times with PBST, the beads were resuspended in 200 pL
deionized water and tested by a BD Accuri C6 Flow Cytometer. A 40 pL
mixture was used to calculate the mean value of fluorescence intensity.

2.6. Microarray-based serum analysis

Microarray-based serum analysis was completed as described pre-
viously (Jiang et al., 2020). Briefly, arrays containing proteins and
peptides were blocked with 3% BSA-PBS buffer at room temperature
(25 °C) for 3 h. After washing with PBST buffer (0.1% Tween 20 in PBS
buffer) and drying, each slide was installed with a 16-chamber rubber
gasket. Then, 200 pL of incubation buffer (serum diluted 1:200 with 1%
BSA-PBST) was added to the subarray and incubated at room tempera-
ture (25 °C) for 12-16 h. The arrays were washed 3 times with PBST for
10 min each time. The arrays were incubated with diluted
Cy3-conjugated goat anti-human IgG (Jackson ImmunoResearch Cat No.
109-165-008) and Alexa Fluor 647-conjugated donkey anti-human IgM
(Jackson ImmunoResearch Cat No. 709-605-073) (1:1000) at room
temperature (25 °C) for 1 h, washed 3 times with PBST, and dried by
centrifugation. Finally, each slide was scanned using a LuxScan 10 K-A
instrument (CapitalBio Corporation, Beijing, China) with 100% laser
power and PMT 500. The signal intensity was extracted by GenePix Pro
6.0 software (Molecular Devices, CA, USA).

2.7. Engyme-linked immunosorbent assay (ELISA)

SARS-CoV-2 RBD-specific IgG and IgM antibodies were measured
using commercial kits from Vazyme Biotech Co., Ltd. (Nanjing, China,
Cat No. DD3103, DD3111) according to the manufacturer’s protocol.
Briefly, 10 pL of serum sample and 100 pL of sample diluent were added
to 96-well plates and incubated at 37 °C for 30 min. After washing 5
times with wash buffer, 100 pL of detection antibody was added and
incubated at 37 °C for 30 min. After another 5 washes, tetrame-
thylbenzidine substrate was added and incubated at 37 °C. After 10 min,
the reaction was stopped with stopping buffer, and then the absorbance
was measured at 450 nm using SpectraMax i3X (Molecular Devices, CA,
USA).

2.8. Data analysis and visualization

Standard curves of each method were obtained as follows. For the
single molecule array (Simoa), serial dilutions of serum were generated,
beginning at a ratio of 1:200,000 and followed by 4 additional points of
5x dilution (except for the IgM test for S2-78, with a beginning ratio of
1:8000). The last point was obtained by testing the dilution buffer. For
the traditional flow cytometry method, the dilution ratios were
different, i.e., 1:2,500, 1:5,000, 1:10,000, 1:25,000, and 1:50,000 for
IgG and 1:1,000, 1:2,500, 1:5,000, 1:10,000, and 1:25,000 for IgM. After
obtaining the AEB or fluorescence intensity, GraphPad Prism 8.0 was
used to fit four-parameter logistic regression curves. Additionally, ROC
curves were generated by different models, and the AUC value was also
calculated by the inner algorithm. Box diagrams were used to show the
range of AEB between different cohorts. P values were calculated using
the Wilcoxon signed-rank test (two-sided). Asterisks indicate statistical
significance. Forest plots were generated to indicate the range of AUC
with 95% CIs. RStudio, GraphPad Prism 8.0 and Origin 2016 were used
together to visualize these data.

3. Results

3.1. Establishment of an ultrasensitive immunoassay based on a digital
approach for monitoring SARS-CoV-2-specific IgG and IgM responses

The schematic diagram and workflow are shown in Fig. 1. For bead
functionalization, two types of beads were prepared, i.e., RBD- and S2-
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Fig. 1. Scheme of the ultrasensitive method to detect SARS-CoV-2-specific IgG and IgM antibodies. RBD: SARS-CoV-2 Spike protein Receptor Binding Domain, S2-78:

A 12 amino acid peptide from Spike protein S2.

78 peptide-coated beads, while for sample preparation, three sets of
samples were collected, i.e., convalescents, inactivated virus vaccine-
immunized donors and wild-type authentic SARS-CoV-2-infected rhe-
sus monkeys (Table 1). Briefly, IgG and IgM antibodies were captured by
excessive magnetic beads that were coated with RBD or S2-78 peptide.
Based on Poisson’s distribution, every single bead can capture one anti-
body at most (Rissin et al., 2013). After the formation of the immuno-
complex (RBD/S2-78-coated beads + SARS-CoV-2 specific antibody +
biotinylated detecting antibody (anti-IgM or anti-IgG) + streptavi-
din-p-galactosidase (SBG)), the suspension of the bead-based immuno-
complex loaded into the microarray contained 216,000 microwells. The
volume of each well is approximately 50 fL, which can accommodate
only one bead. The substrate is catalyzed by an enzyme-linked immune
complex on the surface of the beads to produce fluorescence; thus, by a
high-resolution camera, the optical signal is transformed into digital
signal “0” (representing no target in the microwell) or “1” (representing
one target in the microwell). Counting the number of “1” and “0”, the
average number of enzymes per bead (AEB), corresponding to the
average number of immunocomplexes per bead, was calculated (Rissin
et al., 2013). With the help of a standard curve, ultrasensitive, accurate
and digital quantification of pending samples is achieved.

To optimize the single-molecule assay, a convalescent serum sample
was randomly chosen. We chose the signal-to-background ratio (SBR) as
the index to determine the optimal conditions. For RBD-coated beads,
the optimal concentration of the detecting antibody (Fig. S1A) and the
optimal immobilized density of RBD onto the surface of the beads were
set (Fig. S1B). For S2-78-coated beads, the optimal immobilized density

of S2-78 for coating the beads (Fig. S1C) and the concentration of SBG
(Fig. S1D) were also determined.

To reveal the limit of detection (LoD) of the established ultrasensitive
immunoassay for monitoring SARS-CoV-2-specific IgG and IgM re-
sponses (UIM-COVID-19), RBD- and S2-78-coated beads were tested for
both IgG and IgM (Fig. 2A-D). The convalescent serum sample used for
optimization was serially diluted to set the calibration curves. As a
comparison, a widely used flow cytometry detection method (Maia
et al., 2020; O’Donnell et al., 2013) was also developed, optimized
(Fig. S2) and performed on the same sample. The reasons for choosing
the flow method are as follows: (1) Wider dynamic range (Rodrigues
et al.,, 2017). (2) By using different magnetic beads and decoding
methods, bead-based flow cytometry can be easily extended to detect
multiple biomarkers simultaneously. (3) The same set of reagents
(magnetic beads, capture antibody, detection antibody, etc.) could be
used for both bead-based flow cytometry and Simoa, thus facilitating
side-by-side comparison. As shown in Fig. 2, for RBD-IgG, the LoD of the
single-molecule assay was 3 magnitudes higher than that of the flow
cytometry assay (Fig. 2A and E), while for S2-78-1gG, the difference was
an improvement of 2 magnitudes (Fig. 2B and F). For RBD-IgM and
$2-78-1gM, the differences were both 2 magnitudes (Fig. 2C and G;
Fig. 2D and H). When performing vertical comparison among the Simoa
assays, it is clear that the sensitivity of RBD-coated beads is higher than
that of S2-78-coated beads, and the IgG-based assay is more sensitive
than the IgM-based assay (Fig. 2A-D).

We also used standard neutralizing antibodies to reveal the sensi-
tivities of Simoa, flow cytometry assays and ELISA. The LoDs of the
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Fig. 2. Limit of detection (LOD) of Simoa- and flow cytometry-based immunoassays. A-D. Simoa assay. A, B. Standard curves of IgG detection using RBD (A)- and S2-
78 (B)-coated beads. C, D. Standard curves of IgM detection using RBD (C)- and S2-78 (D)-coated beads. E-H. Flow cytometry assays. E, F. Standard curves of IgG
detection using RBD (E)- and S2-78 (F)-coated beads. G, H. Standard curves of IgM detection using RBD (G)- and S2-78 (H)-coated beads.

single-molecule array were 5.2 x 1075 and 1.1 x 10~° U/mL for IgG
(Fig. S3A) and IgM (Fig. S3B) detection, respectively, while the LoDs of
the flow cytometry assay were 2.0 x 102 and 9.5 x 10”2 U/mL for IgG
(Fig. S3C) and IgM (Fig. S3D), respectively, which is consistent with the
results in Fig. 2. And the LoDs of ELISA are 1.16 and 0.41 U/mL for IgG
(Fig. S3E) and IgM (Fig. S3F) detection, respectively.

To further validate the detection performance of the single-molecule
assays, the precision of the UIM-COVID-19 assay was analyzed. Each
concentration on the calibration curve was tested in duplicate, and each
standard curve of the developed UIM-COVID-19 assay was generated
from four replicates. The coefficient of variation (CV) was calculated
from all measurements, and the CVs were <20% for most of the mea-
surements, indicating good precision and reproducibility of both IgG
and IgM detection (Figs. S4A and S4B).

In summary, we successfully established single-molecule assays for
monitoring SARS-CoV-2-specific antibody responses, i.e., UIM-COVID-
19.

3.2. Significantly shorter seroconversion time windows were revealed by
the single molecule assays for both IgG and IgM in comparison to that of
flow cytometry assays

To determine the seroconversion times of SARS-CoV-2-specific
antibody responses, 8 volunteers immunized with an inactivated virus
vaccine (BBIBP CorV) were enrolled. Longitudinal sera were collected at
11 time points from these volunteers before vaccination until ~2 weeks
after the 2nd dose of vaccine. These samples were then analyzed by the
optimized UIM-COVID-19 assay and flow cytometry detection method



F. Ou et al.

A

o
—

¥ Vaccinated ~ ABlood collection

Biosensors and Bioelectronics 217 (2022) 114710
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IgM responses monitored by Simoa and flow cytom-
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(Fig. 3A). The sera tested in these two assays were diluted at 1:200 to
greatly reduce the interference of a large number of miscellaneous
proteins in serum. To normalize the variation among individuals, locally
weighted regression (LOESS) was used to imitate the increase in specific
antibodies. To identify the earliest point when the vaccine-induced
SARS-CoV-2-specific IgG or IgM antibodies begin to increase, the daily
increasing rates (the day vs. the day before) were calculated and sub-
jected to regression analysis. The increasing rate was considered sta-
tistically significant if the equal-tailed 99% confidence interval of the
posterior distribution did not overlap 0.

Due to the high sensitivity of the UIM-COVID-19 assay, surprisingly,
IgG evidently increased at 7.5 days after the first injection of vaccine
(Fig. 3B), and IgM was also detected at almost the same time point, i.e.,
8.6 days (Fig. 3C). Meanwhile, by using flow cytometry to test the same
set of samples, SARS-CoV-2-specific IgG and IgM could only be posi-
tively detected at 21.5 and 24 days after the 1st dose of vaccine,
respectively (Fig. 3D and E). Notably, these time points of seroconver-
sion determined by flow cytometry are later than the 2nd dose of
vaccination (~21 days after the 1st dose mostly). It is possible that
traditional methods, such as flow cytometry, could not detect the weak
IgG response triggered only by the 1st dose of vaccine, which is

1 4 710131619 22 2528 31 34 37
Day(s) post 15t dose

consistent with Denis and Serap et al. (Sauré et al., 2022; tekol, 2021).
These results were also verified by a protein microarray method (Jiang
et al., 2020) and commercial ELISA kits, which showed almost the same
detection time point as that of the flow cytometry assay (Fig. S5). The
results of individual volunteers are shown in Fig. S6. Significantly
increased antibody responses were observed in the UIM-COVID-19 assay
for both IgG and IgM. Furthermore, the IgG and IgM antibodies were
also tested with S2-78-coated beads, and no seroconversion was
observed for IgG and IgM (Fig. S7). This indicates that the sensitivity of
S2-78 is lower than that of RBD, which is consistent with previous
studies (Li et al., 2021b).

In summary, we explored the seroconversion times of SARS-CoV-2-
specific antibody responses after vaccination with the inactivated
virus vaccine. Our data clearly demonstrated that by using the UIM-
COVID-19 assay we developed here, the seroconversion times for both
IgG and IgM just after the 1st vaccination were ~2 weeks earlier than
those determined by the traditional assay (flow cytometry).
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3.3. S2-78-based single molecule assays are suitable for COVID-19
diagnostics

To evaluate whether the S2-78 peptide can distinguish convalescents
from healthy people and other patients with various diseases, the SARS-
CoV-2-specific IgG response was measured by the UIM-COVID-19 assay
using S2-78 and RBD as probes (Fig. 4A and B). Also, the flow cytometry
assay was used for comparison (Fig. 4C and D). The sera for the UIM-
COVID-19 assay were diluted at 1:10,000, while for flow cytometry,
the dilution was 1:200. These dilutions were set to assure the best per-
formance of each method. Receiver operating characteristic (ROC)
curves of IgG and IgM in all models are shown in Fig. S8. Forest plots
were applied to show the AUC values of different models (Fig. 4E and F).
From the IgG response, the AUC of the RBD probe using the UIM-COVID-
19 assay was as high as 1 (1-1, 95% CI) when compared to healthy
people or patients with other diseases, suggesting that it can perfectly
distinguish between uninfected people and COVID-19 patients.
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Meanwhile, the AUC of the S2-78 peptide was also high, i.e., 0.983
(0.964-1, 95% CI) in distinguishing COVID-19 from healthy people and
0.897 (0.833-0.961, 95% CI) from other diseases (Fig. 4E). However, in
regard to the flow cytometry assay, the AUC values of the RBD group
were almost unaffected, while those of the S2-78 peptide group dropped
significantly.

In addition, when employing IgM for detection, the trends were
similar to those of IgG. However, as IgM antibodies appear at the early
stage of infection, IgM from convalescent serum may decrease to an
extremely low degree or may be eliminated by the immune system (Long
etal., 2020; Lou et al., 2020; Noda et al., 2021). Hence, it is not accurate
enough to perform IgM-based detection by traditional assays, such as
ELISA. Fortunately, our ultrasensitive UIM-COVID-19 digital assay still
has fairly good performance, with AUCs of 0.962 (0.918-1, 95% CI) and
0.940 (0.896-0.983, 95% CI) between COVID-19 convalescents and
healthy people for RBD and S2-78 peptide, respectively (Fig. 4F).

These results suggest that by combining the ultrasensitive single
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Fig. 4. 1gG and IgM responses for COVID-19 diagnosis. Three groups of samples were included, i.e., convalescent patients (n = 47), healthy group (n = 43), and
patients with other diseases (n = 50). A. Box diagram of IgG and IgM for distinguishing different sample groups by Simoa using RBD-coated beads. B. Box diagram of
IgG and IgM for distinguishing different sample groups by flow cytometry assays using RBD-coated beads. C. Box diagram of IgG and IgM for distinguishing different
sample groups by Simoa using S2-78-coated beads. D. Box diagram of IgG and IgM for distinguishing different sample groups by flow cytometry assays using S2-78-
coated beads. P values were calculated using the Wilcoxon signed-rank test (two-sided). Asterisks indicate statistical significance. P value: NS, >0.05; *, <0.05; **,
<0.01; ***, <0.001. E, and F. Forest plots show the area under the curve (AUC) with 95% ClIs for each assay.
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molecule assay, the S2-78 peptide has the potential to be applied for
highly sensitive COVID-19 diagnostics in clinical practice.

4. Discussion

The time window of seroconversion after viral infection is of great
clinical significance and determines the earliest time point of clinical
diagnosis and intervention. It is well known that upon viral infection, e.
&, SARS-CoV-2 infection, the seroconversion times for IgG and IgM are
at least approximately 2 weeks and 1 week (Long et al., 2020; Lou et al.,
2020), respectively. This concept was established based on traditional
assays, such as ELISA. However, because of the limited sensitivity of the
traditional assays, the known seroconversion times may not be absolute
accurate. To address this, we took advantage of the high specificity of
the RBD and the single-molecule sensitivity of the Simoa platform and
established an ultrasensitive immunoassay for monitoring
SARS-CoV-2-specific IgG and IgM responses, i.e., UIM-COVID-19.

By using the traditional flow cytometry assay as the control, it is clear
that the seroconversion times determined by the UIM-COVID-19 assay
are ~2 weeks earlier for both IgG and IgM after injection of the 1st dose
of the inactivated vaccine vaccination. By flow cytometry, the sero-
conversion times of IgG and IgM are both approximately 3 weeks, which
are longer than what we already know. This could be explained by the
lower antibody responses triggered by the 1st dose of the inactivated
virus vaccine than that of the real-world infection (Ma et al., 2021). In
addition, the same set of sera was also analyzed on the SARS-CoV-2
proteome microarray and ELISA kits. According to the RBD signal, the
seroconversion times of IgG and IgM were 24.4 and 22.6 days, respec-
tively. For ELISA, the seroconversion times of IgG and IgM were 21.6
and 20.7 days, respectively, which are similar to those of flow cytom-
etry. The microarray and ELISA data could also serve as controls to
further support the earlier seroconversion times determined by the
UIM-COVID-19 assay. Furthermore, this was also confirmed by
analyzing sera collected from rhesus monkeys challenged with the
authentic SARS-CoV-2 virus, which showed 6.6 days of seroconversion
(Fig. S9). It is anticipated that the antibody responses for a COVID-19
patient triggered by the real infection could be stronger; thus, it is
possible that the seroconversion times could be further shortened.

Partially because of the lower sensitivity of traditional immunoas-
says for COVID-19 diagnosis, immunoassays are usually applied only as
a second choice after NAT. As demonstrated in this study, much higher
sensitivity and much shorter seroconversion windows were achieved by
the UIM-COVID-19 assay. When this ultrasensitive assay is further
validated in a larger cohort of independent samples, it has a much
greater probability of being applied as an alternative, not just comple-
mentary, approach for the early diagnosis of COVID-19.

As mentioned above, before this study, the common knowledge is
that the virus-triggered seroconversion times for IgG and IgM, including
SARS-CoV-2 and other viruses, are ~2 weeks and ~1 week, respectively.
Conceptually, our results demonstrated that the antibody seroconver-
sion times are not fixed but limited to the sensitivity of the assay. When
an approach of higher sensitivity is applied, a shorter seroconversion
window can be confidently determined. Except for the single-molecule
Simoa platform that we used to study COVID-19, it is no doubt that
other high-sensitivity platforms could also be applied to the study of
other viral infections, thus revealing more detailed information on virus-
specific antibody responses at early stages. In turn, this information in
general could strengthen our understanding of viral infection and pro-
vide important guidance for the prevention, detection and treatment of
viral infections.

Another aim of this study was to explore the possibility of combining
a peptide (S2-78) and the Simoa platform for the highly sensitive
detection of COVID-19. The reasons for choosing peptide as probe are as
follows: (1) Compared with S protein or RBD, the stability of peptide is
much higher, thus, ease the preparation, storage, transportation, and
delivery. (2) The cost of peptide is much lower. (3) This peptide contains
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only 12 amino acids and can be easily synthesized. When chemically
synthesizing a large quantity of the peptide, the process could be well
controlled, and high purity was assured. Thus, high reproducibility of
the peptide-based assay could be achieved.

However, the peptide-based assay still has some limitations.
Different from protein probes, small peptides have low molecular
weights and poor accessibility on the surface of microspheres. Thus, by
traditional ELISA or flow cytometry assays, it is difficult to achieve high
performance. As a result, the peptide has not been widely used in clinical
practice. However, with the help of the ultrasensitive Simoa platform,
the S2-78 peptide demonstrated competitive capability in distinguishing
COVID-19 convalescents from healthy people or patients with other
diseases when compared to that of RBD.

Taken together, by taking advantage of the high sensitivity of single
molecule-based technology, the high specificity of RBD, and the high
reproducibility of the S2-78 peptide, we developed the UIM-COVID-19
assay to provide a new understanding of SARS-CoV-2-specific anti-
body responses from a unique perspective. The sensitivity of UIM-
COVID-19 was 3846 and 8636 times higher than that of the flow assay
for IgG and IgM, respectively (Figs. S3A-D). Compared with ELISA, UIM-
COVID-19 was 2.2 x 10° and 3.7 x 10* times higher for IgG and IgM,
respectively (Fig. S3 A-B, E-F). By applying this assay, a much shorter
seroconversion window of IgG was determined, and the applicability of
peptide S2-78 for COVID-19 diagnosis was also confirmed.

Early seroconversion detection of COVID-19 antibodies is vital. The
potential clinical application is not limited to COVID-19 but also to
many other diseases where shortening the detection window is of great
significance, such as HIV. Obviously, due to the high cost, there is still
some challenges to be overcome in how the current Simoa-based strat-
egy can be widely used in ordinary clinical practice, and it may better
serve as a platform of verification at this stage. Of course, how to
combine ultrasensitive detection with point-of-care testing (POCT) to
achieve a wide range of clinical applications is the direction that we are
pursuing.

5. Conclusion

In this work, we combined the single molecule array platform
(Simoa), RBD, and a previously identified SARS-CoV-2 S2 protein
derivatized 12-aa peptide (S2-78) and developed an ultrasensitive assay
(UIM-COVID-19 assay). Using longitudinal sera from 8 donors vacci-
nated with the inactivated virus vaccine, we found that the serocon-
version time revealed by this assay was approximately two weeks earlier
than that revealed by flow cytometry assays and conventional ELISA,
which improves our understanding of the seroconversion time window
after virus infection. In addition, by combining the ultrasensitive single
molecule assay, the S2-78 peptide showed comparable diagnostic ability
with the RBD protein, which means that the peptide has the potential to
be applied for highly sensitive COVID-19 diagnostics in clinical practice.
In summary, the single molecule-based SARS-CoV-2 assay is ultrasen-
sitive and also paves a promising and powerful way for both immuno-
logical studies and diagnostics.
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