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Abstract

A rapid automatic quantitative diagnostic system for multiple SARS-CoV-2 mutant protein-specific antibodies was developed
using a microarray with photoreactive polymers. Two types of photoreactive polymers, phenylazide and polyoxyethylene,
were prepared. The polymers were coated on a plastic plate. Aqueous solutions of mutant virus proteins were microspotted
on the coated plate and immobilized by photoirradiation. Virus-specific IgG in the serum or blood was automatically assayed
using an instrument that we developed for pipetting, reagent stirring, and washing. The results highly correlated with those of
the conventional enzyme-linked immunoassay or immunochromatography. This system was successfully used to test the sera
or blood from the patients recovered from the infection and the vaccinated individuals. The recovered individuals had antibod-
ies against the nucleoprotein, in contrast to the vaccinated individuals. The amount of antibodies produced decreased with
an increase in virus mutation. Blood collected from the fingertip (5 pL) and a test period of 8 min were sufficient conditions
for conducting multiple antibody assays. We believe that our system would facilitate rapid and quantitative automatic assays
and aid in the diagnosis of various viral infectious diseases and assessment of the immune status for clinical applications.
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Introduction

SARS-CoV-2 (severe acute respiratory syndrome corona
virus 2) has infected over a hundred million people and
caused COVID-19 (Coronavirus disease 2019). It has led
to over 6 million deaths worldwide till May 2022. In efforts
to overcome the pandemic, various COVID-19 vaccines
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were developed and are now available. However, as various
mutants of SARS-CoV-2 have been emerging at intermit-
tent intervals, it is important to understand the formation
and function of virus-specific antibodies to produce more
effective vaccines and to carry out scientific investigations
to prepare for the future [1].

Various kits have been developed to detect SARS-CoV-2
antibodies. The use of these kits is guided by emergency
use authorization (EAU) guidelines or has to be approved
by the Food and Drug Administration (FDA). So far, only
one test has received an EAU nod to be used as a quantita-
tive assay. All other currently authorized tests are qualita-
tive or semi-quantitative [2]. Antibody-testing technologies
are mainly categorized into (a) single-use lateral flow tests
(immunochromatography), where the presence of antibod-
ies is demonstrated by a color change on a paper strip, and
(b) laboratory-based immunoassays that allow the process-
ing of many specimens simultaneously [3, 4]. In addition,
some microarray systems have been developed for research
purposes [5-16].
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In our previous work, we developed a photoimmobi-
lization microarray [17-26]. One of our systems, “Drop-
Screen™” (Nippon Chemiphar, Tokyo, Japan), can also be
used to launch an allergen microarray for clinical detection
of IgE antibodies. It is available as part of health insurance
coverage in Japan. We partially extended DropScreen for
detecting antibodies against SARS-CoV-2 proteins [27].
The photoimmobilization methods can covalently immobi-
lize various organic substances without any specific func-
tional groups and with random orientation of antigens to
expose various sites of immobilized antigens for interac-
tions with polyclonal antibodies. Hence, photocrosslinking
immobilization is more appropriate for the detection of
antibodies in the serum or blood.

We previously reported a photo-immobilized microar-
ray assay for SARS-CoV-2 antibodies [27]. Here, we use
the photoimmobilization method employing two types of
photoreactive polymers for quantitative and rapid detec-
tion of IgG against SARS-CoV-2 proteins of mutants using
blood directly sampled from the fingertip. We then com-
pare the developed method with the conventional enzyme-
linked immunosorbent assay (ELISA) and immunochro-
matography assay (Fig. 1).

Fig.1 Schematic illustration of
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Materials and methods
Reagents and sera

Viral proteins are shown in Figure S1. SARS-CoV-2 pro-
teins, including nucleocapsid protein, S1 protein, S2 protein,
and spike protein RBDs (receptor-binding domain), were
purchased from AcroBiosystems (Newark, DE, USA). The
abbreviations of the purchased proteins and their sequences
are listed in Table S1 and Figure S2, respectively.

Tween 20 (Sigma-Aldrich, St. Louis, MO, USA) and
2-amino-2-hydroxymethyl-propane-1,3-diol (Tris)-buffered
saline (Takara Bio, Shiga, Japan) were mixed in water to
obtain a buffer solution (TBST). Rabbit anti-SARS-CoV-2
antibodies used for control experiments were the same as
previously reported [27]. Rabbit anti-nucleocapsid antibod-
ies and anti-spike/RBD antibodies were diluted to 5000
and 500 times, respectively, while anti-rabbit IgG anti-
bodies were diluted 12,000 fold. Normal human IgG was
purchased from FUJIFILM Wako Pure Chemical (Osaka,
Japan). Horseradish peroxidase (HRP)-conjugated goat anti-
human IgG was also the same as previously reported [27].
For human sera and whole-blood measurements, 3000- and
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12,000-time dilutions of anti-human IgG antibodies were
used to conduct the microarray assay for 8 and 30 min,
respectively.

Human sera collected from COVID-19 recovered donors
were the same as those used previously [27]. Vaccinated
human sera and blood samples were collected from vol-
unteers at Chiba University and RIKEN, respectively. The
Chiba University Ethics Committee approved the procedures
for sample collection and analyses on February 24, 2021
(No. HS202101-03) and April 21, 2021 (No. HS202104-01),
respectively, while the RIKEN Ethics Committee approved
them on October 7, 2021 (Wako3 2021-30) and February 7,
2022 (Wako3 2021-30(2)), respectively.

Preparation of photoreactive PEG

We used the photoimmobilization method using two types of
photoreactive polymers for the detection of IgG against the
SARS-CoV-2 protein. As shown in Figure S3, the polymers
contained phenylazide groups and poly(ethylene oxide) in
their side chains or main chain. The phenylazide-containing
polymer was prepared as previously reported [27]. 4-Azido-
phenylmethacrylamide was synthesized and copolymerized
with poly(ethylene glycol) methacrylate in the presence of
2,2'-azobisisobutyronitrile in ethanol for 18 h at 60 °C. The
product was evaporated to remove ethanol and precipitated
with ether to purify the product. This copolymer is referred
to as AzPEG-1.

The poly(ethylene oxide)-containing polymer was also
prepared as previously reported [28]. 4-(Glycidyloxy-
methyl)azidobenzene was prepared from epichlorohy-
drin and 4-(hydroxymethyl)azidobenzene. The prepared
4-(glycidyloxymethyl)azidobenzene was mixed with
[MePPh3]+Br‘ under vacuum at 25 °C for 18 h. A solution
of ethylene oxide and i-Bu;Al was added at— 30 °C under
argon, and the solution was stirred at 25 °C in the dark for
18 h. The solvent was then removed after the addition of
methanol. The crude compound was dissolved in acetone
and the precipitate was collected by filtration. The solu-
tion was precipitated using hexane and the precipitate was
collected and dried under vacuum. The obtained polymer,
poly(4-azidobenzyl glycidyl ether-co-ethylene oxide), was
referred to as AZPEG-2(x). The number averaged molec-
ular weight (M,) of the polymers was determined by gel
permeation chromatography (GPC) using a GPC system
(JASCO, Tokyo, Japan) with two columns (SB8O3HQ and
SB804HQ, Shodex, Tokyo, Japan) at 40 °C. The eluent was

DMF containing 10 mM of LiBr. The flow rate was 1.0 mL/
min. Data were calibrated by PEG standards.

Photoimmobilization of proteins

The photoreactive polymer solution was spin-coated onto
a plastic plate (Nippon Chemiphar) using a spin coater
(Mikasa, Tokyo, Japan). The purchased solutions of SARS-
CoV-2 proteins were diluted with phosphate-buffered
saline (PBS). The protein solutions (60 pg/mL, 50 nL) were
microspotted onto the coated plate using a microarrayer
(Microjet, Nagano, Japan) and then allowed to dry. The
microarrayed plate was photo-irradiated using a CL-1000
ultraviolet crosslinker (Analytik Jena, Jena, Germany) for
10 min. The antigen-immobilized plates were stored at 4 °C
until further use.

Microarray assay

The automatic assay machine using the photo-immobilized
biochip was developed by Nippon Chemiphar and Ueda
Japan Radio (Nagano, Japan). The assay method was the
same as previously reported [27]. Microarray plates immo-
bilized with different virus proteins were incubated with
a diluted solution of the serum or blood with shaking to
complete the primary reaction between the immobilized
virus proteins and antibodies. After the plate was washed
in TBST, HRP-conjugated anti-human IgG antibodies were
added to the microarray plate and incubated again with
shaking to conduct the secondary reaction. This washing
procedure was repeated to remove nonadsorbed detection
antibodies. Finally, the Lumigen ECL Ultra (TMA-6) chemi-
luminescence substrate (Lumigen, Southfield, MI, USA) or
Luminata™ Forte chemiluminescence substrate (Millipore-
Sigma, Burlington, MA, USA) was added to the microarray
plates and incubated further for imaging.

The measured chemiluminescence spots from each pro-
tein were partitioned into a grid pattern, and the lumines-
cence intensity was analyzed by SpotSolverRK software
(Ueda Japan Radio). Background luminescence intensity
was measured by averaging the luminescence intensity value
at the four corners of the grid on each protein spot.

Conventional ELISA and immunochromatography
Conventional ELISA was performed using two methods.

Elecsys® Anti-SARS-CoV-2S on a Cobas 8000 801 module
(Roche Diagnostics, Rotkreuz, Switzerland) was used. This
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Table 1 Composition of prepared photoreactive polymers

Sample Monomer Feed content Content of phe- Solvent M} M, /M?
of phenylazide nylazide in polymer
(mol%) (mol%)
AzPEG-1 4-azidophenylmethacrylamide/poly(ethylene gly- 10 5.7 Ethanol 22,000 4.92
col) methacrylate
AzPEG-2 (2.5) 4-(glycidyloxymethyl)azidobenzene/ethylene oxide 2.5 1.3 Water 4500 1.72
AzPEG-2 (5) 5 3.1 Water 4600 1.40
AzPEG-2(10) 10 8.4 Ethanol 5400 1.99
AzPEG-2 (15) 15 13.5 Acetone 3000 1.77
AzPEG-2 (20) 20 17.8 Acetone 7000 3.17
AzPEG-2 (30) 30 30.3 Acetone 7400 1.55
AzPEG-2 (40) 40 423 Acetone 9100 1.56
#Determined by gel permeation chromatography
system allows quantitative detection of antibodies, predomi- E) 250,000 30000 3
nantly IgG, targeting the SARS-CoV-2 spike protein recep- EY ®-RBD-2019 =
tor-binding domain. Samples with a titer > 250 U/mL were S 200000 & Backeround 25,000 3
diluted 10 times until the titer reached <250 U/mL, accord- § 20,000 %;
ing to the manufacturer’s protocol. SARS-CoV-2 IgG II S 150,000 g
Quant Antibodies (Abbott Laboratories, Chicago, IL, USA) ‘§ 15000 g
were used by Hyogo Clinical Laboratory (Hyogo, Japan). £ 100,000 ' o
Next, we performed immunochromatographic tests using g ’ 10,000 ?:
a SARS-CoV-2 Rapid Antibody Test RUO (Roche Diagnos- 2 8
tics), according to the manufacturer’s protocol to detect IgG é 20000 5000 &
antibodies against SARS-CoV-2 in the human blood. Whole é o R A e S B S
blood collected from the volunteers at RIKEN was diluted 2 % " 2 0 §
(&)

with PBS and used for the tests. The band color intensity was
analyzed using ImagelJ software.

Statistical analysis

Data are shown as the mean + standard deviation of three
replicates unless specified otherwise. The graphs were plot-
ted using Microsoft Excel.

Results and discussion
Photoreactive polymers and photoimmobilization

Table 1 shows the characteristics of the prepared photore-
active polymers. NMR spectroscopy was used to estimate
the content of the phenylazide group. An increase in the
phenylazide group content increased the hydrophobicity but
decreased the solubility of the polymers in water. When the
photoreactive polymers have over 5 mol% of phenylazide,
they require ethanol or acetone in addition to water for their
solubilization.

@ Springer

Content of phenylazide group (mol%)

Fig.2 Chemiluminescence intensity of rabbit anti-SARS-CoV-2 anti-
bodies adsorbed on RBD-2019 immobilized with AzPEG-2(10)
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Fig.3 Chemiluminescence intensity of rabbit anti-SARS-CoV-2
antibodies adsorbed on RBD-2019 immobilized with AzPEG-1 and
AzPEG-2(10)
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The prepared polymers were spin-coated, RBD-2019
was immobilized, and the chemical luminescence from the
antibodies on the protein was measured (Fig. 2). When the
phenylazide group content of the polymer was increased, the
chemical luminescent signal also increased. As photoirradia-
tion crosslinking reactions occur between virus protein and
photoreactive PEG, photoreactive PEG and the plate surface,
and within PEG chains in photoreactive PEG, the increase in
the number of phenylazide groups improved the crosslink-
ing efficiency. In addition, the background was very low and
constant without using any blocking agent. A high S/N ratio
was obtained even when no blocking agent was used.

Figure 3 shows the chemiluminescence of anti-RBD-2019
antibodies adsorbed on RBD-2019 immobilized with
AzPEG-1 and AzPEG-2(10). AzPEG-2(10) increased the
intensity more than AzZPEG-1 does. In this study, the chemi-
luminescence intensity of AzZPEG-2(10) was compared with
that of AzZPEG-1 that was our standard material to prepare
the microarray system [25-27]. AzPEG-2(10) was used
because its solubility and luminescence intensity were mod-
erate compared with that of other AzZPEG-2s with different
compositions of the azidophenyl group.

AzPEG-2(10) increased the intensity more than AzPEG-1
does. At lower concentrations, the chemiluminescence inten-
sity of RBD-2019-immobilized AzPEG-1 was higher than
that of AzPEG-2. Because AzPEG-1 possessed a hydro-
phobic chain on its backbone, protein adsorption readily
occurred on its surface. Meanwhile, the number of pho-
toresponsive phenylazide groups on AzPEG-1 was lower
than that on AzPEG2. Thus, the amount of RBD-2019 that
can be immobilized on AzPEG-1 is limited. In contrast, the
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Fig.4 Chemiluminescence intensity of rabbit anti-SARS-CoV-2 anti-
bodies adsorbed on various SARS-CoV-2 virus proteins immobilized
with AzPEG-2(10)

hydrophilicity of AzPEG-2 is high. Thus, the adhesion of
proteins decreases. However, AzZPEG-2 possessed more phe-
nylazide groups than AzPEG-1. As a result, the amount of
immobilized RBD-2019 increased with increasing feed con-
centration of the protein, resulting in stronger luminescence.

Microarray assay

Some proteins of parts of SARS-CoV-2 were microarrayed
and anti-RBD-2019 rabbit antibodies were detected, as
shown in Fig. 4. When the photo-immobilized proteins were
increased, the adsorbed antibodies also increased, which in
turn increased the chemiluminescence. The highest intensity
was observed for photo-immobilized RBD-2019 because an
anti-RBD antibody was employed. However, it bound to S1
but not to S1 (NTD) because the former contains an RBD
region, while the latter does not (Figure S1). The immobi-
lized mutant RBDs had intermediate binding affinities to the
antibody. Among the mutant RBDs, the omicron sequence
had the lowest affinity for the antibody.

The correlation of the microarray method with other
ELISA methods was also investigated using RBD-2019
(Fig. 5). Abbott and Roche assays did not show a very strong
relationship. In contrast, our method highly correlated with
the Abbott assay (R*>=0.936). Since the antibody detection
by Abbott and Roche assays has different dynamic ranges,
the correlation depends on the sampling time of blood [3].

Figure 6 shows the representative result of the antibodies
produced by a recovered patient and a vaccinated person.
The recovered patients had both anti-nucleoprotein and anti-
S1 antibodies, whereas vaccinated persons had only anti-S1
antibodies. The affinity of antibodies produced by the human
body by wild-type virus infection or vaccination for wild-
type virus decreased from the wild RBD (RBD-2019) with
the increase in mutant points.

Figure 7 shows antibody production before and after
third vaccination. Although the amount of the antibodies
produced varies person to person, the vaccination signifi-
cantly induced antibody production. The vaccination also
induced antibody production against omicron mutants. Since
BS4 was from a person who recovered from the infection,
the blood contained antibodies against both NP and RBD
proteins.

Optimization of measurement conditions

In a previous study, we showed that the present method is
more sensitive than immunochromatography (approximately
500-fold) [27]. However, our method took 30 min for the
measurement. In this study, we reduced the measurement
time. Table S2 shows operation times for the present method
and the previous method. Because we used the clinically
employed automatic measurement machine as hardware in
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Fig.5 Relationships between (a) 7,000 (b) 4000
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Fig.6 Chemiluminescence intensity of serum antibodies adsorbed on photo-immobilized proteins by AzPEG-2(10). Serum dilution of the sam-
ples obtained from recovered and vaccinated volunteers was 1000 and 3000, respectively

this study, the total operation time included pipetting time,
chip movement time, and washing time in addition to setting
the parameter time of incubation for the reaction, washing,
and imaging on DropScreen A-1 machine. The total meas-
urement time was 8 min. Recently, microfluidic devices have
been developed that can perform antibody detection using

@ Springer

only 16 pL of whole blood from the fingertip in just over
4 min [16].

In addition, to accelerate the development of automatic
instruments, it is preferable to use the same reagent car-
tridge as that employed for allergy detection [27]. Because
the previous dilution (3000) required too high a volume
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Fig.7 Microarray assay of whole blood from an individual fingertip. The blood was sampled before and after third vaccination and the adsorbed
antibodies on immobilized proteins with AzZPEG-1. The blood was diluted to 50-fold

for the cartridge, the dilution was reduced to 50-fold. Fig-
ure 8 shows a comparison between the previous and pre-
sent conditions. A high correlation was observed between
the two conditions. The effect of reducing the volume of
blood samples was also investigated. The results showed
that 5 uL of whole blood from the fingertip was suffi-
cient for the measurement, although a slight decrease in

chemiluminescence was observed because of the difficulty
in sampling (Fig. 9).

Finally, the chemiluminescence intensity of the microar-
ray assay using RBD-2019 was compared with the quanti-
fication of the conventional immunochromatography assay
(Fig. 10). The results showed a strong correlation between
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Fig. 10 Comparison of chemiluminescence intensity of antibodies for
microarrayed RBD-2019 and for signal density of immunochromato-
graph using whole blood of fingertip (20 pL). Whole-blood dilutions
of microarray and immunochromatograph were 50-fold and 200-fold,
respectively
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Fig.9 Chemiluminescence intensity using 20 or 5 puL of whole blood on various SARS-CoV-2 proteins under the same dilution (50-fold) for

8 min

them. The correlation coefficient for virus microarrays
against immunochromatography was 0.95.

Conclusion

The assay can be performed much quicker than conven-
tional immunochromatography with a higher sensitivity.
Considering that the system is used clinically for the diag-
nosis of allergies, antibody detection can be performed
at the level required for clinical diagnosis. As the pre-
sent system is quantitative and requires less blood and
a shorter measurement time than conventional ELISA or

@ Springer

immunochromatography, we believe it will be highly use-
ful for various clinical applications.
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