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ARTICLE INFO ABSTRACT

Keywords: In this study, we report two fiber optic-biolayer interferometry (FO-BLI)-based biosensors for the rapid detection
Biosensors of SARS-CoV-2 neutralizing antibodies (NAbs) and binding antibodies (BAbs) in human serum. The use of signal
SARS-CoV-2

enhancer 3,3'-diaminobenzidine enabled the detection of NAbs, anti-receptor binding domain (anti-RBD) BAbs,
and anti-extracellular domain of spike protein (anti-S-ECD) BAbs up to as low as 10 ng/mL in both buffer and
100-fold diluted serum. NAbs and BAbs could be detected individually over 7.5 and 13 min, respectively, or
simultaneously by prolonging the detection time of the former. The protocol for the detection of BAbs could be
utilized for detection of the RBD-N501Y variant with equal sensitivity and speed. Results of the NAbs and the
anti-RBD BAbs biosensors correlated well with those of the corresponding commercial assay kit. Clinical utility of
the two FO-BLI biosensors were further validated using a small cohort of samples randomly taken from 16
enrolled healthy participants who received inactivated vaccines. Two potent serum antibodies were identified,
which showed high neutralizing capacities toward RBD and pseudovirus. Overall, the rapid automated bio-
sensors can be used for an individual sample measurement of NAbs and BAbs as well as for high-throughput
analysis. The findings of this study would be useful in COVID-19 related studies in vaccine trials, research on
dynamics of the immune response, and epidemiology studies.

COVID-19 vaccines
Neutralizing antibodies
Binding antibodies
Biolayer interferometry

1. Introduction

Recent population-based serosurveys indicated the necessity of
national-level vaccination to prevent the resurgence of the coronavirus
disease (COVID-19) pandemic, as it is difficult to achieve a herd im-
munity even within highly exposed COVID-19 communities (Stringhini
etal.,, 2021; He et al., 2021). As COVID-19 vaccines are being rolled out,
it is important to address the worldwide problem of scarce vaccine
supplies; priorities need to be assigned by taking into consideration the
fact that persons who have pre-existing anti-spike IgG antibodies may
not need a second dose (Krammer et al., 2021). Testing each person prior
to their vaccination will heavily burden the healthcare system in all the
countries. A rapid but sensitive serological test that can be easily per-
formed on site and instantly indicate the infection history of an indi-
vidual, will make this process feasible and subsequently facilitate the
development of a more efficient vaccination strategy. Infection history
can be confirmed by determining the presence of anti-SARS-CoV-2
IgG-binding antibodies (BAbs) (Liu et al., 2021). Determination of
anti-SARS-CoV-2 neutralizing antibodies (NAbs) answers questions

regarding COVID-19 vaccine efficacy as well as the dynamics of immune
response during infection and post recovery (Wajnberg et al., 2020;
Legros et al., 2021). Additionally, the NAbs test can aid in screening
therapeutic NAb candidates for treating SARS-CoV-2 (Huo et al., 2020;
Zhou et al., 2020), and once NAbs approved, the NAbs test may later
serve as a therapeutic drug monitoring tool to optimize efficacy (Papa-
michael et al., 2019).

Currently, the majority of BAbs assays used in clinical practice are
developed on the basis of ELISA platforms, thereby typically requiring a
longer period to obtain results. Lateral flow assays fail to provide
quantitative information. Although optics, probes, or microfluidic-based
platforms allow a faster readout, the existing methods still require a
minimum of half an hour to acquire results (Funari et al., 2020; Swank
et al., 2021; Tan et al., 2020; Yang et al., 2021). Graphene-based elec-
trochemical biosensors allow BAbs detection in seconds, but their use in
clinical practice awaits proof (Ali Md, et al., 2021; Torrente-Rodriguez
et al.,, 2020). Existing assays for NAbs detection include the S-ECD
pseudotyped vesicular stomatitis virus assay and vector-based neutral-
ization assay (Nie et al., 2020), both of which require a biosafety level-3
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operating environment and the use of cells or real viruses for testing, and
a more convenient surrogate virus neutralization test that shows
equivalent sensitivity and specificity to the classic NAbs assay (Tan
et al., 2020). Previously, we developed a surrogate tumor necrosis factor
(TNF) neutralization ELISA to conveniently evaluate the neutralization
capacities of a batch of monoclonal antibodies against TNF, which
yielded similar results as obtained with classic cell-based assays (Bian
et al., 2017). Nevertheless, there is a lack of techniques that allow rapid
tracking of SARS-CoV-2 BAbs and NAbs within approximately 10 min.
Such techniques could support on-site detection of a single sample and
greatly facilitate vaccine priority management by providing immediate
feedback regarding the antibody status of an individual. In addition, the
majority of data regarding SARS-CoV-2 antibodies, to date, have been
obtained from COVID-19-infected or recovered patients. Real data on
how SARS-CoV-2 antibodies exist and evolve in healthy persons who
received COVID-19 vaccines, whether mRNA or inactivated, are scarce.

Biolayer interferometry (BLI), which utilizes the thickness on the tip
of its optical fiber as a reflection of the number of attached molecules, is
a powerful tool for characterizing the interaction between proteins and
antibodies (Zhou et al., 2021). The use of BLI for accurate quantification,
however, is rare because of its limited signal readout when target con-
centrations are low in clinical samples. Sufficient signal amplification is
required when developing BLI into a biosensor. Gold nanoparticles
proved to be an effective enhancer in surface plasmon resonance-based
optical biosensors (Bian et al., 2018; Lu et al., 2016), but their enhancing
effect in BLI-based optical biosensors seems limited, as reflected by a
recent study wherein maximal signals of approximately 3 nm were ob-
tained for semi-quantitative detection of SARS-CoV-2 BAbs (Dzimianski
et al., 2020). Meanwhile, 3,3'-diaminobenzidine tetrahydrochloride
(DAB), a metal precipitating substrate, combined with secondary
antibody-conjugated horseradish peroxidase (HRP), is a more effective
strategy for improving BLI signals (Auer et al., 2015; Gandolfini et al.,
2017; Gao et al., 2017). The purpose of this study was to develop fiber
optic BLI (FO-BLI)-based biosensors for simultaneous and rapid detec-
tion of the SARS-CoV-2 IgG BAbs and NAbs within approximately 10
min. Furthermore, we aimed to report the profile of both types of anti-
bodies in a group of healthy persons who recently received local
COVID-19 inactivated vaccines.

2. Materials and methods
2.1. Materials and agents

The biotinylated SARS-CoV-2 spike RBD-His recombinant protein,
SARS-CoV-2 spike RBD(N501Y)-His recombinant protein, SARS-CoV-2
spike ECD (S1+S2)-His recombinant protein, SARS-CoV-2 spike pseudo-
virus (containing 100 virus copies/mL and 860 ng/mL of SARS-CoV-2-
S1), human recombinant ACE2 protein (biotinylated), rabbit SARS-CoV-
2 spike neutralizing antibody, SARS-CoV-2 spike RBD recombinant pro-
tein (HRP labeled, customized), SARS-CoV-2 (2019-nCoV) Spike RBD
Antibody Titer Assay Kit, and SARS-CoV-2 (2019-nCoV) Inhibitor
Screening ELISA Kit were purchased from Sino Biologicals (Beijing,
China). The anti-SARS-CoV-2(S1)-6 monoclonal antibody (S309)
(referred to as MA-RBD S309, Cat ATMA10183MO0) was purchased from
AtaGenix (Wuhan, China). The SARS-CoV-2 RBD aptamer sequences
(CoV-2-RBD-1C:  CAGCACCGACCTTGTGCTTTG GGAGTGCTGGTC-
CAAGGGCGTTAATGGACA; CoV-2-RBD-4C: ATCCAGAGTGACG CAG-
CATTTCATCGGGTCCAAAAGGGGCTGCTCGGGATTGCGGATATGGACG)
reported by Song et al. (2020), were used for designing primers, which
were synthesized by Sangon Biotech (Shanghai, China). Single donor
human serum off the clot and human full blood (Innovative Research,
Shanghai, China), biotinylating kit (Genemore, Cat G-MM-IGT, Suzhou,
China), HRP conjugation kit and rabbit anti-human IgG H&L (HRP)
(Abcam, Shanghai, China); 3,3'-diaminobenzidine (DAB) enhanced liquid
substrate system tetrahydrochloride, bovine serum albumin (BSA), and
Tween 20 (Sigma-Aldrich, Shanghai, China); Zeba™ Spin Desalting
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Ccolumns, 7K MWCO, 0.5 mL), and Pierce™ BCA Protein Assay (Cat
23227) (Thermo Scientific, Shanghai, China) were purchased from the
indicated suppliers. 96-well polystyrene black microplates were obtained
from Greiner Bio-One GmbH (Shanghai, China). Freshly prepared
phosphate-buffered saline (PBS, 10 mM, pH 7.4) containing 0.02%
Tween20 and 0.1% BSA (referred to as PBS-T-BSA) was used throughout
this work for all steps unless otherwise specified. The Octet® K2 2-Chan-
nel System, along with streptavidin sensors from Sartorius Group (Got-
tingen, Germany), was used to conduct all optical measurements in this
study. A Biotek ELx808 absorbance microplate reader (BioTek In-
struments, USA) was used for ELISA measurements to read the optical
density (OD) values.

2.2. Synthesis of proteins for use in streptavidin sensors

Based on the more stable signals obtained from biotinylated antigens
on streptavidin sensors over time than from His-labeled antigens on anti-
penta-His HIS1K biosensors (Dzimianski et al., 2020), streptavidin sen-
sors were used throughout this study. Three types of antigens,
SARS-CoV-2 extracellular domain of spike protein (S-ECD), receptor
binding domain (RBD), and RBD-N501Y mutation, were labeled with
biotin for interaction. Biotinylation of S-ECD and RBD-N501Y was
conducted according to the biotinylating kit protocol, followed by a
desalting protocol to remove any unbound biotin, and a BCA protein
assay protocol. Biotinylated RBD was commercially ordered and resus-
pended in PBS-T buffer. Biotinylated proteins were stored at 4 °C until
further use.

2.3. Establishing FO-BLI biosensors for SARS-CoV-2 BAbs detection in
buffer and serum

Optical fibers used in this study are transparent and made of glass,
allowing the transmission of white light inside. The total length of fibers
is measured to be approximately 2.74 cm, consisting of 1.30 c¢m of fibers
and 1.44 cm of fiber holder and robot arm connector (to allow auto-
mated operation controlled by the system). The fibers tip contains two
layers: the optical titanium oxidation layer and the biocompatible
aminosilane layer, both in nanometer in length. The aminosilane layer
can be further modified with various functional groups such as strep-
tavidin to allow the specific binding with biotinylated molecules
(Fig. 1A).

Streptavidin fibers, alternatively being named as streptavidin sen-
sors, were used throughout this study. Fibers functionalized with bio-
tinylated RBD were used to capture RBD-specific BAbs (i.e., anti-RBD
BAbs) in a sandwich binding format (Fig. 1B). MA-RBD S309, a re-
combinant human IgG1 antibody against RBD but slightly cross-reacting
with SARS-CoV-1, was used as the BAbs assay calibrator. Detection was
performed using HRP-conjugated secondary antibody rabbit anti-human
IgG H&L (r-anti-human IgG-HRP), followed by signal amplification via
DAB, the metal chelator. RBD-specific BAbs detection was performed in
two different sample matrices: (i) PBS-T-BSA buffer with MA-RBD S309
spiked from O to 500 ng/mL: 0-10 — 50-100-500 ng/mL, and (ii) 100-
fold diluted serum spiked with MA-RBD S309 spiked from O to 500
ng/mL: 0-10 — 50-100-500 ng/mL. Serum was diluted in PBS-T-BSA
buffer. The washing process was performed between each step to
remove unbound materials. All FO-BLI measurements were conducted at
30 °C with shaking at 1000 rpm.

The process for establishing the S-ECD-specific BAbs (i.e., anti-S-ECD
BAbs) and RBD-N501Y-specific BAb (i.e., anti-RBD N501Y BAbs) bio-
sensors is the same as that described above (Fig. 1B). For the three BAb
biosensors, biotinylated proteins were diluted to 1 pg/mL in corre-
sponding buffers and the capture antigen shifts were controlled to reach
approximately 0.5 nm to avoid potential steric hindrance when
capturing antibodies in the samples. The signals delivered from the
enhancer DAB were proportional to the amount of r-anti-human IgG-
HRP in the underlying complex.
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Fig. 1. The optical fiber structure and the general
principles of optical biosensors for SARS-CoV-2 anti-
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2.4. Establishing FO-BLI biosensors for SARS-CoV-2 NAbs detection in
buffer and serum

Sensors functionalized with biotinylated human ACE2 (hACE2) were
used to capture SARS-CoV-2 NAbs in a competitive binding format
(Fig. 1C). A rabbit SARS-CoV-2 spike neutralizing antibody against RBD
(r-NAb-RBD), which is highly specific and has an affinity of 0.006 nM for
SARS-CoV-2 RBD, was utilized as the NAbs assay calibrator. The assay
used HRP-conjugated RBD (RBD-HRP) and DAB for competition and
detection and for signal amplification, respectively. As shown in Fig. 1C,
when no or a limited amount of NAbs was present in a sample, the
binding of RBD-HRP to immobilized hACE2 proceeded smoothly and
sufficient signals were obtained. When high amounts of high-affinity
NAbs are present, RBD-HRP binds specifically with NAbs and there-
fore can fail to bind immobilized hACE2, resulting in very weak signals.
For the NAbs biosensor, 5 pg/mL of biotinylated hACE2 in PBS-T buffer
was used to reach approximately 1.0 nm of loading shifts for sufficient
binding. NAbs were detected in the same two matrices as those for anti-
RBD BAbs: (i) PBS-T-BSA buffer with r-NAb-RBD spiked from 0 to 500
ng/mL: 0-10-50-100-500 ng/mL and (ii) 100-fold diluted serum with r-
NAb-RBD spiked from 0 to 500 ng/mL: 0-10-50-100-500 ng/mL.
Spiked samples were mixed with RBD-HRP in equal volumes prior to
testing. As described in section 2.3, washing was carried out in between
steps, and the generated signals were proportional to the amount of
RBD-HRP in the underlying complex. The shifts of the negative control
at 0 ng/mL were used as the reference, and the inhibition per point per
sample was calculated as shown in Eq. (1).

g shift value of sample
Inh =(1- 1 1
nhibition ( (shift value of negative control x 100 M

2.5. Assay limits and cut-off values

The assay values for the limit of detection (LOD), limit of quantifi-
cation (LOQ), cut-off for detection (Cut-off D), and cut-off for quantifi-
cation (Cut-off Q) were calculated as described in our previous study
(Bian et al., 2017). The control serum samples were obtained from four
healthy volunteers with no vaccine injection, no coronavirus infection,
and no presence of anti-S-ECD IgG antibodies. An assay dilution factor of
100-fold was used to transfer the calculated LOD and LOQ to Cut-off D
and Cut-off Q, respectively.

2.6. Pre-clinical validation of the developed FO-BLI NAbs biosensor

The developed NAbs biosensor was preliminarily evaluated using
three monoclonal antibodies (the NAbs calibrator r-NAb-RBD, the BAbs
calibrator MA-RBD S309, one monoclonal antibody targeting SARS-
CoV-2 S2 (MA-S2)), and two literature-reported SARS-CoV-2 RBD
aptamers (CoV-2-RBD-1C and CoV-2-RBD-4C) spiked in pure buffer. In
brief, serial concentrations of r-NAb-RBD (0-20 nM), MA-S309 (0-1000
nM), MA-S2 (0-333.3 nM), CoV-2-RBD-1C (0-1000 nM), and CoV-2-
RBD-4C (0-1000 nM) were added to the RBD-HRP solution in a 1:1
vol ratio. The inhibition of each sample at each concentration point (a
total of 6-8 points per sample) was measured using the FO-FLI NAbs
biosensor and compared in parallel with the data obtained from a
commercial SARS-CoV-2 Inhibitor Screening ELISA Kit. The ELISA took
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2.5 h to complete and OD values were read using an in-house ELISA
reader. The OD of the negative control at 0 ng/mL was used as the
reference, and the inhibition per point per sample was calculated as
shown in Eq. (2).

Inhibition = 1 — OD value of sample % 100 @
OD value of negative control

2.7. Clinical validation using a batch of human serum samples

To evaluate the clinical utility of the established BAbs and NAbs
bioassays, 16 healthy adult volunteers (aged 18-60 years) who recently
received inactivated vaccines (CoronaVac Sinovac Biotech or BBIBP-
CorV Sinopharm), preferably two doses, were enrolled. This study was
approved by the Institutional Review Board of Westlake University
(20210301BSM001) and the Sir Run Run Shaw Hospital, School of
Medicine Zhejiang University (research 20210706-7). Informed consent
was obtained from all the participants. Samples were collected at a
random time point after day 7 post-injection per individual, to ensure a
sufficient time window for antibody production, and de-identified af-
terwards. The status of anti-RBD BAbs in these samples was first eval-
uated using a commercial SARS-CoV-2 RBD antibody titer assay under a
100-fold dilution. All samples were analyzed in duplicate using the in-
house established Anti-RBD BAb, Anti-S-ECD BAbs and SARS-CoV-2
NAbs biosensors, to systematically profile the status of specific IgG an-
tibodies in each sample. BAbs concentrations for both anti-RBD and anti-
S-ECD were defined as pg/mL of MA-RBD S309 equivalents, and NAb
concentrations were expressed as pg/mL of r-NAb-RBD equivalents.

2.8. Evaluation of the effects of spike protein and pseudovirus on high-
quality serum NAbs

The neutralization capacity of the identified high-quality NAb-posi-
tive samples was further confirmed using a series of RBD and pseudo-
virus concentrations. Briefly, NAb-positive samples were mixed with
increasing concentrations of S-ECD (0-4-10-20 pg/mL) and pseudovi-
rus (10-fold and 0-fold diluted) in equal volumes, followed by 30 min
preincubation at 24 °C on a shaker at 450 rpm. Following appropriate
dilution, residual binding of the NAbs mixture was detected using the
NAbs assay.

2.9. Statistics

To quantify the correlation and agreement of inhibition of SARS-
CoV-2 NAbs in three antibodies and two aptamers obtained from a
commercial ELISA kit and the developed NAbs biosensor, GraphPad
Prism 9.02 (GraphPad Software, California, USA) was used to determine
the Pearson r correlation coefficient and SPSS Statistics v.26 (IBM, New
York, USA) was used to calculate the intra-class correlation coefficient
(ICQ). For calculating the ICC, the “two-way mixed single measure test
(absolute agreement)” was applied. Difference between the antibody-
positive and antibody-negative samples was analyzed using the two-
tailed t-test of GraphPad Prism. Inhibition curves for the FO-BLI NAbs
biosensor and the half maximal inhibitory concentration (IC50) were
measured using “dose-response-inhibitor: log (inhibitor) vs normalized
response,” while binding curves were for the FO-BLI BAbs biosensors
were assessed using “one-site: specific binding” in nonlinear regression.
Results with a P-value less than 0.05 were considered statistically
significant.

3. Results

3.1. FO-BLI biosensors for detection of SARS-CoV-2-specific BAbs
towards RBD, S-ECD, and RBD-N501Y in 100-fold diluted serum

The assay conditions of the FO-BLI biosensors for the detection of
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SARS-CoV-2-specific BAbs towards S-ECD, RBD, and RBD-N501Y,
respectively, in both buffer and serum, are summarized in Table 1,
with the principles elaborated in Fig. 1B. For the BAb biosensors, the
total detection time was 13 min, including 5 min for capture, 5 min for
detection, 2 min for signal amplification, and 30 s for two washings in
between. Pre-coating of biotinylated proteins onto the sensor surfaces
took 30-70 s, followed by 30 s of washing. Control of nonspecific
binding from the matrix was achieved through a 100-fold sample dilu-
tion and the addition of the blocking agents Tween 20 and BSA in the
buffer. Desirable specific binding of BAbs was achieved by balancing the
levels of HRP-labeled detection antibodies with the levels of DAB
enhancer, as the levels of both are typically related to its concentration
and incubation time. High concentrations of both parameters often
resulted in a fast rise in the signal to 40-50 nm (Fig. 2A) and caused
sensors to fail due to overloading of the tips. To avoid overloading and
for consistent signal generation, concentrations of the detection anti-
bodies were adjusted step-by-step for each bioassay; additionally, a 200-
fold dilution of DAB into its substrate buffer, combined with 2 min of
incubation, was adopted in all developed bioassays. The shifts at the
highest concentration points were controlled at 15 nm. One represen-
tative binding profile of MA-RBD S309 in buffer with RBD as the capture
antigen achieved via the enhancer is shown in Fig. 2B. Using these
defined parameters, calibration curves for specific anti-RBD, anti-ECD,
and anti-RBD N501Y BAbs were generated by spiking a series of con-
centrations of MA-RBD S309 ranging from O to 500 ng/mL into 100-fold
serum (Fig. 2C).

3.2. FO-BLI biosensor for detection of SARS-CoV-2 NAbs in 100-fold
diluted serum

The assay conditions of the FO-BLI biosensors for the detection of
SARS-CoV-2-specific NAbs in both buffer and serum are summarized in
Table 1, with the corresponding principles elaborated in Fig. 1C. For the
NAb biosensors, the total detection time was 7.5 min, including 5 min
for both capture and detection in the mixture of samples and RBD-HRP,
2 min for signal amplification, and 30 s for washing. Coating of bio-
tinylated hACE2 to the sensor tips typically took 30-70 s, followed by
30 s of washing. Control of nonspecific binding and sufficient specific
binding was achieved as described above for the FO-BLI BAbs bio-
sensors. One representative binding profile of r-NAb-RBD in buffer with
hACE2 as the capture antigen achieved via the enhancer, is shown in
Fig. 2D.

Calibration curves for specific NAbs detection were generated by
spiking a series of concentrations of r-NAb-RBD ranging from 0 to 5000
ng/mL in buffer and 100-fold serum (Fig. 2E). Specifically, a linear
regression calibration curve was generated (Y = 0.301*X + 0.793, R? =
0.992) when r-NAb-RBD concentration ranged from 0 to 250 ng/mL in
the diluted serum (inset, Fig. 2E), which could be used for further
validation of clinical samples.

3.3. Pre-clinical validation of the developed FO-BLI NAbs biosensor

The inhibition data of three SARS-CoV-2 antibodies and two SARS-
CoV-2 aptamers obtained from the developed FO-BLI NAb biosensor
were similar to those obtained from a commercial inhibitor screening
ELISA kit (Fig. 3A-E). A comparison between the inhibition values
measured using the FO-BLI NAbs biosensor versus the ELISA kit revealed
a Pearson’s correlation of 0.859 (p < 0.0001) and an ICC coefficient of
0.847 (p < 0.0001; Fig. 3F).

3.4. Quantification of anti-RBD BAbs, anti-S-ECD BAbs and anti-SARS-
CoV-2 NAbs in sera from vaccine-injected healthy donors

The baseline characteristics of the enrolled 16 vaccinated healthy
donors (referred to as V-HD) are described in Table 2 (62.5% female,
mean age of 27.9 y [STD: 2.71]). Except for V-HD7 and V-HD16 donors
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Table 1
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Assay conditions of the established FO-BLI biosensors for both SARS-CoV-2 BAbs and SARS-CoV-2 NAbs rapid detection in buffer and serum.

Assay conditions*

Anti-RBD BAbs

Anti-S-ECD BAbs

Anti-RBD N501Y BAbs

NAbs

Immobolize
Protein

Probes
Capture protein

Capture protein shift

Streptavidin sensor
Biotinylated RBD

0.55 +0.03 nm (n = 12)

Streptavidin sensor
Biotinylated
S-ECD

0.55+ 0.01 nm (n = 12)

Streptavidin sensor
Biotinylated RBD-N501Y

0.51 £ 0.03 nm (n =12)

Streptavidin sensor
Biotinylated hACE2

1.10 £ 0.03 nm (n = 12)

MA-RBD $309 (ng/mL)

(00

20 100
NAbs inhibition shifts in buffer 0 ng/mL, —e— in buffer (n=2)
—&— in serum (n=2)
154 80+
T < 604
E 5 1
= 104 g 2 Y=AX+B
= 100 ng/mL = A=0.301 B=0.793
@ = R?=0.992
=
5 250 ng/mL|
2005gml 0 50 100 150 200 250
i 1000 ng/mL 5000 ng/ml] 0 s ol ; - a
435 450 465 480 495 510 525 0 1 2 3 4
time (s)

log [r-NAb-RBD (ng/mL)]

Loading time 30-70's 30-70's 30-70's 30-70's
Target Capture Sample matrix Buffer, serum Buffer, serum Buffer, serum Buffer, serum
Sample dilution 1/100 1/100 1/100 1/100
Incubation time 5 min 5 min 5 min 5 min
Target Detection Detection antibody or Rabbit anti-human IgG- Rabbit anti-human IgG- Rabbit anti-human IgG- RBD-HRP
protein HRP HRP HRP
Detection agent conc. 1/20.000 1/1.000 1/10.000 1/1.000
Detection time 5 min 5 min 5 min done with target capture; 30 s in buffer
instead
Signal Amplifi- Signal enhancer DAB DAB DAB DAB
cation Enhancer conc. 1/200 1/200 1/200 1/200
Enhancing time 2 min 2 min 2 min 2 min
Assay Properties Assay calibrator MA-RBD S309 MA-RBD S309 MA-RBD S309 r-NAb-RBD
Detection range 10-500 ng/mL 10-500 ng/mL 10-500 ng/mL 10-5000 ng/mL
Cut-off D 0.47 pg/mL 0.40 pg/mL Not studied 0.36 pg/mL
Cut-off Q 1.0 pg/mL 1.0 pg/mL Not studied 0.5 pg/mL
Sample volume 5uL 5pL 5puL 5pL
Sample-to- result time 13 min 13 min 13 min 7.5 min
Operation Partial automatic Partial automatic Partial automatic Partial automatic
Reprodu-cibible across labs  Yes Yes Yes Yes
Note: *a 30 s washing step was included in between steps for all the FO-BLI biosensors.
( A) (B) Fig. 2. (A) The binding strength trends obtained
3 4] —& DAB: 2 min (R’=0.957) 1675405 binding shifts n buffer when the secondary antibody-HRP conjugate, in a
N ~@- DAB:3 min (R>=0.960), 500 ng/m. series of dilutions from 1000- to 6000-fold, reacts
454 124 with DAB enhancer for 2 min and 3 min, respectively.
= _ (B) Representative non-linear binding profiles of the
£ 35 H Anti-RBD BAbs biosensor after signal enhancement,
i:j E & 100 ng/mL with the assay calibrator MA-RBD S309 ranged from
55 i Songm| O to 500 ng/mL in buffer. (C) Standard binding curves
4+ 10 ng/ml of the FO-BLI biosensors for anti-RBD BAbs, anti-S-
ECD and anti-RBD N501Y in 100-fold diluted serum,
15 T T T T T 0 i . . . . . Olng/ ik respectively. (D) Representative non-linear inhibition
¢ t 2 .3 4 > 765 780 795 810 825 840 855 870 885  profiles of the SARS-CoV-2 NAbs biosensor after
dilution factor of rabbit anti-human IgG-HRP time (s) R R .
(0*1000-fold) signal enhancement, with the assay calibrator r-NAb-
RBD ranged from O to 5000 ng/mL in buffer. (E)
(C) i Standard inhibition curves of the SARS-CoV-2 NAbs
%1(1 1‘13;@‘24 rfﬂ“)t(ed Semzm p ) biosensor in buffer and 100-fold diluted sera, with the
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Fig. 3. Inhibition of three monoclonal antibodies and two aptamers against SARS-CoV-2 RBD as measured using both the FO-BLI NAb biosensor (blue lines) and a
commercial inhibitor screening ELISA kit (black lines). (A) The NAb assay calibrator r-NAb-RBD was determined to have an IC50 of 0.87 nM, close to the IC50 of
0.59 nM measured by the kit as reported in the product’s official document. (B) Inhibition of MA-S2, a non-neutralizing antibody against S2; dashed line indicates a
theoretical 0% neutralizing capacity. (C) Inhibition of MA-RBD S309, the SARS-CoV-2 BAD biosensors calibrator; both assays revealed limited inhibition for this
antibody. (D) Inhibition of the literature-reported RBD-specific aptamer CoV-2-RBD-1C; both assays reported non-neutralization for it. (E) Inhibition of the literature-
reported RBD-specific aptamer CoV-2-RBD-4C; both assays reported limited neutralization for it. (F) Correlation and agreement between inhibition values obtained

from both methods; data generally aligned with each other.

Table 2
Baseline characteristics of the 16 participants who received inactivated vaccines
with no history of coronavirus infection.

Healthy Gender  Age  First or second Number of days post vaccine

donors dose injection

V-HD1 Female 26 Second dose 128

V-HD2 Female 31 Second dose 19

V-HD3 Male 26 Second dose 146

V-HD4 Male 30 Second dose 53

V-HD5 Male 33 Second dose 44

V-HD6 Female 27 Second dose 44

V-HD7 Female 26 First dose 13

V-HD8 Male 26 Second dose 85

V-HD9 Female 25 Second dose 30: sample of V-HD9
Second dose 59: sample of V-HD9-2

V-HD10 Female 27 Second dose 120

V-HD11 Female 31 Second dose 44

V-HD12 Male 27 Second dose 20

V-HD13 Female 24 Second dose 47

V-HD14 Male 28 Second dose 66

V-HD15 Female 32 Second dose 175

V-HD16 Female 28 First dose 14

who only received the first doses when enrolled, all serum samples (one
sample sampled per donor) were collected following the second dose,
with a mean post-day sampling of 72 (STD: 48.2).

The prevalence of anti-RBD IgG BAbs in individual serum samples
was first analyzed using an RBD antibody titer assay kit. As determined
from four healthy control serum samples, the assay had a cut-off OD
value of 0.19 ata 100 x dilution (dashed line, Fig. 4A), and samples with
OD < 0.19 (V-HD7) were deemed as negative. Using this kit, 15 out of
16 V-HD samples were identified as anti-RBD antibody-positive samples
(Fig. 4A). All samples were analyzed in duplicate. Of note, the V-HD3
sample with a signal intensity close to the cut-off OD was determined as
negative in the first measurement, but positive in the following two

measurements (0.25 + 0.06, n = 3).

All 16 V-HD samples were further analyzed using the developed Anti-
RBD BAb, Anti-S-ECD BADb, and most importantly, the Anti-SARS-CoV-2
NAD biosensors. Regarding the Anti-RBD BAb measurements, results of
all samples, but V-HD3, agreed with those obtained from the above-
mentioned ELISA kit, that is, 14 out of 16 were anti-RBD positive
(87.5%, Fig. 4Bi, left) at the time point sampled. V-HD3 was reported to
be negative in the Anti-RBD BAb biosensor, and this negativity was
confirmed from the measurement obtained using the anti-S-ECD BAb
biosensor. As shown in Fig. 4Bi (left), the levels of anti-RBD antibodies
produced inside the body following vaccine injection varied signifi-
cantly (0.63-14.0 pg/mL equivalent) among individuals. The difference
between the positive and negative samples was statistically significant
(P = 0.01) in the two-tailed t-test (Fig. 4Bi, right). Regarding measure-
ments of the anti-S-ECD BAbs, all antibody-positive samples identified as
mentioned above showed anti-S-ECD positivity (14 out of 16 donors;
87.5%) with overall much higher concentrations reported (ranged from
1.01 to 38.02 pg/mL equivalent; Fig. 4Bii, left). The difference between
the positive and negative samples remained statistically significant (P =
0.004; Fig. 4Bii, right).

Regarding NAb measurements, at the time point when samples were
randomly taken, 6 of the 16 V-HD were identified as SARS-CoV-2 NAb-
positive (37.5%; Fig. 4Biii, left). One sample showed an NAD level of 0.5
pg/mL equivalent and the remaining 5 samples showed NAb concen-
trations between 1.07 and 3.84 pg/mL equivalents, indicating effective
NADb production in these volunteers to protect from coronavirus attack.
A remarkable difference between the NAb-positive and-negative sam-
ples was observed (P < 0.0001; Fig. 4Biii, right).

Among all the donated samples, the V-HD9 sample reported the
maximal signal intensities in the four types of measurements (Fig. 4A
and B). The particularly high levels of anti-S-ECD and anti-RBD anti-
bodies and the relatively high levels of NAbs in this sample demon-
strated that V-HD9 is a high-quality antibody producer. For research
purposes, one extra sample, referred to as V-HD9-2, collected 29 days
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Fig. 4. Detection of anti-RBD, anti-S-ECD BAbs and anti-SARS-CoV-2 NAbs in sera of 16 individual vaccine-injected healthy donors (V-HD1 to V-HD16; V-HD9-2 is
the second sample from V-HD9). (A) Prevalence of the anti-RBD antibodies in the 16 donors measured using a commercial RBD antibody titer assay kit. Dashed line
indicates the kit’s cut-off for detection at 0.19 in absorbance. (Bi) Measurements of anti-RBD antibodies in the 16 donors using the Anti-RBD BAD biosensor. Statistical
comparison between the anti-RBD BAb positive and negative samples is listed on the right side. (Bii) Measurements of anti-S-ECD antibodies in the 16 donors using
the Anti-S-ECD BAbD biosensor. Statistical comparison between the anti-S-ECD BAb positive and negative samples is listed on the right side. (Biii) Measurements of
anti-SARS-CoV-2 NAbs in the 16 donors using the Anti-SARS-CoV-2 NAD biosensor. Statistical comparison between the NAbs positive and negative samples is listed
on the right side. Dashed lines represent the Cut-off D (Cut-off for Detection) and Cut-off Q (Cut-off for Quantification) of the corresponding assay, all listed in
Table 1. Error bars were from duplicate measurements. (C) Inhibition of hACE2—RBD binding by the two screened high-quality NAb serum antibodies: (i) sample of
V-HD9 and (ii) sample of V-HD9-2. Inhibition was calculated in the presence of increasing concentrations of S-ECD (0, 4, 10 and 20 pg/mL) and spike pseudovirus

(10 x and stock) and assessed using the SARS-CoV-2 NAD biosensor (n = 1).

after the first sample, was requested from this participant and found to
contain high levels of anti-S-ECD and anti-RBD antibodies as well as high
levels of NAb.

3.5. Evaluation of the effect of spike protein and pseudovirus on the high-
titer NAb samples

Under a 100 x sample dilution, the neutralizing capacities of the two
identified high-titer NAb samples, V-HD9 (Fig. 4Ci) and V-HD9-2
(Fig. 4Cii), decreased gradually with increasing concentrations of spike
protein and spike pseudovirus. When spiked with 20 pg/mL of S-ECD
and stock pseudovirus (containing 10 virus copies/mL and 860 ng/mL
of SARS-CoV-2 S1), the V-HD9 sample completely lost its inhibitory
effect on RBD (inhibition of 1.0% and 1.1%, respectively). The V-HD9-2
sample fully lost its inhibition of RBD when spiked with 10 x stock
pseudovirus, with inhibition of 0.9% and 0%. These data indirectly
confirmed the relatively strong neutralizing capacities of the two

identified serum NAbs.
4. Discussion

In this study, we report that the combination of label-free FO-BLI
technique with an effective signal enhancer DAB may facilitate the
development of rapid biosensors for the sensitive detection of NAbs and
BAbs. The sandwich FO-BLI BAbs biosensors have a sample-to-result
time of 13 min. The competitive NAbs biosensor has a sample-to-result
time of 7.5 min, making it even faster than the testing-on-a-probe
biosensor, which is the fastest bioassay reported to date for surrogate
NAbs assessment and has a result time of 18 min (Yang et al., 2021).
Results obtained in such a short period provide important information to
researchers or doctors regarding potent therapeutic NAbs agents or
vaccine efficacies. BAbs and NAbs were measured individually in this
study at their own speed; however, they can be well integrated for
parallel detection by simply prolonging the 30 s of target detection



S. Bian et al.

period of the NAbs biosensor to 5 min (Table 1) to synchronize the
speeds. Importantly, the easy-to-use dip-in sensors greatly simplify the
assay operation and facilitate the routine use of these assays in labora-
tories, specifically for NAb detection, which typically requires strict
BSL-3 laboratory environments.

The developed FO-BLI biosensors seem robust, as no additional
blocking agents or blocking steps were needed to prevent possible non-
specific binding from sera. Compared to the control of non-specific
binding, precise control of desirable specific-binding is more delicate
as DAB can significantly enhance the signals in seconds, which may
result in lesser reproducibility between assays. For this purpose, the
maximal shift intensities were controlled at approximately 15 nm when
quantifying BAbs and NAbs in buffer and sera. Of note, a 200 x dilution
of DAB enhancer was adopted throughout this work to avoid overloaded
signals and to enhance the chance of regenerating sensors, as high
amounts of precipitated DAB on the sensor tips can be challenging to
remove. This study used a single sensor for one measurement; however,
recycling sensors to reduce costs without compromising assay accuracy
and speed, can be of interest for population-scale COVID-19 studies for
high-throughput analysis (Goode et al., 2015).

Pre-clinical validation demonstrated that the FO-BLI NAbs biosensor
could evaluate the inhibition of SARS-CoV-2 antibodies and aptamers
with similar accuracy as an ELISA kit. A total of 16 participants that
received the inactivated vaccines were enrolled in this study to validate
the utility of the developed biosensors for use in clinical settings, rather
than to evaluate the vaccine efficacy, as all the samples were taken
randomly and most importantly, in limited numbers. Among the 16
participants, 14 were identified as anti-RBD antibody-positive (87.5%)
using the anti-RBD BAb biosensor, which closely aligned with the data
provided by the RBD antibody titer assay, with only a disagreement on
one weak positive sample V-HD3. The anti-S-ECD BADb biosensor iden-
tified 14 participants (87.5%) as anti-S-ECD antibody positive, while
only 6 (37.5%) were identified as NAb positive using the NADb biosensor.
Overall, host humoral responses to vaccines differ significantly from
person to person, as reflected by the antibody level diversity. The overall
low levels of NAbs detected in all donors may be due to the less
appropriate design of our sampling, as all random samples were
collected rather late after injection (72 days [STD: 48.2] for the 14
second-dose sampled sera). In a recent phase 1/2 trial conducted by Xia
et al. (2021), the production of NAbs in 100% of recipients was reported
on day 28 post-injection of the second dose of BBIBP-CorV inactivated
vaccine. Thus, evaluation of NAbs at earlier time points may reveal
higher NAb rates and higher NAb concentrations or titers. Nevertheless,
V-HD9 produced high-quality antibodies over time, with excellent
binding and neutralizing activities toward RBD and pseudovirus. Such
potent NAbs can be further isolated and engineered to evaluate their
potential therapeutic outcomes (Guo et al., 2021). Interestingly, this
small-cohort study reported the existence of NAbs in one sample
collected approximately 6 months post-injection (V-HD15), indicating
the long durability of NAD.

Future efforts should focus on the following aspects. First, the afore-
mentioned approach is flexible and can be easily adapted to establish
rapid biosensors for SARS-CoV-2 IgA, IgM, anti-S1, and anti-S2 in order
to obtain a detailed profile of antibody response. In addition, it has the
potential to be applied in sandwich-based SARS-CoV-2 antigen detec-
tion. Second, the rapid biosensors are suitable for continuous evaluation
of humoral responses post vaccination or during infection, particularly
owing to the readily available sample sources such as dried blood spots
(Morley et al., 2020; Mulchandani et al., 2021; Bian et al., 2020) and
saliva (Elledge et al., 2021). Third, a recent study revealed that it is more
antibody affinity than antibody concentration that truly determines the
inhibitory activity of an antibody in RBD-hACE2 binding (Fiedler et al.,
2021). As thus, it would be of great value to upgrade the biosensors for
direct use in undiluted whole blood or sera, as over-dilution affects the
interaction of antibodies with the viral RBD. Of note, the nature of the
BLI technique in real-time displaying molecule-molecule interactions
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increases the possibility of developing our FO-BLI biosensors into a
suitable system for determining antibody affinity and concentrations
simultaneously. Finally, large-scale serosurveillance is encouraged to
determine statistical rates for false positive and false negative results
obtained using the established biosensors, in order to obtain better in-
sights into the potency of vaccines (Zhang et al., 2021).

5. Conclusions

We report signal-enhanced FO-BLI biosensors for rapid detection of
SARS-CoV-2 NAbs and BAbs in sera of vaccine-injected healthy donors.
SARS-CoV-2 NAbs and BAbs could be measured either individually (7.5
min vs. 13 min, respectively) or simultaneously with only a one-step
modification. The bioassays were clinically validated using a small
cohort of randomly collected samples from 16 inactivated vaccines-
injected healthy individuals. A detailed protocol was developed to
detect BAbs against the RBD-N501Y variant, which helps to study the
efficacy of new vaccines and therapeutic antibodies against coronavirus
mutants. The advantages of the proposed FO-BLI biosensors lie in their
capability of delivering a quick sample result, detecting with high
sensitivity, operating in an automated manner, and monitoring NAbs
and BAbs from real clinical samples with sufficient accuracy. Limitation
of the study lies in its small number of real samples for systematic
validation of the developed biosensors. In the following studies, we plan
to enlarge the sample size and incorporate samples of infected persons
for extra validation and evaluation of the clinical utility of biosensors.
Also, we plan to explore the potentials of the FO-BLI biosensors for long-
term evaluation of dynamic humoral responses, for simultaneous
detection of antibody concentration and affinity, and for detection in
alternative sample matrices.
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