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for the detection of SARS-CoV-2
neutralizing antibody
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Introduction: At present, there is an urgent need for the rapid and accurate
detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
neutralizing antibodies (NAbs) to evaluate the ability of the human body to resist
coronavirus disease 2019 (COVID-19) after infection or vaccination. The current
gold standard for neutralizing antibody detection is the conventional virus
neutralization test (cCVNT), which requires live pathogens and biosafety level-3
(BSL-3) laboratories, making it difficult for this method to meet the requirements
of large-scale routine detection. Therefore, this study established a time-
resolved fluorescence-blocking lateral flow immunochromatographic assay
(TRF-BLFIA) that enables accurate, rapid quantification of NAbs in subjects.

Methods: This assay utilizes the characteristic that SARS-CoV-2 neutralizing
antibody can specifically block the binding of the receptor-binding domain (RBD)
of the SARS-CoV-2 spike protein and angiotensin-converting enzyme 2 (ACE?2)
to rapidly detect the content of neutralizing antibody in COVID-19-infected
patients and vaccine recipients.

Results: When 356 samples of vaccine recipients were measured, the coincidence
rate between this method and cVNT was 88.76%, which was higher than the
coincidence rate of 76.97% between cVNT and a conventional
chemiluminescence immunoassay detecting overall binding anti-Spike-1gG. More
importantly, this assay does not need to be carried out in BSL-2 or 3 laboratories.
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Discussion: Therefore, this product can detect NAbs in COVID-19 patients and
provide a reference for the prognosis and outcome of patients. Simultaneously, it
can also be applied to large-scale detection to better meet the needs of
neutralizing antibody detection after vaccination, making it an effective tool to
evaluate the immunoprotective effect of COVID-19 vaccines.

KEYWORDS

COVID-19 vaccine, conventional virus neutralization test, neutralizing antibody,
fluorescent lateral flow immunochromatographic assay, receptor binding domain

1 Introduction

Since coronavirus disease 2019 (COVID-19) was first reported
in December 2019, it has had an unprecedented devastating impact
on global society and its economy. COVID-19 is a new type of
infectious disease caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (Sun et al, 2020; Gavriatopoulou
et al., 2021). Its clinical symptoms mainly include fever, cough, and
dyspnea (Juan et al, 2020). Moreover, it can lead to acute
respiratory distress syndrome and, in worst case scenarios, to
organ failure or death (Madjunkov et al., 2020). Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) is an
enveloped single-stranded positive-sense RNA virus with four
main structural proteins: S protein (spike protein), N protein
(nucleocapsid protein), E protein (envelope protein), and M
protein (membrane protein) (Freeman and Swartz, 2020; Lu S.
et al, 2021). Among them, the S protein is key for the invasion of
host cells and is a trimeric transmembrane glycoprotein composed
of S1/S2 heterodimers. It can recognize the host cell receptor
angiotensin converting enzyme 2 (ACE2) and mediate fusion
with the cell membrane. A C-terminal receptor binding domain
(RBD) of the SARS-CoV-2 spike protein is directly involved in the
recognition of the host receptor and mediates the invasion of the
virus into the host cell (Ge et al., 2021). The human immune system
produces corresponding antibodies after stimulation by SARS-
CoV-2. Neutralizing antibodies (NAbs) are specific antibodies
that act against SARS-CoV-2 neutralizing epitopes. They can
directly target the RBD of the SARS-CoV-2 spike protein epitope
and prevent the binding of SARS-CoV-2 RBD to its host cell
receptor ACE2, thereby protecting the human body (Ou et al,
20205 Shi et al,, 2020). Therefore, there are SARS-CoV-2-specific
neutralizing antibodies in the blood of COVID-19 convalescent
patients and vaccinated patients (Duan et al., 2020; Wu et al., 2021).
In addition, some articles note that neutralizing antibodies have the
potential to block the virus from infecting target cells, and
monoclonal antibodies have a clear mechanism of action and are
easy to prepare on a large scale, which is the focus of research on
SARS-CoV-2 therapeutic drugs (Barnes et al., 2020; Wan et al,
2020). Therefore, a rapid and accurate test for SARS-CoV-2
neutralizing antibodies is particularly important. By testing
neutralizing antibodies, we cannot only evaluate the immune
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protection after COVID-19 infection and vaccination and the
requirement for a booster vaccination but also quickly detect the
transferred neutralizing monoclonal antibodies as part of COVID-
19 treatment. This type of testing can better meet the needs of the
effectiveness evaluation of neutralizing antibodies brought by the
large-scale diagnosis and treatment of COVID-19 and vaccination.

The current laboratory gold standard for SARS-CoV-2
neutralization antibody detection is the conventional virus
neutralization test (cVNT), which uses a sample of quantitative
live virus mixed with the same amount of serum of different
dilutions to plaque reduction neutralization test (PRNT), which
analyzes the level of neutralizing antibody content in serum samples
by detecting cytopathic effect (CPE) (Chen CZ. et al., 2020; Perera
et al., 2020; Tan et al., 2020; Zhu et al., 2020; Valcourt et al., 2021).
Although this method has very good sensitivity and specificity, the
cVNT method requires active novel coronavirus culture and
identification, which must be performed by professionals in the
biosafety level-3 laboratory (BSL-3). Each test takes 4-7 days, the
BSL-3 resources in China are limited, and the method is a tedious
manual operation, which is inefficient and cannot be carried out in
conventional laboratories. These shortcomings greatly limit its
large-scale use (Tan et al, 2020). To improve the safety of the
experiment and reduce the requirements for the experimental
environment, pseudovirus-based VNT (pVNT) was developed for
neutralizing antibody detection. pVNT can be a better alternative to
cVNT and only needs to be performed in BSL-2, but it still requires
the use of live viruses and cells (Tan et al., 2020; Liu K-T. et al,,
2022). A surrogate VNT (sVNT) can also detect NAbs without the
need for any live virus or cells, but it can be completed within 1-2 h
in a BSL-1 laboratory(Bosnjak B, Stein SC, Willenzon S, et al. Low
serum neutralizing anti-SARS-CoV-2 S antibody levels in mildly
affected COVID-19 convalescent patients revealed by two different
detection methods. Cell Mol Immunol. 2021;18 (Madjunkov et al.,
2020):936-944. doi:10.1038/s41423-020-00573-9), which is not
suitable for large-scale testing at the grass-roots level (Tan et al.,
2020), including enzyme-linked immunosorbent assay (ELISA) and
microparticle chemiluminescence immunoassay (MCLIA)
(Peterhoff et al.,, 2021; Zhang et al., 2021a). Although neutralizing
antibody ELISA techniques have developed high sensitivity and
good repeatability (Tan et al., 2020; Bosnjak et al., 2021; Behrens
et al., 2022), they have the disadvantages of long reaction time
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(You et al, 2021). The MCLIA is an expensive and complex manual
operation, which limits the wide application of SARS-CoV-2
neutralization antibody detection (Elledge et al., 2021). In recent
years, lateral flow immunochromatography (LFIC) has been widely
used in real-time detection in related industries because of its low
cost, simple operation, and rapid detection (Jiang et al, 2019;
Urusov et al,, 2019; Chen H. et al., 2020). Given the low level of
neutralizing antibodies in the early stages of 2019-nCoV infection,
more sensitive fluorescent immunochromatographic detection
techniques need to be developed to better monitor the dynamic
range of neutralizing antibodies in the COVID-19 vaccine audience
(Suryoprabowo et al., 2021). Polystyrene nanoparticles labeled with
europium nanoparticles (EuNPs) are a new type of fluorescent
signal based on the marking of elements of the niobium system.
This signal has unique fluorescence characteristics, such as a narrow
emission peak, high quantum yield, large Stokes shift, long
fluorescence lifetime, and low environmental interference (Chen
et al, 2021; Liu M. et al, 2022). Time-resolved fluorescence
immunoassay technology with EuNPs as signals is widely used in
clinical medical diagnosis, environmental analysis, and food
monitoring due to its fast, sensitive, economical, and portable
characteristics (Sun et al., 2018; Lu J. et al., 2021).

In this study, we used EuNPs labeled with the RBD of the SARS-
CoV-2 spike protein as a fluorescent probe to develop a TRE-BLFIA
for the rapid detection of body neutralizing antibody content in
COVID-19-infected and vaccine recipients. The cutoft value of the
newly established method was determined using relevant clinical
samples, and the coincidence rates of negative and positive results of
the two methods were compared. The neutralizing antibody titers
(NAD titers) of these clinical samples were determined by cVNT by
Guangdong Provincial Centers for Disease Control and Prevention.
When 356 serum samples from vaccine recipients were detected, the
total coincidence rate between this method and cVNT was 88.76%.
In addition, it has been reported that the SARS-CoV-2 spike-
specific immunoglobulin G (S-IgG) antibody response after
immunization might be an alternative biomarker for assessing
COVID-19 vaccine efficacy (Racine and Winslow, 2009; Murin
etal., 2019; Banga Ndzouboukou et al., 2021). Thus, we detected the
level of S-IgG in these clinical samples, and the total coincidence
rate with cVNT was only 76.97%. TRE-BLFIA can better detect the
content of COVID-19 neutralizing antibodies in serum samples
than a conventional chemiluminescence immunoassay detecting
overall binding anti-Spike-IgG, and it is a practical tool to evaluate
the prognosis of COVID-19 patients and the immune efficacy of the
COVID-19 vaccine.

2 Materials and methods
2.1 Materials and chemicals

Europium chelate fluorescent microspheres (particle size, 312
nm; excitation wavelength, 365 nm; emission wavelength, 610 nm),

1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
(EDC),s and N-hydroxysulfosuccinimide sodium salt (NHS) were
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purchased from Thermo Fisher Scientific, USA. Nitrocellulose (NC)
membranes (CN140), conjugation pads, sample pads, soleplates,
and absorbent paper were purchased from Millipore (Shanghai,
China). Goat anti-chicken IgY and chicken IgY antibodies were
obtained from Hangzhou Kitgen Biotechnology Co., Ltd., China.
The RBD-Ag3, anti-CoV-19 IgG, and ACE2-RP2 proteins were
obtained from Fapon Biological Co., Ltd. Carboxyl-functionalized
europium chelate nanoparticles (EuNPs) (Catalogue Number
93470720011150) were obtained from Guangzhou Ewell
Biotechnology Co. Ltd. All ultrapure water used in this study was
obtained from the Milli-Q ultrapure system (Millipore, MA, USA).
All chemicals used were pure or higher for analysis.

2.2 Apparatus

A field-emission transmission electron microscope (TEM,
Philips, Holland) and centrifuge (Beckman, Germany) were used.
An XYZ 3200 series dispense system (Bio-Dot Scientific Equipment,
Pvt. Ltd., USA) and a programmable HGS201 strip cutter
(purchased locally in Shanghai, China) were also used in this
study. A fluorescence ICS reader (AFS330 M, Guangzhou Lab
Biotech, China) was used to record the fluorescence signal of
TRF-BLFIA.

2.3 Preparation of EuUNPs-RBD-Ag3 and
EuNPs-goat anti-chicken IgY

The coupling process of EuNPs-RBD-Ag3 was as follows: 10 pL
EuNPs was added to 990 pL 2-Morpholinoethanesulphonic acid
(MES) buffer (0.1 M, pH 6.0). Then, 10 uL of 10 mg mL~" EDC and
50 mg mL ' NHS were added to activate the microspheres, and the
entire reaction system was rotated and reacted for 30 min in the
dark and then centrifuged at 15,000 rpm for 30 min to remove the
supernatant. Next, 1 mL MES was added to suspend the precipitate,
and 15 ug RBD-Ag3 and 25 pg goat anti-chicken IgY were added to
label the fluorescent microspheres. After rotating for 60 min, 10 uL
of 10% bovine albumin (BSA) was added to seal the surface of the
microspheres, rotated to mix for 30 min, and centrifuged at 15,000
rpm for 30 min. After centrifugation, the labeled preservation
solution containing BSA, sucrose, trehalose, and sodium casein
was used to resuspend the labeled substance by ultrasound and then
stored at 4°C for later use.

2.4 Preparation of the test line and
control line

ACE2-RP2 and chicken IgY were diluted with phosphate
buffered saline (PBS) containing trehalose, and then both were

'to

coated on the NC membrane with a coating amount of 1 pg cm”™
form a test line and a quality control line, with an interval of 5 mm.
Then, the coated NC membrane was placed in a 37°C oven to dry

for more than 12 h.
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2.5 Fabrication of the TRF-BLFIA for SARS-
CoV-2 neutralizing antibody detection

The SARS-CoV-2 neutralizing antibody test strip is composed
of a sample pad, binding pad, NC membrane, absorbent paper, and
plastic bottom plate. A certain labeling amount of EuNPs-RBD-Ag3
and EuNPs-goat anti-chicken IgY was sprayed on the binding pad
by a gold-spraying scribing machine and placed in a 37°C oven to
dry. Then, ACE2-RP2 and chicken IgY were quantitatively
distributed to specific areas of the NC membrane as the detection
line and quality control line and dried overnight at 37°C for later
use. All parts are pasted on the plastic bottom plate in the order of
sample pad, binding pad, NC membrane, and absorbent paper.
Each part overlaps approximately 2 mm to ensure that
the sample can smoothly complete the entire flow process.
Finally, the HGS201 programmable strip cutter cuts the test strips
into 4-mm wide test strips and places them in a plastic cartridge for

sample determination.

2.6 Fluorescence immunoassay
analysis system

The laboratory cooperated with Guangzhou Labsim
Biotechnology Co., Ltd. to develop a dry immunofluorescence
analysis system to quantify the fluorescence value of each test line
and control line. The dry immunofluorescence analysis
instrument was composed of excitation light and a receiver.
When the fluorescence test strip is inserted into the dry
immunofluorescence analyzer, the excitation light will excite the
passing detection line and the quality control line to emit 615 nm
fluorescence, and the acceptor will receive the intensity of this
fluorescence and transfer the received fluorescence intensity to the
computer. The corresponding software in the computer combines
the built-in neutralizing antibody standard curve to generate the
corresponding neutralizing antibody concentration value of the
tested sample.

2.7 Microneutralization assay

Fourfold serial dilutions (from 1:4 to 1:1,024) of heat-
inactivated serum were mixed 1:1 with a SARS-CoV-2 suspension
of 100 TCIDs, per mL and preincubated for 120 min at 37°C in a
5% CO, incubator. Then, 100 pL of the mixture at each dilution was
added to a cell plate containing a semiconfluent Vero E6 monolayer.
The plates were incubated for 4 days at 37°C in a humidified
atmosphere with 5% CO,. After 4 days of incubation, the plates
were washed and inspected with an inverted optical microscope.
The highest serum dilution that protected more than 50% of the
cells from the cytopathic effect (CPE) was taken as the
neutralization titer. The highest dilution protects more than half
of the cells in the CPE as NAD titers.
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2.8 Data collection of SARS-CoV-2
S-1gG levels

Levels of SARS-CoV-2 S-IgG were assessed by using the novel
coronavirus (2019-nCoV) IgG antibody diagnostic kit and the
AutoLumo A2000 Plus automatic chemiluminescence analyzer
(Autobio Diagnostics, Zhengzhou, China) according to the
manufacturer’s instructions. The S-IgG levels are presented as
chemiluminescence values divided by the cutoff (S/CO). The
manufacturer’s threshold for positivity is set to S/CO value >
1.0 levels.

2.9 Detection method of clinical samples
of the TRF-BLFIA for SARS-CoV-2
neutralizing antibody

The serum of the COVID-19 vaccinees was centrifuged, and
then, 20 pL of the supernatant was taken, added to 80 pL of sample
diluent (PBS containing 0.5% Tween20), and shaken to mix. The
100-pL diluted sample is added to the test strip sample pad, and the
labeling compound on the binding pad will migrate to the absorbent
paper due to capillary action and pass through the detection line
ACE2-RP2 and the quality control line chicken IgY. After 20 min,
the test paper card was inserted into the fluorescence ICS card
reader to detect T- and C-line fluorescent signals. Substituting the
ratio of the fluorescence signal intensities at the T and C lines (Fy/
Fc) into the calibration curve can obtain the negative and positive
levels of the COVID-19 neutralizing antibodies in each sample.

2.10 Performance of the TRF-BLFIA
for SARS-CoV-2 neutralizing
antibody detection

2.10.1 The calibration curve of TRF-BLFIA

Fluorescence immunochromatographic strips were tested using
anti-CoV-19 IgG standards at concentrations of 0 ng mL™', 7.8 ng
mL ™, 15.6 ng mL™,31.3 ng mL ™}, 62.5 ng mL™, 125 ng mL™,250 ng
mL ™", 500 ng mL™", 1,000 ng mL ™", 2,000 ng mL™", 5,000 ng mL ",
10,000 ng mL™, or 20,000 ng mL ™. Each concentration was repeated
three times, the logarithm of the concentration of anti-CoV-19 IgG
was used as the abscissa, and the logarithm of the corresponding T/C
mean was used as the ordinate to draw a standard curve.

2.10.2 Determination of TRF-BLFIA specificity

TRF-BLFIA was tested for specificity using pathogens from
Staphylococcus aureus and Staphylococcus haemolyticus, and
Escherichia coli, Enterococcus faecium, Candida albicans,
Klebsiella pneumoniae, Stenotrophomonas maltophilia, and
Aeromonas hydrophila and compared with the negative control
serum and the positive quality control serum. The results were
detected using a fluorescence strip reader after 20 min.
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2.10.3 Determination of TRF-BLFIA accuracy

The control substance was diluted to 62.5 ng mL™", 250 ng
mL~%, 500 ng mL~%, 1,000 ng mL %, and 5,000 ng mL ! and detected
by a TRF-BLFIA strip. Each concentration was determined
repeatedly five times. The mean (M), standard deviation (SD),
and the rate of recovery of each concentration were calculated,
and the accuracy of the analysis was obtained.

2.10.4 Determination of TRF-BLFIA repeatability

Samples with concentrations of 250 ng mL™", 500 ng mL™", and
1,000 ng mL ! were added to the same batch of test strips in turn, and
each sample was repeated five times. Samples with concentrations of
250 ng mL~}, 500 ng mL~}, and 1,000 ng mL ! were added, and five
batches of test strips were repeated. The mean (M), standard deviation
(SD), and coefficient of variation (CV) were calculated, and the intra-
and interbatch repeatability of the test strips was evaluated.

2.10.5 Determination of TRF-BLFIA stability

The prepared fluorescent immunochromatographic test strips
were placed at 25°C and 50°C for 0, 1, 4, 7, 14, 23, 28, 42, 23, 28, 42,
56, 70, and 91 days, and PBS containing 0.5% Tween20 was
detected. The concentrations of 500 ng mL™" and 2,000 ng mL™"
quality control material were repeated three times to investigate the
accelerated stability of the immunofluorescence detection method.

2.11 Clinical sample analysis of
the TRF-BLFIA

This study was approved by the Medical Ethics Committee of
Shunde Hospital of Guangzhou University of Chinese Medicine
(ethics approval number: KY-2020128). Serum samples from
multiple COVID-19 vaccination patients at different time points
were obtained, and each serum sample was stored at —80°C for later
use. The cVNT of each serum sample was completed by the
Guangdong Provincial Centers for Disease Control and Prevention

10.3389/fcimb.2023.1203625

to independently detect the content of neutralizing antibodies in each
serum sample. Fluorescence immunochromatography was used to
detect 356 serum samples, including 216 negative samples and 140
positive samples, which had been tested by cVNT. The consistency
between this method and cVNT was analyzed by SPSS 26.0 software.
The cutoff value of the TRF-BLFIA was determined according to the
receiver operating characteristic curve (ROC curve), and the positive
coincidence rate, negative coincidence rate, and Kappa coefficient
were calculated.

2.12 Data analysis

All data were analyzed by SPSS 26.0 software, and the
corresponding charts were generated by Origin Lab 9.0 and
GraphPad Prism 9.0.

3 Results and discussion

3.1 Principle of the TRF-BLFIA

After humans are infected with SARS-CoV-2 or injected with a
SARS-CoV-2-inactivated virus vaccine, the immune system
produces specific neutralizing antibodies against SARS-CoV-2
neutralizing epitopes after stimulation by related proteins. These
specific antibodies can directly target the neutralizing epitopes of
the virus, making the virus lose its ability to bind to ACE2 receptors.
When the researchers tested blood samples, they precipitated blood
cells and other related substances in the blood by centrifugation,
and SARS-CoV-2 neutralizing antibodies were distributed in the
serum at the upper blood level. As shown in Figure 1, the processed
sample pad, binding pad, NC membrane, and absorbent paper are
combined to form a neutralizing antibody detection test strip. The
binding pad was sprayed with a fixed amount of EuNP-RBD and
EuNP-goat anti-chicken IgY mixed markers. The NC membrane

Plastic backing
N

/

A Negative sample
/ S /) % /
Sample pad Conjugate pad Nitrocellulose membrane Absorbent pad
B Positive sample

/ /e e/

S 4

@ EuNPs & RBD-Ag3

Y/ Nabs

FIGURE 1

Y Goat anti-chicken IgY

% ACE2-RP2

Y Chicken 1gy

Principal diagram of the fluorescence immunochromatographic assay for the detection of neutralizing antibodies against SARS CoV-2 by the
blocking method. (A) When a negative reaction was added to the sample pad, the fluorescence signal was observed on both the T line and C line.
(B) In a positive sample, the fluorescence signal on the T line would be low or absent, but a C-line signal would be observed.
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was sequentially coated with a test line (T line) composed of ACE2
and a quality control line (C line) composed of chicken IgY. When
the diluted serum sample is added to the sample pad, if the tested
serum sample does not contain or contains a lower concentration of
SARS-CoV-2 neutralizing antibody, most of the corresponding
EuNPs-RBD on the binding pad will be bound by the ACE2
protein on the T line. If the serum sample contains a higher
concentration of COVID-19 neutralizing antibody, most of the
EuNP-RBD markers on the binding pad will not bind to ACE2 on
the T line due to the binding of the neutralizing antibody in the
serum sample. The higher the concentration of the neutralizing
antibody of COVID-19 in the serum sample, the less the
corresponding EuNPs-RBD will bind to the corresponding ACE2
on the T line, resulting in a weaker fluorescence signal (Figure 1).
However, no matter how the concentration of COVID-19
neutralizing antibody in the serum changes, the fluorescence
signal of C line will basically remain unchanged, and the ratio of
the fluorescence signal of the corresponding T line to the
fluorescence signal of C line will be inversely proportional to
the concentration of COVID-19 neutralizing antibody in the
serum sample.

3.2 Characterization of the TRF-BLFIA

The successful preparation of the EuNP-RBD fluorescent probe
is the key to this detection system. To confirm the selectivity of
TRF-BLFIA to the COVID-19 vaccination, the team used the
negative serum samples and the positive serum samples of the
COVID-19 vaccine recipients and added them to the test strips
prepared by this method. After 20 min, the results were recorded
using a fluorescent ICS reader. As shown in Figure 2, there is a
strong fluorescent signal on the T-line in the case of drips of
unvaccinated serum, but the signal disappears in the test strip of

A Positive Negative

Positive SEM image of T line

10.3389/fcimb.2023.1203625

the positive serum sample of the COVID-19 vaccine recipients
(Figure 2A). To determine whether the combination of EuNP-RBD
and ACE2 actually occurred on the detection line, the research
group used scanning electron microscopy to obtain SEM images of
the inspection line area of the two samples. In the case of dripping
the negative serum samples, the research group observed that the
corresponding detection line area formed an immune compound
(Figure 2B), and for the strong positive serum samples of the SARS-
CoV-2 vaccine recipients, almost no immune complexes were
observed on the NC membrane (Figure 2C). The combination of
EuNPs and RBD was determined by transmission electron
microscopy. Figure 2D shows unlabeled EuNPs. Figure 2E shows
that after EuNP-labeled RBD, an obvious protein halo can be
observed, indicating that the fluorescent probe (EuNP-RBD) has
been successfully prepared. The results show that EuNPs can be
successfully conjugated to RBD and that the TRF-BLFIA can
distinguish between neutralizing antibodies of other viruses and
those produced by COVID-19 vaccine recipients.

3.3 Optimization of experimental methods
for the TRF-BLFIA

The following parameters were optimized (1): the combination
of RBD antigen and ACE2 protein. In order to effectively
distinguish antigens purchased from different companies and
different models of the same company, we designated four RBDs
as RBD-Agl, RBD-Ag2, RBD-Ag3, and RBD-Ag4, and labeled six
ACE2 as ACE2-RP1, ACE2-RP2, ACE2-RP3, ACE2-RP4, ACE2-
RP5, and ACE2-RP6 (2); the amount of labeling and coating
antigen (3); the signal spray volume (4); the ratio of the signal
probe of EuNPs-RBD and EuNPs-goat anti-chicken IgY (5); the
sample pad treatment solution (6); the sample diluent (7); the serum
dilution factor; and (8) the sample reaction time.

Negative SEM image of T line
—

WO 70mm

D TEM result of EuNPs

FIGURE 2

E TEM result of EuNPs-RBD

Characterization of EUNPs and EuUNP-RBD. (A) Positive and negative assay fluorescence photographs. (B) Positive assay SEM image of the T line.
(C) Negative assay SEM image of the T line. (D) TEM result of EuNPs. (E) TEM result of EUNP-RBD.
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The following experimental conditions were found to give the
best results (1): best combination of RBD antigen and ACE2
protein, RBD-Ag3 and ACE2-RP2 (2); optimal amount of
labeling and coating antigen, 15 pg RBD-Ag3 and 0.5 pg cm™'
ACE2-RP2 (3); optimal signal spray volume, 4 UL cm ™" (4); optimal
ratio of signal probe of EuNPs-RBD and EuNPs-goat anti-chicken
IgY, 11 and 1 (5); optimal sample pad treatment solution, Tris—-HCI
pH 8.0 (6); optimal sample diluent, PBS containing 0.5% Tween20
(7); serum dilution factor, fivefold dilution; and (8) sample reaction
time, 20 min. All condition screening takes the maximum negative
and positive difference as the optimal condition, except that the
sample reaction time is based on the T-line fluorescence
signal difference of negative and positive samples (Supplementary
Figure S1). Therefore, the optimal conditions were selected
as the optimal preparation and reaction conditions for the
immunoassay system.

3.4 Performance of the TRF-BLFIA

3.4.1 The calibration curve of TRF-BLFIA
Fluorescence immunochromatographic strips were tested using
anti-CoV-19 IgG standards, and the results are shown in Figure 3.
The fluorescence immunoassay strip has a linear detection range of
31.3-10,000 ng mL ™", Logit(Y)=—2.76Lg(X)+6.97, R> = 0.999.

3.4.2 Determination of TRF-BLFIA specificity
TRE-BLFIA was tested for specificity using serum from patients
infected with multiple common pathogens (such as S. aureus, S.
haemolyticus, E. coli, E. faecium, C. albicans, K. pneumoniae, S.
maltophilia, and A. hydrophila) compared with the negative control
serum and the positive quality control serum (Table 1). As shown in

7.8 15.6 313 62.5 125

F/F, Logit (Y)

250

10.3389/fcimb.2023.1203625

TABLE 1 Specific experimental pathogen species.

The NO. sample Pathogens

1 Negative serum

2 Positive serum

3 Staphylococcus aureus

4 Staphylococcus aureus

5 Staphylococcus haemolyticus
6 Escherichia coli

7 Escherichia coli

8 Enterococcus faecium

9 Candida albicans

10 Klebsiella pneumoniae

11 Klebsiella pneumoniae
12 Klebsiella pneumoniae
13 Stenotrophomonas maltophilia
14 Aeromonas hydrophila

Figure 4, the fluorescence blocking test strip has a significant cross-
reaction with samples 5, 8, and 13 and slight cross-reacts with
samples 3, 9, and 10. A study has reported that the recovered
patients with COVID-19 still maintain a strong neutralizing
antibody response, including antibodies that can neutralize other
coronaviruses in some cases (Zhang et al., 2021b). Based on the
above research, we suspect that there may be cross-reaction between
some bacteria and SARS-CoV-2 S protein, and we will continue to
conduct in-depth research in this area in the future. Meanwhile, to

500

1000 2500 5000 10000 20000 ng/mL

T Line
C Line

Logit (Y)=2.76 Lg (X)+6.97

R2=0.999

-6

Wl

T T T T
78 156 313 625 125 250 500 1000 2000 5000 1000020000
The concentration of anti CoV-19 (ng/mL)

T
0

FIGURE 3

T T T
35 4.0 4.5

Lg(X), (ng/mL)

T T T T T
10 15 20 25 30
The concentration of anti CoV-19,

0.5

(A) A series of concentrations of anti-CoV-19 IgG fluorescence photographs from left to right are 0 ng mL™, 7.8 ng mL™, 15.6 ng mL™, 31.3 ng
mL™, 62.5 ng mL™, 125 ng mL™, 250 ng mL™, 500 ng mL™, 1,000 ng mL™, 2,000 ng mL™, 5,000 ng mL™, 10,000 ng mL™* and 20,000 ng mL™

(B) Standard curve in which the abscissa is the concentration of anti-CoV

-19 IgG, and the ordinate is F1/Fc. (C) Standard curve in which the abscissa

is the logarithm of the anti-CoV-19 IgG concentration, and the ordinate is the F+/Fc logarithm.
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The NO. samples

The result of the specificity experiment for multiple pathogens. (A) Multiple pathogens assay fluorescence photographs. (B) The fluorescence
blocking test strip has a significant cross-reaction with samples 5, 8, and 13 and slight cross-reaction with samples 3, 9, and 10. The NO. samples 1—
10 correspond, respectively, to negative serum, positive serum, Staphylococcus aureus, Staphylococcus aureus, Staphylococcus haemolyticus,
Escherichia coli, Escherichia coli, Enterococcus faecium, Candida albicans, Klebsiella pneumoniae, Klebsiella pneumoniae, Klebsiella pneumoniae,

Stenotrophomonas maltophilia, and Aeromonas hydrophila, respectively.

accurately detect clinical samples, this test strip needs to be further
improved in specificity.

3.4.3 Determination of TRF-BLFIA accuracy

The accuracy test results of TRF-BLFIA are shown in
Supplementary Table S1. Anti-CoV-19 IgG concentrations of 62.5
ng mLfl, 250 ng mLfl, 500ng mLﬁl, 1,000 ng mLfl, and 5,000 ng mL!
were detected, and the recovery rates were 99%, 104%, 98%, 96%, and
102%, respectively, which met the requirements of 85%-115%.

3.4.4 Determination of TRF-BLFIA repeatability

Samples with concentrations of 250 ng mL ™", 500 ng mL ™", and
1,000 ng mL ! were added to the same batch of test strips in turn, and
each sample was repeated five times. Samples with concentrations of
250 ng mL~", 500 ng mL ™", and 1,000 ng mL ™" were added, and five
batches of test strips were repeated. The average value, standard
deviation, and coefficient of variation were calculated, and the intra-
and interbatch repeatability of the test strip was evaluated.

The same batch and different batches of TRF-BLFIA strips were
used to test the samples of different concentrations, and the results
are shown in Supplementary Tables 52, S3, CV <10%. The results
show that the intra- and interbatch repeatability is acceptable.

3.4.5 Determination of TRF-BLFIA stability

The stability results of TRF-BLFIA are shown in Figure 5. The
results of storage at 25°C and 50°C for 91 days show that the values
of the three concentrations T/C do not intersect and change stably,
which proves that the stability of TRE-BLFIA is acceptable.

Frontiers in Cellular and Infection Microbiology

3.5 Clinical sample analysis of
the TRF-BLFIA

Fluorescence immunochromatography and a 2019-nCoV IgG
antibody diagnostic kit were used to detect 356 serum samples,
including 216 negative samples and 140 positive samples that had
been tested by cVNT. An antibody titer >1:4 was defined as positive
(Marklund et al., 2020). The consistency between the two methods and
cVNT was analyzed by SPSS 26.0 software. Figure 6A shows that the
area under the curve (AUC) of the TRF-BLFIA was 0.945 (95% CI,
0.923-0.966; p<0.0001), indicating that this method has high
diagnostic value. The Youden index was calculated according to the
sensitivity and specificity of the method, and the F1/F¢ corresponding
to the maximum Youden index was taken as the cutoff value of this
method. From Supplementary Table 54, the cutoff value of this method
is determined to be 5.755. Among the 140 positive sera detected by
cVNT, 135 positive sera were detected by this method, and the positive
coincidence rate reached 96.43%. Among the 216 negative serum
samples detected by cVNT, 181 negative serum samples were detected
by fluorescence immunochromatography, the negative coincidence
rate reached 83.80%, and the total coincidence rate reached 88.76%
(Figure 6B; Table 2). The Kappa coefficient reached 0.773 (p < 0.001),
indicating a high degree of consistency between the two methods
(Supplementary Table S5).

It should be noted that at present, the kits for testing SARS-
CoV-2 neutralizing antibodies after COVID-19 vaccination has not
yet been approved. Most hospitals and medical institutions provide
SARS-CoV-2 S-1gG testing. Therefore, we also tested SARS-CoV-2
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(A) The results of three different concentrations after 91 days at 25 °C. (B) The results of three different concentrations after 91 days at 50°C.
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(A) Analysis of the ROC curve results of 356 reference serum samples. The area under the curve (AUC) was 0.945, demonstrating that the TRF-BLFIA
had significantly high diagnostic value (p < 0.001). (B) The neutralization antibody titer was used as the abscissa, and F1/Fc was used as the ordinate.

The graph was drawn by GraphPad Prism 9.0.
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S-IgG in the samples. Among the samples tested by the 2019-nCoV
IgG antibody diagnostic kit, the positive coincidence rate reached
100%, but the negative coincidence rate was only 62.04%, and the
total coincidence rate was only 76.97% (Table 3). The Kappa
coefficient was only 0.562 (p < 0.001) (Supplementary Table S6).
Although the positive coincidence rate of TRE-BLFIA is slightly
lower than that of S-IgG, the negative coincidence rate and the total
coincidence rate of TRF-BLFIA are higher than those of S-IgG.

TABLE 2 The coincidence rate between the TRF-BLFIA and cVNT.

Detection method

Meanwhile, it is reported that there is a contradictory relationship
between anti-RBD antibody level and NAbs. Billon-Denis
et al. (2021). studied two patients—one who presented with a
strong S-IgG immune response that correlated with a low NAb
titer, whereas the other had strong S-IgG immune response but high
NAD titers. Hence, it is indicated that the detection results of TRE-
BLFIA are more accurate and reliable in the evaluation of
neutralizing antibodies than S-IgG.

Negative Positive
‘ Negative 181 5 186
TRF-BLFIA ‘ Positive 35 135 170
‘ Total 216 140 356
Coincidence rate 83.80% 96.43% 88.76%
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TABLE 3 The coincidence rate between S-IgG and cVNT.

Detection method cVNT
Negative Positive
Negative 134 0 134
S-1gG Positive 82 140 222
Total 216 140 356
coincidence rate 62.04% 100.00% 76.97%

4 Conclusion

In this study, a new neutralizing antibody detection method
called TRE-BLFIA was developed using the RBD protein expressed
by this research group and the ACE2 protein. This method is
sensitive, selective, rapid, and low cost in detecting the neutralizing
antibody content in the serum samples of COVID-19 vaccine
recipients, and the assay detection results are more reliable and
accurate than S-IgG in evaluating the immune efficacy of the vaccine.
This method will play an important role in the evaluation of the
immune protection of persons previously infected with COVID-19,
the neutralizing antibody persistence after vaccination, the
evaluation of the time of revaccination, and the effectiveness of
neutralizing antibody drugs against COVID-19 in the future. In
future studies, to better simulate the process of binding of SARS-
CoV-2 to the ACE2 receptor in the body, our research team will
continue to design and express the trimeric S protein to further
optimize the immune analysis system to more accurately meet the
post-pandemic era COVID-19 demand for neutralizing antibody
testing brought about by large-scale medical treatment.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by KY-2020128. The patients/participants provided their
written informed consent to participate in this study.

Author contributions

YL, JH, and YZ contributed equally to this work. YL:
conceptualization, methodology, investigation, and writing original
draft. JH: formal analysis and investigation. YZ: conceptualization,
validation, and data curation. DL: resources. JZ: investigation and
validation. RJ: data curation. YW: data curation. ZS: data curation.
NX: funding acquisition. CK: supervision and funding acquisition.
YT: supervision, funding acquisition, and writing—review and
editing. JX: conceptualization, formal analysis, supervision, funding

Frontiers in Cellular and Infection Microbiology

acquisition, and writing—review and editing. All authors have read
and agreed to the published version of the manuscript.

Funding

This work was supported by the Basic and Applied Basic
Research Foundation of Guangdong Province (2021A1515010174),
the Fundamental Research Funds for the Central Universities
(21620108), the Guangzhou Civil Affairs Bureau Planned Project of
Science and Technology (2021MZK22), and the Emergency Key
Program of Guangzhou Laboratory (EKPG21-27).

Acknowledgments

The authors thank YT from the Department of Bioengineering,
Jinan University for helping revise the manuscript and funding the
research. The authors want to acknowledge NX from Department
of Laboratory Science, The Second Affiliated Hospital of
Guangzhou University of Chinese Medicine for funding
the research.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1203625/
full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2023.1203625/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1203625/full#supplementary-material
https://doi.org/10.3389/fcimb.2023.1203625
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Li et al.

References

Banga Ndzouboukou, J.-L., Y-d, Z, Lei, Q., Lin, X.-S., Yao, Z.-J., Fu, H,, et al. (2021).
Human IgM and IgG responses to an inactivated SARS-coV-2 vaccine. Curr. Med. Sci.
41 (6), 1081-1086. doi: 10.1007/s11596-021-2461-8

Barnes, C. O, Jette, C. A., Abernathy, M. E., Dam, K.-M. A, Esswein, S. R., Gristick,
H. B,, et al. (2020). SARS-CoV-2 neutralizing antibody structures inform therapeutic
strategies. Nature 588 (7839), 682-687. doi: 10.1038/s41586-020-2852-1

Behrens, G. M. N., Barros-Martins, J., Cossmann, A., Ramos, G. M., Stankov, M. V.,
Odak, I, et al. (2022). BNT162b2-boosted immune responses six months after
heterologous or homologous ChAdOx1nCoV-19/BNT162b2 vaccination against
COVID-19. Nat. Commun. 13 (1), 4872. doi: 10.1038/s41467-022-32527-2

Billon-Denis, E., Ferrier-Rembert, A., Garnier, A., Cheutin, L., Vigne, C., Tessier, E.,
et al. (2021). Differential serological and neutralizing antibody dynamics after an
infection by a single SARS-CoV-2 strain. Infection 49 (4), 781-783. doi: 10.1007/
s15010-020-01556-8

Bosnjak, B., Stein, S. C., Willenzon, S., Cordes, A. K., Puppe, W., Bernhardt, G., et al.
(2021). Low serum neutralizing anti-SARS-CoV-2 S antibody levels in mildly affected
COVID-19 convalescent patients revealed by two different detection methods. Cell.
Mol. Immunol. 18 (4), 936-944. doi: 10.1038/s41423-020-00573-9

Chen, K., Ma, B, Li, J., Chen, E., Xu, Y., Yu, X, et al. (2021). A rapid and sensitive
europium nanoparticle-based lateral flow immunoassay combined with recombinase
polymerase amplification for simultaneous detection of three food-borne pathogens.
Int. J. Environ. Res. Public Health 18 (9), 4574. doi: 10.3390/ijerph18094574

Chen, C. Z, Shinn, P,, Itkin, Z., Eastman, R. T., Bostwick, R., Rasmussen, L., et al.
(2020). Drug repurposing screen for compounds inhibiting the cytopathic effect of
SARS-coV-2. Front. Pharmacol. 11. doi: 10.3389/fphar.2020.592737

Chen, H., Zhang, X,, Jin, Z., Huang, L., Dan, H., Xiao, W, et al. (2020). Differential
diagnosis of PRV-infected versus vaccinated pigs using a novel EuNPs-virus antigen
probe-based blocking fluorescent lateral flow immunoassay. Biosensors Bioelectronics
155, 112101. doi: 10.1016/j.bios.2020.112101

Duan, K, Liu, B,, Li, C,, Zhang, H.,, Yu, T, Qu, J,, et al. (2020). Effectiveness of
convalescent plasma therapy in severe COVID-19 patients. Proc. Natl. Acad. Sci. U.S.A.
117 (17), 9490-9496. doi: 10.1073/pnas.2004168117

Elledge, S. K., Zhou, X. X., Byrnes, J. R., Martinko, A. J., Lui, L, Pance, K, et al. (2021).
Engineering luminescent biosensors for point-of-care SARS-CoV-2 antibody detection.
Nat. Biotechnol. 39 (8), 928-935. doi: 10.1038/s41587-021-00878-8

Freeman, T. L., and Swartz, T. H. (2020). Targeting the NLRP3 inflammasome in
severe COVID-19. Front. Immunol. 11. doi: 10.3389/fimmu.2020.01518

Gavriatopoulou, M., Ntanasis-Stathopoulos, I., Korompoki, E., Fotiou, D., Migkou,
M., Tzanninis, L-G., et al. (2021). Emerging treatment strategies for COVID-19
infection. Clin. Exp. Med. 21 (2), 167-179. doi: 10.1007/s10238-020-00671-y

Ge, J., Zhang, S., Zhang, L., and Wang, X. (2021). Structural basis of severe acute
respiratory syndrome coronavirus 2 infection. Curr. Opin. In HIV AIDS 16 (1), 74-81.
doi: 10.1097/COH.0000000000000658

Jiang, N., Ahmed, R., Damayantharan, M., Unal, B., Butt, H., and Yetisen, A. K.
(2019). Lateral and vertical flow assays for point-of-care diagnostics. Adv. Healthc.
Mater. 8 (14), €1900244. doi: 10.1002/adhm.201900244

Juan, J., Gil, M. M., Rong, Z., Zhang, Y., Yang, H., and Poon, L. C. (2020). Effect of
coronavirus disease 2019 (COVID-19) on maternal, perinatal and neonatal outcome:
systematic review. Ultrasound In Obstetrics Gynecology Off. J. Int. Soc. Ultrasound In
Obstetrics Gynecology 56 (1), 15-27. doi: 10.1002/u0g.22088

Liu, K.-T., Gong, Y.-N., Huang, C.-G., Huang, P.-N.,, Yu, K.-Y,, Lee, H.-C,, et al.
(2022). Quantifying neutralizing antibodies in patients with COVID-19 by a two-
variable generalized additive model. MSphere 7 (1), e0088321. doi: 10.1128/
msphere.00883-21

Liu, M., Ma, B., Wang, Y., Chen, E,, Li, J., and Zhang, M. (2022). Research on rapid
detection technology for -agonists: multi-residue fluorescence
immunochromatography based on dimeric artificial antigen. Foods (Basel
Switzerland) 11 (6), 863. doi: 10.3390/foods11060863

Lu, J., Wu, Z,, Liu, B., Wang, C., Wang, Q., Zhang, L, et al. (2021). A time-resolved
fluorescence lateral flow immunoassay for rapid and quantitative serodiagnosis of
Brucella infection in humans. J. Pharm. Biomed. Anal. 200, 114071. doi: 10.1016/
jjpba.2021.114071

Lu, S, Xie, X.-X,, Zhao, L., Wang, B,, Zhu, J., Yang, T.-R,, et al. (2021). The
immunodominant and neutralization linear epitopes for SARS-CoV-2. Cell Rep. 34 (4),
108666. doi: 10.1016/j.celrep.2020.108666

Madjunkov, M., Dviri, M., and Librach, C. (2020). A comprehensive review of the
impact of COVID-19 on human reproductive biology, assisted reproduction care and
pregnancy: a Canadian perspective. J. Ovarian Res. 13 (1), 140. doi: 10.1186/s13048-
020-00737-1

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2023.1203625

Marklund, E., Leach, S., Axelsson, H., Nystrom, K., Norder, H., Bemark, M., et al.
(2020). Serum-IgG responses to SARS-CoV-2 after mild and severe COVID-19
infection and analysis of IgG non-responders. PloS One 15 (10), €0241104.
doi: 10.1371/journal.pone.0241104

Murin, C. D., Wilson, I. A,, and Ward, A. B. (2019). Antibody responses to viral
infections: a structural perspective across three different enveloped viruses. Nat.
Microbiol. 4 (5), 734-747. doi: 10.1038/541564-019-0392-y

Ou, X, Liu, Y., Lei, X, Li, P., Mi, D., Ren, L., et al. (2020). Characterization of spike
glycoprotein of SARS-CoV-2 on virus entry and its immune cross-reactivity with
SARS-CoV. Nat. Commun. 11 (1), 1620. doi: 10.1038/s41467-020-15562-9

Perera, R. A, Mok, C. K, Tsang, O. T., Lv, H,, Ko, R. L, Wu, N. C, et al. (2020).
Serological assays for severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
March 2020. Euro Surveillance Bull. Europeen Sur Les Maladies Transmissibles = Eur.
Communicable Dis. Bull. 25 (16), 2000421. doi: 10.2807/1560-
7917.ES.2020.25.16.2000421

Peterhoff, D., Gliick, V., Vogel, M., Schuster, P., Schiitz, A., Neubert, P., et al. (2021).
A highly specific and sensitive serological assay detects SARS-CoV-2 antibody levels in
COVID-19 patients that correlate with neutralization. Infection 49 (1), 75-82.
doi: 10.1007/s15010-020-01503-7

Racine, R, and Winslow, G. M. (2009). IgM in microbial infections: taken for
granted? Immunol. Lett. 125 (2), 79-85. doi: 10.1016/j.imlet.2009.06.003

Shi, R., Shan, C., Duan, X,, Chen, Z., Liu, P.,, Song, J., et al. (2020). A human
neutralizing antibody targets the receptor-binding site of SARS-CoV-2. Nature 584
(7819), 120-124. doi: 10.1038/s41586-020-2381-y

Sun, S., Zheng, P., Zhao, S., Liu, H., Wang, Z., Peng, T,, et al. (2018). Time-resolved
fluorescent immunochromatographic assay-based on three antibody labels for the
simultaneous detection of aflatoxin B and zearalenone in Chinese herbal medicines.
Food Additives Contaminants. Part A Chemistry Analysis Control Exposure Risk Assess.
35 (12), 2434-2442. doi: 10.1080/19440049.2018.1539251

Sun, J., Zhuang, Z., Zheng, J., Li, K., Wong, R. L.-Y,, Liu, D,, et al. (2020). Generation
of a broadly useful model for COVID-19 pathogenesis, vaccination, and treatment. Cell
182 (3), 734-743.e5. doi: 10.1016/j.cell.2020.06.010

Suryoprabowo, S., Liu, L., Kuang, H., Cui, G., and Xu, C. (2021). Fluorescence based
immunochromatographic sensor for rapid and sensitive detection of tadalafil and
comparison with a gold lateral flow immunoassay. Food Chem. 342, 128255.
doi: 10.1016/j.foodchem.2020.128255

Tan, C. W., Chia, W. N, Qin, X., Liu, P., Chen, M. 1. C,, Tiu, C,, et al. (2020). A SARS-
CoV-2 surrogate virus neutralization test based on antibody-mediated blockage of
ACE2-spike protein-protein interaction. Nat. Biotechnol. 38 (9), 1073-1078.
doi: 10.1038/s41587-020-0631-z

Urusov, A. E., Zherdev, A. V., and Dzantiev, B. B. (2019). Towards lateral flow
quantitative assays: detection approaches. Biosensors 9 (3), 89. doi: 10.3390/
bi0s9030089

Valcourt, E. J., Manguiat, K., Robinson, A,, Lin, Y.-C., Abe, K. T., Mubareka, S., et al.
(2021). Evaluating humoral immunity against SARS-CoV-2: validation of a plaque-
reduction neutralization test and a multilaboratory comparison of conventional and
surrogate neutralization assays. Microbiol. Spectr. 9 (3), €0088621. doi: 10.1128/
Spectrum.00886-21

Wan, J.,, Xing, S., Ding, L., Wang, Y., Gu, C., Wu, Y,, et al. (2020). Human-IgG-
neutralizing monoclonal antibodies block the SARS-CoV-2 infection. Cell Rep. 32 (3),
107918. doi: 10.1016/j.celrep.2020.107918

Wu, Z.,, Hu, Y., Xu, M, Chen, Z., Yang, W., Jiang, Z., et al. (2021). Safety, tolerability,
and immunogenicity of an inactivated SARS-CoV-2 vaccine (CoronaVac) in healthy
adults aged 60 years and older: a randomised, double-blind, placebo-controlled, phase
1/2 clinical trial. Lancet Infect. Dis. 21 (6), 803-812. doi: 10.1016/S1473-3099(20)
30987-7

You, M., Peng, P., Xue, Z., Tong, H., He, W., Mao, P., et al. (2021). A fast and

ultrasensitive ELISA based on rolling circle amplification. Analyst 146 (9), 2871-2877.
doi: 10.1039/d1an00355k

Zhang, J., Lin, H,, Ye, B., Zhao, M., Zhan, J.,, Dong, S., et al. (2021a). One-year

sustained cellular and humoral immunities of COVID-19 convalescents. Clin. Infect.
Dis. an Off. Publ. Infect. Dis. Soc. America 75(1), e1072-e1081. doi: 10.1093/cid/ciab884

Zhang, J., Wu, Q,, Liu, Z., Wang, Q., Wu, J., Hu, Y, et al. (2021b). Spike-specific
circulating T follicular helper cell and cross-neutralizing antibody responses in
COVID-19-convalescent individuals. Nat. Microbiol. 6 (1), 51-58. doi: 10.1038/
541564-020-00824-5

Zhu, N., Wang, W, Liu, Z,, Liang, C., Wang, W,, Ye, F,, et al. (2020). Morphogenesis
and cytopathic effect of SARS-CoV-2 infection in human airway epithelial cells. Nat.
Commun. 11 (1), 3910. doi: 10.1038/s41467-020-17796-z

frontiersin.org


https://doi.org/10.1007/s11596-021-2461-8
https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1038/s41467-022-32527-2
https://doi.org/10.1007/s15010-020-01556-8
https://doi.org/10.1007/s15010-020-01556-8
https://doi.org/10.1038/s41423-020-00573-9
https://doi.org/10.3390/ijerph18094574
https://doi.org/10.3389/fphar.2020.592737
https://doi.org/10.1016/j.bios.2020.112101
https://doi.org/10.1073/pnas.2004168117
https://doi.org/10.1038/s41587-021-00878-8
https://doi.org/10.3389/fimmu.2020.01518
https://doi.org/10.1007/s10238-020-00671-y
https://doi.org/10.1097/COH.0000000000000658
https://doi.org/10.1002/adhm.201900244
https://doi.org/10.1002/uog.22088
https://doi.org/10.1128/msphere.00883-21
https://doi.org/10.1128/msphere.00883-21
https://doi.org/10.3390/foods11060863
https://doi.org/10.1016/j.jpba.2021.114071
https://doi.org/10.1016/j.jpba.2021.114071
https://doi.org/10.1016/j.celrep.2020.108666
https://doi.org/10.1186/s13048-020-00737-1
https://doi.org/10.1186/s13048-020-00737-1
https://doi.org/10.1371/journal.pone.0241104
https://doi.org/10.1038/s41564-019-0392-y
https://doi.org/10.1038/s41467-020-15562-9
https://doi.org/10.2807/1560-7917.ES.2020.25.16.2000421
https://doi.org/10.2807/1560-7917.ES.2020.25.16.2000421
https://doi.org/10.1007/s15010-020-01503-7
https://doi.org/10.1016/j.imlet.2009.06.003
https://doi.org/10.1038/s41586-020-2381-y
https://doi.org/10.1080/19440049.2018.1539251
https://doi.org/10.1016/j.cell.2020.06.010
https://doi.org/10.1016/j.foodchem.2020.128255
https://doi.org/10.1038/s41587-020-0631-z
https://doi.org/10.3390/bios9030089
https://doi.org/10.3390/bios9030089
https://doi.org/10.1128/Spectrum.00886-21
https://doi.org/10.1128/Spectrum.00886-21
https://doi.org/10.1016/j.celrep.2020.107918
https://doi.org/10.1016/S1473-3099(20)30987-7
https://doi.org/10.1016/S1473-3099(20)30987-7
https://doi.org/10.1039/d1an00355k
https://doi.org/10.1093/cid/ciab884
https://doi.org/10.1038/s41564-020-00824-5
https://doi.org/10.1038/s41564-020-00824-5
https://doi.org/10.1038/s41467-020-17796-z
https://doi.org/10.3389/fcimb.2023.1203625
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	The instantly blocking-based fluorescent immunochromatographic assay for the detection of SARS-CoV-2 neutralizing antibody
	1 Introduction
	2 Materials and methods
	2.1 Materials and chemicals
	2.2 Apparatus
	2.3 Preparation of EuNPs-RBD-Ag3 and EuNPs-goat anti-chicken IgY
	2.4 Preparation of the test line and control line
	2.5 Fabrication of the TRF-BLFIA for SARS-CoV-2 neutralizing antibody detection
	2.6 Fluorescence immunoassay analysis system
	2.7 Microneutralization assay
	2.8 Data collection of SARS-CoV-2 S-IgG levels
	2.9 Detection method of clinical samples of the TRF-BLFIA for SARS-CoV-2 neutralizing antibody
	2.10 Performance of the TRF-BLFIA for SARS-CoV-2 neutralizing antibody detection
	2.10.1 The calibration curve of TRF-BLFIA
	2.10.2 Determination of TRF-BLFIA specificity
	2.10.3 Determination of TRF-BLFIA accuracy
	2.10.4 Determination of TRF-BLFIA repeatability
	2.10.5 Determination of TRF-BLFIA stability

	2.11 Clinical sample analysis of the TRF-BLFIA
	2.12 Data analysis

	3 Results and discussion
	3.1 Principle of the TRF-BLFIA
	3.2 Characterization of the TRF-BLFIA
	3.3 Optimization of experimental methods for the TRF-BLFIA
	3.4 Performance of the TRF-BLFIA
	3.4.1 The calibration curve of TRF-BLFIA
	3.4.2 Determination of TRF-BLFIA specificity
	3.4.3 Determination of TRF-BLFIA accuracy
	3.4.4 Determination of TRF-BLFIA repeatability
	3.4.5 Determination of TRF-BLFIA stability

	3.5 Clinical sample analysis of the TRF-BLFIA

	4 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


