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ABSTRACT

Background: Rapid Lateral Flow Test (LFT) has been broadly utilized in detection or diagnosis of
numerous disease-related antigens and antibodies. It is the most popular format of point-of-care test
(POCT) and quickest and easiest way to detect a targeted molecule. In the combat against COVID-19
pandemic, hundreds of POCTs have been developed and are commercially available now. They are
designed to detect either a SARS-CoV-2 viral antigen or IgG and IgM antibodies binding to it. Among
the binding antibodies, a special type of functional antibodies that block the interaction between SARS-
CoV-2 virus and its human receptor, neutralizing antibodies (NAbs), are of particular interest to public as
well as in vaccination management. However as of today, POCTs for the detection of SARS-CoV-2 NAbs
remain under late stage of development.

Scope and method:In this review, we first summarize the importance of awareness and monitoring of
SARS-CoV-2 NAbs in the combat against COVID-19 pandemic. Secondly, we compare the available
methods for the detection of SARS-CoV-2 NAbs. Next, we describe challenges in the development of
a rapid lateral flow test for the detection of SARS-CoV-2 NAbs. Finally, we outline its product formats
and applications in research and in disease management.

Conclusion:Vaccine effectiveness is unknown for an individual unless measured. NAb level is the most
viable measurement for vaccine effectiveness or immunity. A broadly accessible NAb POCT is urgently
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needed.

1. INTRODUCTION
1.1. What is SARS-CoV-2 neutralizing antibody (NAb)?

Antibodies against SARS-CoV-2 can be generally divided into
two main categories, neutralizing antibodies (NAbs) and non-
neutralizing virus binding antibodies (BAbs). BAbs can be
induced to all protein components of the SARS-CoV-2 virus
including spike (S) protein, nucleocapsid (N) protein, envelope
(E) protein, and membrane (M) protein. The most abundant
N protein and antibodies against it are often the detection
target in commercial tests to identify SARS-CoV-2 infected
individuals, such as, Abbott’s BinaxNOW™ COVID-19 Ag Card
[11 and Abbott’s SARS-CoV-2 IgG Architech[2]. In contrast,
SARS-CoV-2 NAbs can be raised only against S protein. This
is because SARS-CoV-2 virus invades its host via interaction of
its S protein with ACE-2 protein on the surface of host cells
[3,4]. All of the vaccines in the market or under development
contain SARS-CoV-2 S protein or S protein-encoding gene. The
capability of inducing long-lasting and high titer NAbs is one
of the most important criteria in predicting the success of
a SARS-CoV-2 vaccine.

To understand SARS-CoV-2 NAb, we first need to under-
stand structure and immunogenicity of its S protein. There are
a total of five functional domains on S protein which are
involved in the virus invasion process to its host cells,
N-terminal domain (NTD, 14-305 residues) and receptor-
binding domain (RBD, 319-541 residues) on S1 subunit and

the fusion peptide (FP, 788-806 residues), heptapeptide
repeat sequence 1 (HR1, 912-984 residues), HR2 (1163-1213
residues) on S2 subunit. NTD and RBD are responsible for
receptor binding and the three domains on S2 responsible
for membrane fusion [5] (Figure 1). Theoretically any antibo-
dies binding to these five domains may possibly interrupt the
interaction between the virus and host cell. In reality, only
a subset of binding antibodies shows neutralization function.
McCallum, M. et al. found that among 41 monoclonal BAbs to
NTD, only 15 showed neutralization function [6]. Ju, B. et al.
reported 7 out of 16 RBD binding antibodies neutralized a live
SARS-CoV-2 isolate [7]. Liu, L. et al. isolated 121 monoclonal
antibodies binding to S trimer from 5 severe COVID-19
patients and found 61 capable of neutralization[8]. Among
all domains of S protein, RBD seems to be most immunogenic
and induces majority of specific antibodies in patients. For
instance, Piccoli, L. et al. tested antibodies against different
SARS-CoV-2 proteins and different domains of S protein from
647 SARS-CoV-2-infected subjects and found that SARS-CoV-2
RBD-specific Abs dominated IgG responses whereas much
lower titers were observed to the S, subunit and the majority
of the neutralizing activity (90%) against SARS-CoV-2 is
mediated by RBD-specific Abs interfering with binding to
ACE2[9]. In an analysis of 278 monoclonal antibodies isolated
from three COVID-19 patients, 64.6%-76.5% of them are RBD
specifc[6]. The data from the above literatures are summarized
in the embedded table of Figure 1.
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Figure 1. An illustrative SARS-CoV-2 S protein structure and a summary about binding and neutralizing antibodies against different domains. RBD is dominant in

inducing both binding and neutralizing antibodies.

SARS-CoV-2 NAbs binding to RBD isolated from convales-
cent patients have been grouped into four classes based on
the binding site and conformation of RBD [10,11]. A supersite
within NTD recognized by multiple potent NAbs has also been
discovered[6]. One of these NTD NAb provided prophylactic
protection against lethal SARS-CoV-2 challenge of Syrian ham-
sters[6]. Recently, Liu, L. et al. reported that they did not isolate
any RBD binding antibodies from 1 of the 5 COVID-19 patients
with high NAb titer[8]. They isolated 13 S trimer binding
antibodies from this patients, but none of the antibodies
bind to RBD. Seven of the 13 non-RBD binders are neutralizing
antibodies and 2 of them are potent NAb targeting NTD. The
authors did not disclose where the other five NABs bind to.
This is the first indication that RBD-based NAb test may gen-
erate false-negative result for this type of individuals. Three
domains in S2 involve in cell fusion, an important role in viral
invasion and therefore it is likely that the cell fusion be inter-
rupted by certain antibodies. However, antibody response to
S2 subunit has been so far rarely studied possibly because it is
less immunogenic compared to RBD and NTD and much less
S2 antibodies have been isolated.

1.2. Why is important to measure SARS-CoV-2 NAbs?

We all know that the most important task in combating COVID-
19 pandemic is to produce enough vaccine and vaccinate as
many people as possible within a time frame. Nevertheless, the
goal of this worldwide effort should be aligned to raise protec-
tive level of neutralizing antibodies in vaccine recipients. It is
clear that the neutralizing antibodies can block a viral invasion
at the initial access to human receptors. The cellular immunity,
another important part of immunity, plays an important role
after an individual is infected, but not at the first encounter to
the receptors. In a foreseeable future, a measurable protective
immunity for COVID-19 will be established, by a like hood of
a NAb test quantifying the NAb levels. However, this process is
likely to be quite challenging. First, a correlation between
a protection against infection and NAb level quantified by an
acceptable standard method needs to be established through
large-scale clinical trials. Second, the practical and comparable
NAb measurement methods need to be developed to meet the
global demands. Obviously, large-scale collaborations are
needed to achieve this goal.

Protection rate, efficacy, or effectiveness varies from vac-
cine to vaccine and also depends on the age of the recipients
and even where they live. The protection rate ranges from
Pfizer's 95% to AstraZeneca’s 70%. The clinical trial data of
Johnson & Johnson’s vaccine revealed that it is 72% effective
in the US, 66% in Latin America and 57% in South Africa,
28 days after vaccination, 85% effective overall in preventing
severe disease[12]. A key question for the vaccine recipients is
which group you belong to: the 95% or the 5% if you received
Pfizer's vaccine, or the 72% or 28% if you receive a J&J vaccine.
Additional unanswered key question for everyone is how long
such protection will last. A continuous monitoring of NAb level
is needed to address this question. You can only answer these
questions by testing your NAb level. In fact, a more important
question is whether it is necessary to know the answer. We
will address this question in the last section of this review.

1.3. What methods are available to measure NAbs?

In order to measure NAb against a viral-to-receptor binding,
a binding pair materials or molecules need to be provided,
either in the forms of live virus plus its targeted host cells or
a virus surface protein plus its receptor on a host cell in the
case the viral infection mechanism at molecular level is well
known. In this section, we will review the various methods
utilized in detection of SARS-CoV-2 NAbs and provide
a comparison in Table 1.

The most classic method is ‘plaque reduction neutraliza-
tion test’ which is considered gold standard for neutralizing
antibody measurement [13,14]. This test was developed
from Viral Plaque Assay [15], an assay for quantitation of
infectious viral particles. The assay result is the number of
plaque-forming units (pfu) in a virus sample, and a pfu or
a viral plaque is an infected area including multiple lysed
cells in a monolayer of host cells covered with a semi-solid
medium in petri dishes or multi-well plates and can be
examined with an optical microscope. The viral plaques
usually take 3-14 days to form and are generally counted
manually. Engineered SARS-CoV-2 virus has been used to
avoid manual counting and to improve assay throughput
[16]. The concentration of a serum sample to reduce the
number of plaques by 50% is used to determine the neu-
tralizing capability of a serum or plasma and denoted as the



Table 1. A comparison of different SARS-CoV-2 neutralizing antibody tests.
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Assay Biosafety S domain

NAb Test time Level targeted Pros Cons

Plaque reduction neutralization Several 3 Binding and  Gold standard, assay condition is close to  Very slow, complicated assay leading to

test (PRNT) days fusion real situation, high variation

Pseudovirus neutralization test  Several 2 Binding and  More accessible and higher sensitivity than Still very slow and complicated, but
days fusion PRNT better than PRNT

ELISA Several 1 NTD and RBD Simple system, high throughput, high Unable to measure fusion blocking
hours sensitivity antibody

Lateral Flow 15 min 0-1 NTD and RBD Most accessible, fastest, simple, can be used Same as ELISA

outside a lab

PRNTs, value which is equivalent to the common in use
50% of Inhibition Concentration or ICso'>. Clearly, this assay
is quite cumbersome and labor-intensive and requires
Biosafety Level 3 working condition. The most troublesome
issue is that the live and infectious SARS-CoV-2 virus has to
be included in the test to measure neutralizing antibodies
against it[17].

Several virus neutralization tests using pseudovirus [18-23]
have been developed to avoid the use of highly infectious
SARS-CoV-2 virus. A pseudovirus is a nonpathogenic virus
engineered to express spike protein of SARS-CoV-2. Certain
molecules that help in signal readout, such as GFP, Luciferase,
are often co-engineered into pseudovirus [24]. The signals of
these pseudovirus-based neutralization tests can be measured
by an instrument in a higher throughput manner. Meanwhile
on the other side, engineered host cells with high level of
ACE2 expression are commonly seen in literature and com-
mercial products [21]. These tests only need a biosafety level-1
or -2 facility [19] which are more accessible to biomedical
researchers.

There are several common issues with virus neutralization
tests using live virus regardless of using a pseudovirus or SARS-
CoV-2 virus. In these tests, the neutralization ability of the anti-
bodies is highly dependent on the maturation state or titer of
virus and the cell type and cell condition used in the assay [25].
Poor reproducibility or even false results can be generated if the
virus and host cells are not at optimal assay conditions [25]. Poor
correlation between them is not uncommon([8].

Because the recombinant SARS-CoV-2 S protein (and RBD)
and recombinant ACE-2 protein became vastly available just
a few months after the pandemic started, and because of the
quick discovery of the high binding affinity (Ky4 (M): 1.52x107[7]
to 7.7 x 107° dependent on the methods used [3,26-28))
in vitro between the two molecules, a simpler and faster
enzyme-linked immunosorbent assay (ELISA) that detects
SARS-CoV-2 NAbs based on ACE2-RBD interaction can be read-
ily developed. Multiple ELISA tests for SARS-CoV-2 NAbs have
been developed and reported [29-35]. Most of these tests use
a recombinant RBD protein or ACE2 as coating antigen and
horseradish peroxidase (HRP) labeled ACE2 or HRP labeled
RBD to generate detection signal [31-35]. Among them, only
one has obtained the status of In Vitro Diagnostic Use Under
FDA Emergency Use Authorization as of March 2021[31]. These
ELISA tests can be completed within a few hours in a Biosafety
Level 1 or 2 environment.

Utilizing a similar principle and the same set of recombinant
proteins as used in ELISA, lateral flow tests have been

developed to detect SARS-CoV-2 NAb [30,36]. Currently, they
are still in late development stage and are not commercially
available.

Different set of SARS-CoV-2 NAbs will be measured by
different neutralization tests depending upon the number of
domains on S protein involved.

2. Rapid lateral flow test for detection of SARS-CoV-
2 NAb

The lateral flow test (LFT) is the fastest and most convenient
test among the popular immunoassays, which typically takes
only 15 minutes to complete. It can be performed either in
a professional laboratory or by an individual at home, thus if
available should be a necessary complement to the existing
NAb tests and meanwhile play an unreplaceable role in the
management of personal life.

2.1 A special type of inhibition test

A lateral flow test typically uses antibody-antigen interaction
as test principle like other immunoassays. Usually, higher anti-
body affinity results in higher assay sensitivity. High-affinity
antibody to an antigen can be obtained through modern
antibody development technologies nowadays. Antibody pro-
duction cost can be well managed with available mature
manufacturing processes. Protein—-protein interaction without
antibody can also be used in lateral flow test[37]. However, it
is quite rare, simply because the binding affinity between
proteins is usually much lower than that between an antibody
and an antigen and is impossible to increase. Lower binding
affinity or lower assay sensitivity often leads to much longer
assay time and use of high sensitivity detection system, such
as fluorescent labeling and fluorescence detection instrument
[37]. Manufacturing cost of a recombinant protein is usually
much higher than that of an antibody.

The interaction between RBD and ACE2 or between
S protein and ACE2 must be included to develop a lateral
flow inhibition test. One of these recombinant proteins
needs to be conjugated onto gold nanoparticle (GNP) or nano-
shell and the other needs to be embedded into nitrocellulose
membrane. This is a rare protein—protein interaction LFT.
Luckily, SARS-CoV-2 RBD has a very high binding affinity to
ACE2 and therefore traditional format of LFT using GNP or
gold nanoshell works well [30,36]. NAb in a sample will neu-
tralize or block the interaction between, for example, RBD-GNP
and ACE2 in such an assay, diminishing or disappearing the
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Figure 2. Measurement of inhibitory concentration of two monoclonal neutralizing antibodies using 60 nm GNP labeled RBD with a rabbit Fc tag. A workflow from
visible LFT results to 1Csq calculation is illustrated, including capturing the visible bands with a smartphone, converting the image to digital signal with ImageJ

software, calculating ICso and generating inhibition curves with GraphPad.

visible GNP signal (Figure 2)[30]. Our internal comparison
showed that only recombinant proteins produced from mam-
malian cells provided reasonable signal intensity and product
stability.

Although an LFT using the protein pair RBD and ACE2
works well in certain applications, such as evaluation of RBD
binding NAbs (Figure 2), it is not ideal to examine specimens
from COVID-19 patients and vaccine recipients. As mentioned
earlier in this review, there are COVID-19 patients who only
developed NAbs binding to non-RBD domains[8]. To avoid
potential false-negative result, S or S1 protein should be
used to replace RBD. Fortunately, LFT using S1-ACE2 proteins
worked as good as RBD-ACE2 as shown in Figure 3, which
shows comparable results among LFT, a NAb ELISA, and
a pseudovirus-based neutralization assay.

2.2. Product format

A neutralization assay in either ELISA format or PRNT format
usually measure multiple dilutions of test samples in triplicate

in order to calculate IC50, EC50, or PRNT50. Although cumber-
some and costly, it can be easily done in a professional labora-
tory. A LFT can be used in the same way (Figures 2 and 3), but
for an LFT aiming to serve individual users at home, it is
impossible to accurately prepare different dilutions of
a blood sample outside a professional lab. A single dilution
has to be the choice and this dilution must cover the protec-
tion titer of NAb. However, a consensus for the protection titer
is still lacking.

The clues for the protection titer can be found from some
FDA guidance and the data that vaccine developers published
or submitted to FDA.

In the Investigational COVID-19 Convalescent Plasma
Guidance for Industry, FDA recommended ‘neutralizing anti-
body titers of at least 1:160. A titer of 1:80 may be considered
acceptable if an alternative matched unit is not available’[38].
During such therapy, 200 ml of convalescent plasma is trans-
fused to a severe COVID-19 patient within 1-2 hours[39]. The
actual titer of NAbs will be obviously reduced more than 10
times by dilution. Pfizer and BioNTech reported that their 10

Comparison of Inhibition effect among different methods
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P1 LFT (S1-GNP) IC50: 49
P1 Pseudovirus 1C50: 185
P1 ELISA IC50: 658

P7 LFT (S1-GNP) IC50: 1,138
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P7 ELISAIC50: 1,324
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Figure 3. A comparison of three different inhibition tests, LFT, an in-house NAb ELISA and a pseudovirus-based neutralization test. Three plasma from COVID-19
patients were used for the comparison, one with moderate level of NAb and two with higher level of NAb. The same workflow as shown in Figure 2 legend was used

to generate ICsq values and inhibition curves. Results are generally comparable.



or 30 ug BNT162b led to mean neutralizing antibody titers of
168 and 267, respectively, seven days after the boost. The
levels are 1.8 and 2.8 times higher than the mean neutralizing
titer of 94 for convalescent sera from 38 donors, and higher
than the 1:160 recommended by FDA for convalescent plasma
transfusion therapy [40,41]. Therefore, a NAb LFT using
a single dilution of test sample can be designed to cover
a color change range equivalent to 1:20 to 1:100 in PRNT,
most likely the final consensus would be in this range.
Ideally, the consent protection titer is set to be the IC50 of
the chosen single dilution.

Two available references about other infectious diseases
have provided support for this hypothesis. Protective level of
NAb has been established through large-scale clinical trials,
exemplified as 1C50 of 1:10 diluted serum for Japanese
Encephalitis [42] and 1:22 for Mumps [43].

2.3. Readout methods

The results from a lateral flow assay can be either qualitative
('yes/no’, if an analyte is or isn't present within the limits of
detection), semi-quantitative (analyte present at low, medium,
or high levels), or quantitative. The pregnancy test is an exam-
ple of a qualitative yes/no assay, by displayed visible or non-
visible test line signal intensity. Semi-quantitative assay can be
achieved by comparing test line intensity visually with a series
of preset color scales to obtain an approximal signal level. For
quantitative diagnostics, the test line intensities are compared
to a calibration standard and converted to an analyte concen-
tration value. To accurately measure the test line intensity, the
LFA result signal must be first acquired by a device, and then
converted to a defined quantity that is directly proportion to
the resulting signal. This quantity is further computed with
that of calibrated standard to determine the precise analyte
concentration results.

The quantitative lateral flow assay reading can be obtained
with a standalone benchtop strip reader. A tested lateral flow
cartridge is inserted into such an instrument, the test and the
standard line intensities are imaged with a digital camera, and
the results are sent to a computer for computation, display,
and interpretation [44,45]. The calibration curve for any given
assay can be encoded into the software, such that the test line
signal intensity can be automatically converted to analyte
concentration and presented to the user. The stand-alone
bench top readers are best served for laboratories and loca-
tions where high throughput readings of tested strips are
needed.

For home use of point-of-care diagnostics, the most con-
venient and practical quantitative readout for lateral flow test
is through modern mobile phones [46-48]. The digital cam-
eras on most smartphones, nowadays, have equipped with
autofocusing and automatic exposure level control. So that
proper instructed photographing of tested strip with the
smartphone camera should be able to replace a separated
image acquisition device as an accessory. In addition, the
computing power of a modern smart phone with proper app
is sufficient to perform relatively simple computations and
curve fittings to resolve the analyte concentrations.
Therefore, smart cell phones as an integrated single device
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for convenient POCT readout by end users is the direction for
the foreseeable future.

Most of the lateral flow test assays to SARS-CoV-2 neutraliz-
ing antibodies adopted a competitive inhibition scheme
[30,36]. Quantifying the level of inhibitions requires two or
dual strips running side-by-site with one serving as a no inhi-
bition standard with signal intensity, So, and the next strip
with a test line shows inhibited signal, Sy, by neutralizing
antibody inhibition. The percentage of the inhibition can be
expressed as:

5.0.3. 1% = (1- 51/50)*100%

That is, if St = 0, then 1% = 100%, meaning 100% inhibition;
if S = S, then 1% = 0, refers to no inhibition. If test line is half
of zero inhibition standard intensity, that is St/Sq = 50%,
resulting in 50% of inhibition. For the most application
needs, this level of quantification, percentile inhibition by
neutralizing antibody would be sufficient. If additional calibra-
tion standards with known neutralizing antibody concentra-
tions are provided, by plotting titration curve and curve-fitting
computation, the absolution levels of neutralizing antibodies
from test sample can be determined. These two types of data
acquisition and computation tasks can be realized conveni-
ently by a mobile smartphone.

Semi-quantitative evaluation of NAb lateral flow POCT in
terms of percentile inhibition needs neither any strip reader
nor a smartphone. An end-user may estimate percentage of
inhibition by simply matching provided color palettes with
different inhibition ratios by eyes.

3. Future perspectives and expert opinion

During the COVID-19 pandemic, we hear a lot of medical
terms, herd immunity, vaccine efficacy, NAb protective geo-
metric mean titer (GMT) and basic reproduction number (Ro),
etc. All of them are meaningful only for large population and
are often misleading for the general public. When we hear
that a vaccine is 95% protective, we assume we belong to that
95%, not the 5%. In fact, unless we test ourself, we do not
know. For many existing infectious diseases, we usually don’t
need to worry about which percentage we belong to, because
we will be protected by herd immunity even though we are
part of the 5% without protective level of NAb.

Herd immunity, also known as population immunity, is the
indirect protection from an infectious disease that happens
when a population is immune either through vaccination or
immunity developed through previous infection[49]. The per-
centage of people who need to be immune in order to
achieve herd immunity varies with each disease. For example,
herd immunity against measles requires about 95% of
a population to be vaccinated. The remaining 5% will be
protected by the fact that measles will not spread among
those who are vaccinated[49]. The formula for calculating the
herd-immunity threshold is 1-1/Ro — meaning that the more
people a patient or an asymptomatic carrier can infect, the
higher the proportion of the population that needs to be
immune to reach herd immunity[50]. The Ro and herd immu-
nity threshold change from country to country and from time
to time. It was estimated in August 2020 that Ro for COVID-19
is about 3 [51], the herd immunity threshold for SARS-CoV-2
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was expected to be about 66% in the absence of any inter-
ventions[50]. The new UK B.1.1.7 variant is 50% more trans-
missible [52] that means each case would on average lead to
4.5 additional people infected. Then, 78% of the population
would need to be immune to SARS-CoV-2[53]. To reach this
goal using a vaccine with 95% protection rate, 82% of the
population would need to be vaccinated which is extremely
difficult to achieve in consideration that a vaccine for those
aged under 16 years old is still not available and this age
group accounts for 20% of the total population in US and
>25% worldwide. In addition to higher transmission rate,
some SARS-CoV-2 variants, such as the E484K carrying strains,
South Africa B.1.351 variant [54] and Brazil P1 variant [55], the
L452R carrying strains originated from California, B.1.427 and
B.1.429 [56] showed moderate to high resistance to current
COVID-19 vaccines. Using LFT, reduced neutralization to South
Africa variant can be visually demonstrated using blood sam-
ple from COVID-19 vaccine recipients (Figure 4).

Under this situation, we should not assume we would be
immune after being vaccinated. We need to get this answer
through a scientific way by testing whether we have developed
enough NAb. It is NAb test result, not vaccination, that will
provide confidence in arranging our daily work and life. For
instance, the individuals who developed enough NAb against
wild type SARS-CoV-2 after vaccination but not enough for South
Africa variant (Figure 4), extreme caution should be taken when
planning a trip to the countries where this variant prevails. We
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suggest that governments and healthcare systems closely moni-
tor the effective duration of each COVID-19 vaccine and advise
public in time to receive additional vaccination or other preven-
tion when protection is approaching disappear. We also suggest
an effort at government level to identify the 5% unprotected
vaccine recipients and provide them with special instruction and
care. Five percent in US alone means 16 million.
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