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Abstract

Rapid testing, generally refers to the paper-based diagnostic platform known as “lateral flow assay” (LFA), has emerged as a critical asset to the
containment of coronavirus disease 2019 (COVID-19) around the world. LFA technology stands out amongst peer platforms due to its cost-effective
design, user-friendly interface, and low sample-to-readout times. This article aims to introduce its design, use, and practicality for the purpose of
diagnosing SARS-CoV-2 infection. A connection is made from the normal COVID-19 immune response to the design and efficacy of rapid testing.
Interference in test results is a challenge shared by most diagnostic platforms and can be rooted in various underlying issues. The current knowledge
and situation about interference in rapid COVID-19 tests due to variant strains as well as vaccination are discussed. The cost and societal impact are
reviewed as they play important roles in determining how to properly implement public testing practices. Perspectives on improving the performance,

especially detection sensitivity, of LFA for COVID-19 are provided.

Introduction

The coronavirus disease 2019 (COVID-19) has, in some way,
impacted the lives of most people on Earth and has redefined
the world we live in today. Since the identification of SARS-
CoV-2, the virus that causes COVID-19, in early 2020,/ the
virus had expanded to more than 200 countries/territories as of
July 2021, infecting over 190 million people with a worldwide
death toll exceeding 4 million.[”! To give a perspective com-
parison, this is equivalent to~ 10% of the death toll of the HIV/
AIDS epidemic in under 5% of the time.”*) However, grim the
statistics, humankind has come together through research and
development to produce over 300 diagnostic platforms qualify-
ing for emergency use authorization by the U.S. Food and Drug
Administration (FDA).[ This combined with vaccinations and
public health practices are arguably the most critical efforts to
slowing the spread of the virus.

More people now than any time in history require diag-
nostics with over 450 million COVID-19 tests having been
performed in the United States alone as of May 2021 (see
Fig. 1).I) This strain on the healthcare system would not be
possible if the only platforms to exist took in the order of
hours or days to return results. Reliable and speedy testing
is pivotal for the control and management of the COVID-19
pandemic. A rapid test generally refers to the paper-based diag-
nostic platform known as “lateral flow assay” (LFA, which
is sometimes called “test strip”), a well-known example is an
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over-the-counter pregnancy test. LFAs present many benefits
over commonly used “gold standard” polymerase chain reac-
tion (PCR) tests or enzyme-linked immunosorbent assays
(ELISA).[%71 LFAs are handheld, cheap to produce, have fast
readout times, and in some cases do not require skilled techni-
cians to operate them.®!

As of July 2021, 44 LFAs from various manufactures have
been granted emergency use authorization (EUA) by the FDA
for COVID-19 in-vitro diagnostics (IVDs).’] Representative
examples of LFAs are listed in Table 1. LFAs are lightweight,
compact systems that consist of a paper-based analytical mem-
brane housed inside of a protective casing. LFAs can easily
be shipped almost anywhere, allowing countries with short-
ages due to outbreaks or primitive technology to receive diag-
nostic technology quickly. Many cities around the world have
adapted mobile testing locations where individuals can submit
their samples for testing receiving a lab result over the course
of a few days. This relies on a cold-chain transport system
that delivers the samples from the patient to the testing facility
in order to preserve fragile biomolecules. Long shelf lives of
LFAs owed to the stability of biomolecule components within
the test allow a point-of-care diagnosis that circumvents costs
associated with a cold-chain delivery system required for PCR
or ELISA.['%!] These distinctive features of LFA make them
particularly suitable for diagnosing COVID-19, especially sero-
logical and antigen tests (see Fig. 2).
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Figure 1. Chart showing the number of recorded COVID-19 diag-
nostic tests performed across several representative countries.
Data obtained from Our World in Data.!

It is worth mentioning that LFAs have displayed usefulness
in situations where many people need testing quickly, ideally
in the safety of their own homes such as allowing access for air
travel and routine, company subsidized employee testing. LFA
technology also benefits those living in “testing deserts” where
access to testing is limited due to lack of reliable transportation

or costly laboratories. Overall implementation of rapid testing
for COVID-19 is pivotal to meet the ever increasing demand
of society.

Lateral flow assay (LFA) of COVID-19:
materials and theory
Detection principle
The detection principle of LFA for diagnosing COVID-19 is
shown in Fig. 3. The sample is pretreated (if necessary) and the
analytical sample is transferred to the sample pad of a test strip.
The sample begins to diffuse through the conjugate pad, where
it picks up gold nanoparticles (AuNPs) biomolecule conjugates
and other necessary additives (Fig. 3(a)). AuNP conjugates in a
positive sample will bind to their target analyte, either being an
antigen or antibody (serological). The mixture begins to flow
through the nitrocellulose until the analyte-AuNP binds to anti-
bodies anchored to the membrane in lines termed test (T) and
control (C). The collection of stuck AuNPs generates a color
signal that can be seen as an appearing line at either the test or
control readouts.

As shown in Fig. 3(b), LFA can diagnose either COVID-
19 antigens (i.e., SARS-CoV-2) or antibodies. LFAs that
looks for the presence of SARS-CoV-2 antigens will have

TABLE . List of selected LFAs with current FDA emergency use authorization (EUA), 42961111121

Test developer Assay name Target analyte Sensitivity/ Sample type Sample to
Specificity readout time
(%)? (minutes)
Cellex q-SARS-CoV-2 IgG/IgM Human IgG & IgM antito  93.8/96.0 Plasma, 15-20
S/N protein Serum,
Whole Blood
Biocan Diagnostics Inc  Tell Me Fast Novel Corona- Human IgG & IgM antito ~ 93.3/96.2 Plasma, 10-15
virus 1gG/IgM S/N protein and S1 RBDP Serum,
Whole Blood
Abbott Abbott’s BinaxNOW N protein 84.6/98.5 Nasal Swab 15
Covid-19 Ag Card
TBG Biotechnology TBG SARS-CoV-2 IgG/ Human IgG & IgM antito  93.3/95.0 Human Serum, Plasma 5-15
IgM S/N protein
Celltrion DiaTrust™ COVID-19 Ag N Protein and respective 93.33/99.03  Nasal Swab 15
Rapid Test RBD
Quidel Sofia SARS Antigen Fluo- N protein 96.7/ 100 Nasal Swab 15
rescent Immunoassay
Assure Bio Assure’s Covid-19 IgG/IgM  1gG/IgM to N and S Protein  100/98.8 Plasma, serum, whole 15
Rapid Test Device RBD blood
Quidel QuickVue SARS Antigen N protein 96.6/99.3 Nasal swab 10
Test
Ellume COVID-19 Home Test N Protein 95/97 Nasal swab 15
Healgen COVID-19 IgG/IgM Rapid IgG/IgM to S Protein RBD  100/97.5 Plasma, serum, whole 10
Test Cassette blood

RBD receptor binding domain

#Sensitivity and specificity are gathered from clinical data reported to the FDA for tests which have received FDA EUA. Sensitivities for antigen
tests represent subjects tested within 7 days of symptom onset; data for serological tests represents total device sensitivity/ specificity across all

antibodies
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Figure 2. Distribution of COVID-19 diagnostic platforms possessing EUA by the U.S. FDA categorized by molecular (genetic material),
antigen, and serology tests. RT-PCR reverse transcription-polymerase chain reaction, LFA lateral flow assay, ELISA enzyme-linked immu-
nosorbent assays. Data obtained from tables of EUA’s posted by the U.S. FDA, and updated as of 07/20/2021.[4%:111,112]
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Figure 3. Schematics of a typical lateral flow assay (LFA) for COVID-19 diagnostics. (a) Components of a LFA test strip; (b) detection prin-

ciples of antigen test and antibody tests.

antibody-AuNP conjugates able to bind the antigen in sample
via complex combinations of antigen-specific bonding pat-
terns formed by complimentary epitopes.l'?! On the opposite
side, if the goal is to detect antibodies produced by a patient in
response to an infection of SARS-CoV-2, it would be necessary
to have antigen-AuNP conjugates within the conjugate pad.
Herein, antigen is typically referring to the SARS-CoV-2 spike
(S), nucleocapsid protein (N), and/or fragments of each protein
known as its receptor binding domain (RBD).['3! More details
about antigen and antibody testing are provided in Sects. “Bio-
molecules Used in LFA” and “Immune Response to SARS-
CoV-2 and LFA Antibody/Antigen Testing” below.

Materials for assembly of LFA

In the design of an LFA there are 6 main components (see
Fig. 3(a)): a backing for support, sample pad, conjugate pad, nitro-
cellulose membrane containing anchored antibodies, absorbent
pad, and biomolecule conjugated gold nanoparticles (AuNPs). All
these components are typically assembled into a plastic housing.
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Backing is the framework that holds the test together,
gives reinforcement to other fragile components espe-
cially the nitrocellulose membrane, and provides ease
in manufacturing. It is composed of three major ele-
ments: the semi-rigid plastic coat, adhesives, and liners.
The plastic coat is generally polyvinyl chloride (PVC),
polystyrene, or polyester and is fabricated with a thick-
ness in the range of 0.005-0.015 inch.!'* Diagnostic
grade adhesives are required for lamination of the
nitrocellulose and various pads to the plastic support, as
more general adhesives can interfere with the function
of the product.['*! Pressure sensitive acrylic adhesives
are frequently observed in LFA design, binding simply
upon applying pressure. For components needing to
be laminated onto the backing, the adhesive is usually
covered with thin film liners chemically treated with
silicone for easy removal during manufacturing.!'®!4!

Sample pad is the first point of contact the analytical
sample has with the LFA device and ensures only the
desired sample flows onto the nitrocellulose at a con-
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trolled rate. It consists of cellulose, glass fibers, or a
mixture that can act as a filter passing only the fluidic
components of the sample. Glass fibers have intrinsi-
cally low bed volumes and high tensile strength allow-
ing for a material that is easy to handle for fabrication
and efficiently delivers sample down the strip. How-
ever, lower bed volumes make glass less effective for
absorbing buffers or detergents during pretreatment. ']
Conversely, cellulose has high bed volumes and low
tensile strength making it a fragile material that retains
sample; however, they are excellent candidates for pre-
treatment.[1>-16]

The sample pad can act as a primary filter to remove
unwanted contaminants. This is especially helpful for
samples with high particle load, viscosity, or colored
species, which could interfere with flow or signal read-
out. Many LFAs specific for COVID-19 can use whole
blood as the patient sample (see Table 1, for examples),
the sample pad functions as a filter for the red blood
cells while letting serum pass to the conjugate pad.
Tests that use other sample types, such as extracted
nasal swab samples, could potentially require different
sample pad material to normalize viscosity for optimum
lateral flow.[')

Bulffers are often loaded to sample pad to promote
elution of the sample down the strip as well as adjust
the pH if necessary. Many LFAs rely on buffers to ade-
quate binding of antibodies to their target antigens/anti-
bodies, which happens ideally near biological pH. Sam-
ples from various places of the body may have slight
variations in the pH at which protein components are
most ideal for antibody binding. For example, a normal
blood sample’s pH lies in the range of 7.35—7.45,1!7]
whereas anterior nasal fluid is generally near 6.4.1'% 1t
is ideal that a buffer be at the pH which maximizes the
binding equilibrium constant for the desired antibody-
antigen capture complex. This is especially important
considering this value has been found to be up to 100-
fold lower when outside of the ideal range.!'” Other
common additives to the sample pad include blocking
agents, detergents, and surfactants which are usually
proprietary from manufacturers and are screened for
compatibility in LFA design.['!2%]

Conjugate pad is laminated overlapping the sample pad,
such that the sample can smoothly transition into it.
This pad consists of primarily cellulose to aid in pre-
treatment with biomolecules conjugated AuNPs (which
will be discussed in detail later), but also could be com-
posed of glass fibers or surface modified polyester.[*!!
These biomolecules are either antigens, in the case of
SARS-CoV-2: the spike (S), nucleocapsid (N), or their
respective receptor binding domains (RBD), but could
also be antibodies specific for the preceding antigens.

Nitrocellulose (NC) membrane is the analytical mem-
brane where biologically significant reactions take

place ultimately leading to signal generation. In a typi-
cal design, capture antibodies specific to analytes in
sample and biomolecules on AuNPs, respectively, are
immobilized in the test (T) and control (C) line regions
of a NC membrane.

Despite NC’s critical role, it is notorious for being
the most challenging part of the LFA to manufacture
consistently.[?2l NC is a polymer produced by treat-
ing refined cellulose with nitric acid, of which product
is dissolved in a mixture of solvents and surfactants
termed the “liquor.” The liquor is then precipitated
slowly onto a moving belt where environmental condi-
tions are manipulated to remove solvents. The micro-
variations in this casting process can be seen in the rela-
tively wide range of pore sizes within the final material,
varying anywhere from several to tens micrometers
(Fig. 4).>23! During polymerization, substitution of
cellulose hydroxyl groups for nitro groups causes the
surface of the final material to bear a negative charge
at neutral, or basic pH. This promotes electrostatic
interaction between permanent dipoles in proteins,
giving NC superior adsorption properties useful for
immobilizing capture antibodies.”**! The thickness of
the nitrocellulose and pore sizes determine the overall
performance of NC as an analytical membrane. Layer
thickness determines the volume of sample necessary
to perform the test generally varying between ~100
and 150 um.??! The pore size determines the capillary
flow rate, the rate at which particles move through the
membrane, and determines the time required for signal
generation.[?>>] A larger pore size will increase the
velocity of sample, and provide quicker readout times
however, a high flow rate also can decrease the time
AuNP conjugates have to bind to their targets. This may
result in a lower concentration of captured analyte at the
test line, reducing sensitivity.

Figure 4. Scanning electron microscope image of transversal cut
of a nitrocellulose membrane for LFA (Hi-Flow Plus 75, Millipore
Corporation). Adapted and reproduced from Ref [23] with permis-
sion from the Royal Society of Chemistry.
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(v) Absorbent pad is the very last contact that the sample
makes with the device. It is responsible for absorbing
excess sample and to prevent backflow. Cellulose is the
preferred material for this application owed to its high
bed volumes.!*¢)

(vi) AuNP conjugates are arguably the most important unit
of LFA design because they are: the signal generating
species; the analyte-interacting capturing body; and

perhaps the most highly engineerable constituent of

the technology.

Gold nanoparticles (AuNPs) with an overall spherical
shape and sizes of ~10—100 nm are typically used as colori-
metric labels in LFAs for COVID-19. These AuNPs have been
known to possess the unique optical phenomenon of plasmonic
resonance, by which individual particle’s electrons are driven
into oscillation by lights electromagnetic field.*’! This causes
AuNPs to strongly absorb light at certain wavelengths, giving
rise to a red or purple color.”®) As an example, Fig. 5 shows
transmission electron microscope image of~40 nm AuNPs and
a photograph of the NPs suspended in water.!>”’

The process of AuNP conjugation for COVID-19 LFAs can
take place via covalent coupling reactions such as EDC/NHS
cross-linking.P%3! where a carboxyl functional group on the
surface of an AuNP is crosslinked to amino acid residues of the
desired SARS-CoV-2 antibody or antigen resulting in a stable
amide bond between the species.?! Alternatively, antibody
or antigen can be passively adsorbed to the AuNP surface by
exploiting Van-der-Waals forces and/or electrostatic interac-
tion.*33* This non-covalent method is believed to be sensitive

to pH changes and surface chemistry, which may decrease the
[34]

affinity for conjugation.

Figure 5. Transmission electron microscope image of gold
nanoparticles (AuNPs) with an average diameter of ~40 nm. Inset
shows a photograph of a vial containing aqueous suspension of
the AuNPs. Adapted and reproduced from Ref [29] with permis-
sion from the Copyright 2017 American Chemical Society (ACS).
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Biomolecules used in LFA
The antibody (Ab) array and antigens used to immobilize the
analyte of interest depends on both the type of LFA and the
desired analyte to be captured (see Fig. 3(b)). Abs used in
lateral flow are desired to meet the criteria of being able to
maintain conformation after AuNP conjugation and to function
smoothly upon rehydration with the sample matrix. LFA Abs
are typically used in concentrations tens to hundreds times that
of ELISA.*3 Because of this, contaminants pose a heightened
risk of increasing non-specific binding and therefore a high
level of purification is required before use.l

COVID-19 LFAs commonly use monoclonal antibodies
(mAbs) at the test line and for conjugation. mAbs are antibod-
ies produced from a single B Lymphocyte cell (e.g., through
hybridoma technology®)) and generally recognize only one
epitope on its specific antigen.’”] mAbs are relatively repro-
ducible, providing consistent specificity towards capturing an
antigen in a complex matrix, reducing background noise caused
by non-specific binding. In contrast, polyclonal Abs are capable
of binding to several epitopes on an antigen and contain larger
variations between batches. For this reason, polyclonal Abs are
not commonly used in COVID-19 LFA and can be considered
a risk for manufacture and test performance due to the risk of
decreased specificity.?7-38]

(1) In the AuNP conjugates Selection of the biomolecule
conjugated on AuNPs is dependent on the desired bio-
marker to be captured. In an antigen test, it necessary
to have a signal transducing antibody capable of form-
ing a selective match with the analyte of interest. It is
not necessary for this Ab to be derived from human
sources, as long as the conjugate and capture Abs have
a binding domain capable of matching the antigen at
the same time. For example, in GenBody Inc.’s Covid-
19 Ag test, the desired capture antigen is the N protein,
therefore in the conjugate pad lies AuNP-conjugated
mouse anti-SARS-Cov-2 N protein Abs.*?! In a sero-
logical test the order is reversed, meaning the AuNPs
are conjugated to antigens specific for the Abs desired
to be detected. In Assure’s Covid-19 IgG/IgM Rapid
Test Device the conjugate pad contains conjugated
recombinant S and N protein, which will bind in the
presence of their respective serum Abs.[*”]

(i) In the control line region A visual signal at the control line
indicates the validity of the LFA, and therefore demands a
signal transducing AuNP-ADb conjugate to bind its capture
Ab irreversibly and with high affinity. This is especially
important for lateral flow technology where the antibody
pair may be in proximity for an estimated 1 to 6 s com-
pared to multi-hour incubation times in ELISA.**! Com-
mercially available products often utilize Abs derived
from mouse, rabbit, or goat hosts. These Abs are required
to have one complementary binding domain “anti-” to
the other. For instance, in the Cellex g-SARS -CoV-2
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IgG/IgM antibody test goat anti-rabbit IgG is fixed to the
nitrocellulose membrane which intends to bind AuNP-
conjugated rabbit IgG.[*!! In another format, the control
line originally appears blue upon initiation of lateral flow,
an AuNP conjugate will replace the blue colored com-
plex at the control line, indicating a valid test result. This
type of test validation is employed by platforms such as
Abbott’s Binax Now Covid-19 Ag Card and Healgen’s
COVID-19 IgG/IgM Rapid Test Cassette.!

(iii) In the test line region At the test line are immobilized
capture Abs which intend to bind biomolecule com-
plexes within the sample. Antigen LFAs commonly
contain antigen-specific Abs at the test line, which
capture the AuNP-Ab conjugate-antigen complex pre-
sent in positive samples downstream of the conjugate
pad (See Fig. 3(b)). Serological LFAs need to bind to
Abs naturally occurring in patients and therefore must
include an anti-human binding domain. For instance,
Assure’s Covid-19 IgG/IgM Rapid Test Device employs
anti-human IgG and IgM in its two test lines.[*"!

Manufacturing processes
The manufacturing of LFA test strips can be done by hand on
small equipment, or by fully automated “all-in-one” machinery
such as the Bio Dot RR4510, Reel to Reel Dispensing System.
First, capture antibodies are anchored to the nitrocellulose (NC)
membrane to form T and C lines by a syringe pump connected
to a flexible hollow dispenser. The nature of the interaction
between immunoglobulin and NC can be electrostatic, hydro-
phobic, and/or via hydrogen bonds.[*¥ The tip can either drag
the antibody solution across the strip, as seen in the Bio Dot
Frontline® technology, or can spray the solution as a fine aero-
sol. After pretreatment of the NC, the conjugate and sample pad
are pretreated, generally by airjet technology, with the desired
conjugates, buffers, detergents, and other essential components
finished by drying in a forced air convection oven.[**]
Following the pretreatments, assembly of the LFA test
strips begins with a sheet or roll of NC being laminated to
the backing, usually performed on a laminating machine such
as the Matrix 7100 Reel-to-card Laminatorg. Liners on the
conjugate and absorbent pad are laminated onto the NC. The
sample pad liner is removed and laminated overlapping the
conjugate pad. The sheet of NC is then carefully cut using
a precision guillotine (e.g., a Biotron CM5000 Guillotine
Cutterg) into individual test strips. Finally, the individual
strips are fixed into plastic or card housing which indicates
the instructions and positions of T and C lines.

Immune response to SARS-CoV-2
and LFA antibody/antigen testing
Upon exposure of SARS-CoV-2 to mucous membranes, the viri-
ons use a membrane spike protein to enter healthy respiratory epi-
thelial cells through angiotensin converting enzyme-2 (ACE2).[*"]

Major Histocompatibility Complexes 1 and 2 bind viral proteins
to the surface of infected cells, presenting them to T lymphocytes
which differentiate into either effector cytotoxic T cells capable
of neutralizing the presenting cell, or helper T cells.l***"! Acti-
vated helper T cells stimulate the production of B cells producing
immunoglobulins, including IgM and IgG, to assist in acute and
long-lasting Ab mediated immune responses, respectively.[*®!

COVID-19 specific IgG and/or IgM immunoglobulins are
target biomarkers for serological LFAs (i.e., antibody testing)
granted emergency use authorization by the FDA.[*’! As such,
it is critical to know the timeline at which these biomarkers can
expect to be detected in various bodily fluids. Serum IgM is the
first serum antibody to be produced in response to SARS-CoV-2
infection. IgM could be detected in as little as 3 days post infec-
tion and this antibody persists at peak concentrations only during
the acute phase of disease, roughly 2 weeks.[*) IgM is an ideal
biomarker to detect a recent infection, especially in the absence
of an IgG positive. IgM is followed by the production of IgG,1*"!
whose peak concentrations can persist up to~45 days following
infection, and after which levels steadily decline.[**%!] Testing
positive for COVID specific IgG indicates a past infection, and
seroconversion from an IgG seropositive state to seronegative
was found to occur in a significant portion of individuals.>! This
means it is possible for a person to have been infected, yet be
under the threshold for many diagnostic tests.

Proteins from the SARS-CoV-2 virion can also be detected
(i.e., antigen testing) in serum by exploiting their binding affin-
ity to manufactured antibodies. The viral nucleocapsid phos-
phoprotein (N) of SARS-CoV-2 packages the viral genome and
plays a role in viral self-assembly.’?) The spike protein (S)
on the outer membrane surface of the virion uses its receptor
binding domain for the host’s ACE2 receptor to penetrate and
invade host cells.3! Viral protein antigens were found to be
detectable in blood at peak concentrations in as little as just
5 days following infection which reduce as the production of
IgG increases.l**! This presents a target for even earlier detec-
tion of active infection.

Taken together, these invasive virions and our adaptive
immune responses allow for two LFA testing modes: antigen
testing, which points to an active infection and will not show a
previously infected individual; and antibody (serological) testing,
which can confirm a previous infection for a given time.

Rapid testing and the vaccine
Many people may ask the question: “Will a rapid test tell me if my
COVID vaccine has worked?”. The answer is generally no, com-
plex, and dependent on several factors including vaccine choice,
the rapid test used, and the individual’s unique serological response.
Two of the widely used vaccines (Moderna and Pfizer-BioN-
Tech) induce immunity by introducing mRNA that tricks the body
to endogenously produce viral spike proteins.[>¢! These pro-
teins can be utilized by B lymphocytes to produce IgG antibodies
capable of neutralizing active virions. Moderna’s mRNA vaccine
targets the production of antibodies towards the receptor binding
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domain (RBD), a small portion of the spike protein and there-
fore may cause interference in tests that include S protein RBD
AuNP conjugates, such as Assure’s Covid-19 IgG/IgM Rapid Test
Device.*") The Pfizer-BioNTech vaccine does encode for a full-
length spike protein and many other S protein fragments includ-
ing the RBD.] This has the theoretical possibility to cause com-
plement binding for the spike protein antibody, however vaccine
promoted antibody titers vary between subjects as well as through
time, with some subject not having any detectable levels at all
post injection.[®>% Therefore, is unclear in any one case whether
arapid antibody test will have sufficient sensitivity to yield a posi-
tive result and is currently the subject of investigation.!®*®! Jans-
sen, the vaccine produced by Johnson & Johnson is composed of
a whole inactivated, replication incompetent viral vector called
an “adenovirus”.!°”! The adenovirus houses the genetic material
necessary for the body to produce its own antibody array with
Abs specific for many different viral epitopes.[] Any Abs with
specificity for mAbs employed in the test design may react and
interfere in the same manner as the Pfizer-BioNTech vaccine.

Rapid antigen tests may also possess cross reactivity with vac-
cine produced proteins. Vaccine-induced S proteins and RBDs
have been shown to be detectable in serum using Moderna’s
mRNA vaccine as early as 1 day and up to an average of 15 days
following administration.[! This raises the possibility of false
positive results in tests that utilize a full S protein and RBD frag-
ments for individuals receiving Moderna’s and Pfizer-Bio-N-
Tech’s vaccines, respectively, within 15 days. Characterization
of serum antigen concentrations following Janssen administration
are undocumented and it is currently unclear whether this vaccine
is capable of interacting with rapid antigen tests.

All vaccines currently authorized produce antibodies specific
to either the S protein or its receptor binding domain, making N
proteins and their antibodies excellent biomarkers to distinguish
a natural infection.!®! One such platform the ADVAITE, Rap-
Cov Rapid COVID-19 Test confirms the presence of anti-N IgG,
on the downside this test is only able to detect past infections. (!
Currently LFA rapid tests are not sensitive enough to recom-
mend use determining vaccine efficacy, despite the potential
benefit to the community and vaccine developers.

COVID variant and its impact on LFA
testing

The coronavirus genus is known to have a relatively high rate
of mutation.[”-**) Since the introduction of the original strain
in 2019, COVID has evolved many defined lineages, with
11 having been found to have heightened risk factors such
as increased transmissibility, decreased neutralization by vac-
cine promoted antibodies, or possible interference with diag-
nostic biomarkers.[*”! For IVD purposes, variants of concern
and interest possess (or are suspect to possess) mutations that
lie in a portion of the viral genome that is known to produce
proteins directly detected by antigen tests, or indirectly via
antibodies produced in response to viral proteins. Mutants pos-
sess new amino acid sequences that may cause a shift in the
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conformation of the protein, which may hinder the binding
of important detection Abs. If detection Abs do not bind their
target antigen by the time they reach the capture Abs at the test
line of a LFA, the AuNP conjugate will fail to be immobilized
to the nitrocellulose. Instead of a solid red line to denote an
infected individual, the AuNPs will flow past into the absor-
bent pad leaving the person to believe the test is negative.

A mutagen named B.1.1.7 (Alpha) variant, grew to be the
most dominant form in the United States by Spring 2021 hav-
ing 50% increased transmissibility from the original 2019
strain owing to 12 distinct mutations in the S protein coding
region.[®7% Despite the mutations taking place in a critical
biomarker for many LFAs, the largest producers and processers
of rapids tests: Abbott, LabCorp, and Quest Diagnostics report
no change in the accuracy of diagnostics towards this vari-
ant as well as the African and Brazilian variants.[’! A variant
under investigation discovered in a small population in French
Britanny has been found to be able to evade several diagnostic
platforms including the “gold standard” PCR testing.!”” Cur-
rently it is unclear whether this strain will evade rapid tests that
look for virus specific antigens or antibodies, however it is the
current subject of investigation by test developers examining
each variant’s mutations on a case-by-case basis.[”*!

By June 2021 a new strain officially named B.1.617.2 (Delta)
surged its way to become the dominant strain in the U.S., UK.,
India, Russian and over a dozen other countries.[”*) The Delta
strain is a variant is of concern being a double mutant in the S
protein coding region. One such mutation, L452R lies within the
RBD and renders it 4 times more infectious than the 2019 origi-
nal strain.[”*! A recent study found that some anti-RBD mAbs
used as treatment were found to be ineffective in binding to the
mutant S protein of the Delta variant, and antibodies from con-
valescent sera were fourfold less effective in neutralization.[’®!
The case is the same for the Lambda variant added as a vari-
ant of interest June 2021 due to its novel L452Q mutation in
the same region.”” These variants could significantly impact
the performance of LFA tests that look for antibodies produced
solely against the spike protein such as the Lyher Novel Coro-
navirus 1gG/IgM Antibody Combo Test Kit "8 For antigen tests,
a similar case is true. If a test looks only for the S protein or S
protein RBD it may not detect strains that contain the mutation
of concern. Luckily, many tests utilize an Ab array that targets
the N, or N and S protein simultaneously to avoid the impact of
the highly mutagenic S coding region. Mutations that lie in the
N protein coding region exist but occur sparingly, with less than
0.15% global frequency as of March 2021.17%)

Cost factor

Although molecular COVID tests (e.g., PCR) are the gold
standard with high specificity, their large-scale adoption is
restricted by the requirements of special equipment, skilled staff,
lengthy turnaround time, and high cost. One distinct advantage
of LFA over other diagnostic technologies for COVID testing
is its affordability. The low-cost of LFA is largely due to the
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economic materials, mass production capabilities, and freedom
from operational costs seen with other platforms. Particularly,
the materials used in LFA tests (see Sect. “Lateral Flow Assay
(LFA) of COVID-19: Materials and Theory” above for details)
are stable and low cost.®"] To get a relative idea of the cost of
COVID testing, one survey over 2,862 hospitals in the United
States, the average cost of a nasal swab COVID-19 PCR test
was $161 with low and high average prices of $62 and $302,
respectively.!l AdventHealth Centra Care®, a nationally rec-
ognized walk-in clinic, bills $175 for a RT-PCR test, and only
$65 for a rapid antigen test at the same location. [

In the U.S., the FDA authorized the emergency use of sev-
eral COVID-19 LFAs. One such LFA, Abbott’s BinaxNOW
COVID-19 Ag Card is a rapid antigen test with a turnaround
time of 15 min.%3 It is available to consumers at only $5 per
test. To put this in perspective, a company of 500 employees
testing each employee just once a week would accrue a yearly
testing bill upwards of $3.8 million if paying the national
average for a nasal swab PCR test, compared to~$120,000 for
Abbott’s COVID-19 Ag Card. Another LFA is the g-SARS-
CoV-2 IgG/IgM antibody test manufactured by Cellex. Each
test kit comes with materials to run 25 tests with each test cost-
ing $20 and the result can be obtained in 15-20 min.’**! In
December 2020, the U.S. FDA issued EUA for the first over-
the-counter fully at-home diagnostic test for COVID-19 — the
Ellume COVID-19 Home Test.!®3] This is an LFA antigen test
with a price tag of $45 and a turnaround time of 15 min.[%] A
study commissioned by the America’s Health Insurance Plans
(AHIP) estimated that the annual COVID-19 testing costs in
U.S. could reach $25 billion if molecular or antigen tests are
used while the number drops to $19 billion if antibody tests are
used. Widely adopting LFA tests can lead to significant testing
cost savings in the U.S. and around the world.[%”]

Societal impact
LFA technology is vital to the efforts to control and manage
the ongoing COVID-19 pandemic, primarily because it is user-
friendly and low-cost. The LFA technology can be particularly
useful in diagnosing COVID-19 in economically disadvantaged
and resource constrained areas, such as developing countries
and rural communities. For instance, in areas that lack sufficient
expensive and sophisticated PCR equipment and/or trained
technicians who can perform the PCR test, the use of LFA tech-
nology not only can help greatly expand access to testing, but
also significantly reduce the economic burden associated with
mass testing. Additionally, LFA tests can return results within
minutes, much faster than those of PCR tests. Given the highly
infectious nature of the COVID-19 disease, increased capacity
of testing that requires less reaction time, such as LFA tests, can
help speed up the tracing, triaging and treating of patients, and
thus is essential in the monitoring and control of COVID-19
worldwide and particularly, in the under-resourced areas.®*!
Moreover, LFA tests may serve as a valuable preventative
testing tool in the severely impacted long-term care facilities

(e.g., nursing homes and assisted living facilities) and custodial
settings (e.g., prisons, jails, and immigration detention centers).
These facilities, congregate in nature and highly occupied, are
susceptible to COVID-19 infection and spread. In addition, a
large proportion of individuals in these facilities are at greater
risk for serious COVID-19 outcomes. Nursing home residents,
for example, are especially vulnerable to severe illness and
mortality if infected by COVID-19 due to a host of risk factors,
such as being older and having chronic underlying health con-
ditions. As of June 30, 2021, over 185,000 lives of the residents
and staff of nursing homes or other long-term care facilities in
the U.S. have been taken by COVID-19, accounting for approx-
imately 30% of all COVID-19 deaths in the nation.’*”) These
numbers highlight the importance of surveillance, prevention
and disease control in nursing homes and other congregate
settings. Routine testing of staffs, residents, and visitors can
contribute to preventing introduction and reducing transmission
of COVID-19 in these facilities. In the U.S., nursing facilities
have been required by the Centers for Medicare and Medicaid
Services (CMS) to perform testing of all staffs on a regular
basis (testing intervals ranging from monthly to twice per week
depending on local infection rate) between August 2020 and
April 2021, and of all unvaccinated staffs since April 2021.%

Despite of the relatively lower sensitivity compared to PCR
tests, LFA tests are suitable for regular and frequent use as a
preventative measure due to their cost-effective, speedy, and
user-friendly features. One recent study found that the frequency
of employee testing, supplemented with other infection control
measures, plays a key role in reducing the number of cases and
deaths in long-term care facilities.”!) The findings suggested that
frequent testing of employees (i.e., daily) using good quality anti-
gen rapid tests is more effective than less frequent testing (i.e.,
once every 5 days) using good quality PCR tests. Similarly, a
decision analytical modeling study based on simulated nursing
home residents and staffs found that antigen tests performed bet-
ter than PCR tests in reducing transmission at the same testing
frequency due to rapid turn-around, and that daily antigen rapid
testing was the most effective testing strategy in the reduction in
infections.[?! Altogether, these findings indicate that rapid test-
ing could be utilized routinely and frequently as an effective
preventative tool to detect infection and reduce transmission of
COVID-19 in at-risk congregate facilities.

Challenges and outlook

Ease of use, low-cost, rapid readout time, and mass produc-
tion capabilities are some of the distinguishing features of
LFA rapid tests critical for the containment of the current
pandemic. Despite their critical role, LFAs are hampered by
weak sensitivity and the possibility of missing infected indi-
viduals that could transmit the virus.

The need for highly sensitive detection is particularly
evident in COVID-19 as each infected person is estimated
to infect multiple individuals.[®*] It is speculated with a
generational interval and incubation period of~5-13,
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and ~4-5 days, respectively, that most transmissions of
COVID-19 occur on or just prior to symptom onset.!>4
This has been validated in viral shedding studies that peak
transmissibility could continue for~ 10 days, around 7 times
longer than seasonal influenza.[! Therefore, it is critical to
improve the sensitivity of LFAs to catch potentially posi-
tive individuals before, or without symptom onset. LFA
platforms currently approved for emergency use by the
FDA have widely variable sensitivities (rate of true posi-
tives). The FDA estimates of serological LFA performance
vary in a wide range between 90.0 and 100% for sensitiv-
ity (see Table 1, for examples).[*®) Antigen tests also have
been known to have issues with high rates of false positives
as addressed by the FDA.””! Data presented by the FDA
claims sensitivities of 90% or higher however, this is not to
be represented as the real-world performance. Independent
studies have shown many LFAs’ sensitivities to be lower
than originally claimed.!”®%] Deviation of the sensitivity
from pre-clinical data could be attributed to factors such as
non-random sampling, user error, and local prevalence of
disease.[100:101]

It is clear that improving the sensitivity of LFA would
greatly benefit public health during the current and future
pandemics. Above all other components of LFA technology,
the intensity of the signal generating species (i.e., labels) is
believed to have a direct, significant impact on the sensitivity
of the assay.l!%?! In principle, if all other variables are kept
constant, a more intense signal generating label will provide
a heightened sensitivity. To date, the most used COVID-19
LFAs’ signal readout depends on plasmonic AuNPs as labels
to generate a red color. If there is not a significant amount of
AuNPs immobilized at the test line (especially when detect-
ing samples of low analyte concentrations), not enough color
will be present at the test line to be visually discernable as
a positive result. Improvement of the signal generated by
AuNP can be achieved by various methods including using
AuNP aggregates or AuNPs-decorated carriers as labels that
can generate more intense overall color signal compared to
individual AuNPs.l'%%1% Newly engineered nanomaterials
which possess stronger plasmonic activities (such as gold
nanoshells!!®*! and gold-silver hollow nanoparticles!'*® might
be strong candidates for improving the sensitivity of LFA for
COVID-19. Recently, it has been demonstrated that sensitiv-
ity of LFA can be substantially enhanced by replacing AuNPs
with catalytic nanoparticles, which generate intense color
signal by catalyzing chromogenic substrates.[*>!°7! This new
strategy may be applicable to LFA of COVID-19. Notably,
those non-colorimetric labels (e.g., fluorescent or magnetic
nanoparticles!!%1%) are also expected to be able to enhance
the sensitivity of COVID LFA. However, additional devices
may be needed, such as a fluorescence or magnetic field detec-
tor, which compromises the convenience of LFA technology.

It is worth emphasizing that the possibility of new coronavi-
rus mutations interfering with LFA diagnostics is always loom-
ing. In February 2021 the FDA established guidance on the
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evaluation of diagnostics tests towards new mutant COVID-19
strains.!!'% This guidance calls for companies holding EUA to
evaluate IVD platforms for effectiveness towards variants and
to develop tests around them. Most LFA rapid tests will still
have efficacy towards a majority of the coronavirus infected
population, especially in tests that look for multiple biomark-
ers or biomarkers other than the S Protein, where mutations are
most common. Nevertheless, it is critical to investigate new
variants, and develop effective testing platforms that keep up
with the virus’ natural evolutionary process.

To conclude and prospect, during this time of public health
crisis due to COVID-19, lateral flow technology finds neces-
sary use to diagnose potentially millions of new cases each
year. The cost-effective, lightweight design allows for fac-
ile mass production and shipping capabilities, unlike other
more equipment heavy diagnostic platforms (e.g., PCR and
ELISA). Even though sensitivities of COVID-19 LFAs are
not up to par with these tests yet, the highly versatile, engi-
neerable design of LFAs present a special challenge and
opportunity to the research community to improve upon
them. The ability to study mutant strains’ antibody response
in humans lets test designers stay one step ahead of the highly
mutagenic virus by simply switching the antibody array to
capture the most highly conserved antigens. The future health
of the world depends highly on the advancement of rapid
COVID-19 diagnostics. Simply put, rapid COVID LFAs have
saved countless lives from the battle with COVID-19 and will
continue to do so, pending we humans take the effort through
research and development to fight back.
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