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INTRODUCTION

We are at a critical stage in managing the response to the COVID-19 outbreak, which requires
widespread access to fast and accurate testing. While PCR testing has been the backbone for
COVID-19 diagnosis, now there is an urgent need for surveillance of at-risk asymptomatic
populations. Antibody tests check for an antibody response to SARS-CoV-2 infection and are used
to determine infection and case fatality rates, or potential immunity in recovered patients and in
vaccine studies. Effective laboratory SARS-CoV-2 antibody technologies have been developed, and
some were validated by the FDA to have Sensitivity (Se) and Specificity (Sp) as high as 99-100%!.
For example, an IgG two-step ELISA test measures IgG responses to the recombinant receptor
binding domain (RBD) of the SARS-CoV-2 spike protein (1). Positive samples are confirmed in
a second step that measures IgG response to the whole spike protein (1), resulting in a 100%
Sp (with 92.5% Se)!. However, while accurate, laboratory technologies are slow and rely on
expensive equipment.

Rapid (minutes vs. hours) and instrument-free SARS-CoV-2 assays are commercially available,
and some are already being used in surveillance studies. Debates about the recently reported
infection rates in NYC (21.1% as of 04/23/20%), or in Santa Clara, CA [2.45% (2)], have raised
questions regarding whether antibody testing is sufficiently accurate to guide medical or policy
decisions. Recently, the COVID-19 Testing Project validated 10 rapid commercial tests in a head-
to-head comparison with samples from 80 SARS-CoV-2 RT-PCR-positive, 108 pre-COVID-19
negative, and 52 recently negative patients (3). Many rapid tests performed worse than their
manufacturer’s specifications, raising questions about their quality and stability. Moreover, while
high specificity is crucial for testing low prevalence population (estimated COVID-19 prevalence is
only ~5%), only three out of 10 rapid tests had a Sp of >99%, while maintaining >90% Se (at >16
days after onset of symptoms) (3). More recently, the FDA started their own validation of 13 EUA
approved antibody tests and found that only one of the validated rapid tests has a > 99% Sp (with
2 95% Se)!. Introducing more stringent FDA criteria has driven the need for highly accurate rapid
tests>. Here we summarize some of the limitations of rapid COVID-19 antibody tests and suggested
ways for improvement.
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ISOTYPE-SPECIFIC (IgM/IgG) DETECTION

After SARS-CoV-2 infection, IgM or IgG antibodies appear in
the patients blood that are specific for viral antigens to the
spike glycoprotein such as the S1, S2 subunits, the receptor
binding domain (RBD) or the nucleocapsid (N) protein (1).
First, IgM becomes detectable within a few days and lasts several
weeks after infection, followed by IgG detection. Currently,
all rapid SARS-CoV-2 antibody tests rely on the ability of
recombinant proteins of RBD, S1, S2, or the N domain
of the SARS-CoV-2 spike protein to capture IgM or IgG
antibodies in the patient’s blood® (4, 5). This isotype-specific
detection (IgM or IgG) is time dependent; high sensitivity
rates are achieved only at 3 weeks from symptom onset (3).
For example, the COVID-19 Testing Project (3) showed that
overall sensitivity of all validated rapid tests reached >80%
Se only at >20 days of symptom onset (maintaining 95%
Sp). None of the tests showed >80% Se at 6-10 days of
symptom onset and only half showed >80% Se at 11-15 days of
symptom onset.

Moreover, these validated rapid tests tend to have a higher
Se for patients admitted to ICU compared to patients with
milder disease (3). Recent clinical studies of antibody responses
in patients with COVID-19 have associated higher IgG and
IgM titers with worse disease outcome at all time points
following the onset of symptoms (6), or with worse clinical
readouts and older age (7). These findings suggest that rapid
assay kits may favor the detection of higher IgG and IgM
titers, and therefore perform better in more severe disease.
In addition, while a growing number of studies report that
SARs-CoV-2 antibodies are best detectable in infected people
3-4 weeks after symptom onset (8, 9), the antibody levels
are lower and may have different kinetics in people with
milder symptoms (10) and are is still largely unknown in
asymptomatic people (9). This suggests that timing and choice of
assays may have to be optimized depending on the populations
to be tested. On the other hand, a study characterizing the
neutralizing antibodies (Nabs) response in a cohort of COVID-
19 recovered patients with mild symptoms, found a persistent
Nabs response in 70% of recovered patients, with SARS-CoV-
2-specific Nabs detected as early as 10-15 days after disease
onset with kinetics aligned to that of binding antibodies (11).
This suggests that Nabs detection could be performed in parallel
to rapid isotype specific IgG and IgM detection to provide
information about the functionality of the antibody repose and
potential protection.

Rapid antibody tests capture binding IgG and IgM antibodies
but not necessarily neutralizing antibodies (4, 5). Binding
antibodies do not have the same neutralizing abilities or
high affinity to the spike protein antigens as neutralizing
antibodies (12). Recently, a SARS-CoV-2 surrogate virus
neutralization test (sVNT) was developed that detects total
neutralizing antibodies in an isotype-independent manner (13).
This test utilizes the high-affinity interaction between the
receptor binding domain (RBD) protein from the viral spike
(S) protein and the host cell receptor ACE2 (hACE2) (14).
Neutralizing antibodies inhibit this interaction by binding

to the RBD protein prior to the virus-host interaction
(12, 13). The sVNT test mimics this process by utilizing
recombinant ACE2 and RBD proteins and detecting the %
antibody-mediated inhibition (13). This test was validated to
have 100% Sp (while maintaining 96% Se) in two patient
cohorts. Moreover, its authors report superior sensitivity
for low IgM/IgG titers compared to isotype-specific capture
ELISA (13), suggesting that it can be used for testing in
populations with lower levels of antibodies such as mildly
symptomatic populations. However, currently its sensitivity is
not validated by other studies and it is not yet adapted for rapid
detection platforms.

LATERAL FLOW DETECTION

Rapid SARS-CoV-2 antibody assays utilize lateral flow detection.
Lateral flow tests are performed on a low-cost nitrocellulose
strip which has assay reagents dried on the test zone. The target
analyte diffuses from the sample deposition pad to the test zone
by capillary action, and readout of the test zone is based on
colorimetric detection (with gold nanoparticles conjugated to a
detection antibody or recombinant protein), which eliminates the
need for laboratory instruments. However, lateral flow tests are
prone to variability due to many factors, including quality of the
nitrocellulose and recombinant proteins, and their stability after
drying. Moreover, simple lateral flow designs cannot perform
multistep, sequential processes. Many laboratory assays rely on
sequential washing and signal amplification steps for improved
specificity and sensitivity. To enhance lateral flow designs, two-
dimensional paper devices have been previously developed that
allow for the timely delivery of multiple reagents to the test
zone (15-17). These devices utilize capillary action and dried
reagents, but their design incorporates additional compartments
with detection, signal amplification or wash reagents so that
fixed reagent volumes are delivered to the test zone in a
sequential and controlled way. Such two-dimensional paper
devices have previously been used successfully for the detection
of antibodies against HPV and malaria (15-17), but not against
SARS-CoV-2.

NEW TESTING APPROACHES

One approach to improve the accuracy of rapid SARS-CoV-
2 antibody tests is to adapt isotype independent assays, such
as the sVNT test on lateral flow formats. Most current lateral
flow tests have separate test zones for IgM and IgG detection,
requiring two sets of capture and detection reagents (Figure 1A).
However, a lateral flow sVNT assay would have only one
test zone, simplifying reagent requirements (Figure 1B). We
also suggest that a lateral flow sVNT test will have improved
sensitivity, because it detects neutralizing antibodies with higher
affinity to the recombinant RBD antigen than binding antibodies,
optimizing capturing of the target analyte on the test strip.
Further improvement could be achieved by integrating with a
multi-step paper-based device (Figure 1C). This design allows
for sequential delivery of a wash prior to the detection step
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FIGURE 1 | Approaches for rapid SARS-COV-2 antibody detection: (A) Example of IgM and IgG lateral flow detection. Antibodies move from the sample to the
conjugation pad by capillary action where they bind dried recombinant RBD proteins conjugated to gold nanoparticles. Next, they are captured on the IgM or the IgG
test zone. Aggregated nanoparticles at the test zones results in colorimetric readout. (B) A lateral flow detection of neutralizing antibodies (Nabs). A proposed
application of the sVNT assay (13). Nabs move from the sample pad to the test zone by capillary action. At the conjugation pad, they bind to dried recombinant RBD
proteins causing their neutralization. At the test zone, neutralized RBD proteins cannot bind to immobilized recombinant ACE2 and are washed out. In the absence of
neutralizing antibodies, RBD proteins bind to ACE2 proteins at the test zone, causing colorimetric readout. (C) A multi-step, paper-based test for neutralizing
antibodies. In step one, Nabs move from the sample pad to the test zone by capillary action and block recombinant RBD proteins immobilized at the test zone.

(C) The left part of the device has a wash, detection (with dried recombinant ACE2 proteins conjugated to gold nanoparticles) and signal amplification pad. In step
two, the device is folded to initiate to sequential delivery of a wash, detection, and signal amplification volume to the test zone. In the absence of neutralizing
antibodies, the ACE2-gold nanoparticle complex binds to the test zone. The paper-based device schematic was adapted from (17).
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(reducing false positives); and a final signal amplification
step (optimizing sensitivity), while keeping a user-friendly,
instrument-free, and disposable platform. In addition, testing
a population with low prevalence of infection is challenging
because even a highly specific assay can result in many false
positive results. Therefore, an approach for decreasing false
positives is to add confirmatory steps to lateral flow or paper-
based devices, such as multiple test zones on the same test strip
allowing binding to different viral epitopes (e.g., recombinant
RBD test zone with confirmatory zones with the S1, S2, or
N domains).

DISCUSSION

Results from SARS-CoV-2 testing influence the effective
management of the current health crisis. Here we have outlined
several factors that limit the accuracy of currently used rapid
serological tests. First, most rapid tests utilize lateral flow
detection with one-step delivery of the target analyte and
detection reagents, which we argue limits their accuracy.
Previously, multi-step paper-based platforms with time- and
volume-controlled delivery of the target analyte and detection
reagent have been validated for the detection of infectious
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diseases (15, 17). Exploiting such platforms for the detection of
SARS-CoV-2 antibodies allows incorporating wash and signal
amplification steps and sequential reagent delivery, currently
lacking from rapid tests designs. We suggest that these additions
will improve both sensitivity (due to signal amplification) as
well as specificity (due to the wash between the sample and
detection reagent delivery), while still maintaining a paper-
based, disposable and cost effective platform. In addition, we
argue that current rapid SARS-CoV-2 kits (based on isotype-
specific IgM/IgG assays) favor detection of higher antibody titers.
Specifically, since patients with more severe disease have higher
titers (6, 7), we argue that these kits may have higher false
negative rates when testing populations with mild disease as
compared to those with severe symptoms and disease. Assays
with better sensitivity for low titers such as such as the recently
developed sVNT test for SARS-CoV-2 neutralizing antibodies
(13) need to be applied on rapid detection platforms. Here
we suggest that approaches for combining new antibody-based
assays with multi-step, paper-based devices should be further
exploited to improve the accuracy of current rapid SARS-CoV-
2 testing. Formulation of these devices is straightforward and
scalable; it requires only simple, low cost materials, such as
nitrocellulose and glass fiber filters, and a laser cutter (17), as
well as high quality recombinant SARS-COV-2 proteins, that
are already commercially available (GenScript, Piscataway, NJ).
Therefore, the proposed approaches will potentially provide a
technology that is rapid and accurate, as well as scalable and
low-cost, making it an attractive solution for mass screening of
large populations.

Finally, SARS-CoV-2 antibody tests, even when highly
accurate, would detect infection at best 2 to 3 weeks after
symptom onset, which raises questions about how to optimize
testing approaches for mildly or asymptomatic populations. For
example, a study on the immune response of patients with mild
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