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A B S T R A C T   

The COVID-19 pandemic has had a devastating impact worldwide and has brought clinical assays both for acute 
diagnosis and prior exposure determination to the forefront. Serological testing intended for point-of-care or 
laboratory use can be used to determine more accurate individual and population assessments of prior exposure 
to SARS-CoV-2; improve our understanding of the degree to which immunity is conveyed to subsequent expo-
sures; and quantify immune response to future vaccines. In response to this pandemic, initially more than 90 
companies deployed serology assays to the U.S. market, many of which made overstated claims for their accu-
racy, regulatory approval status, and utility for intended purpose. The U.S. Food and Drug Administration 
subsequently instituted an Emergency Use Authorization (EUA) procedure requiring that manufacturers submit 
validation data, but allowing newly developed serological tests to be marketed without the usual approval 
process during this crisis. Although this rapid deployment was intended to benefit public health, the incomplete 
understanding of immune response to the virus and lack of assay vetting resulted in quality issues with some of 
these tests, and thus many were withdrawn after submission. Common assay platforms include lateral flow assays 
which can serve an important niche of low cost, rapid turnaround, and increased accessibility whereas estab-
lished laboratory-based platforms based on ELISAs and chemiluminescence expand existing technologies to 
SARS-CoV-2 and can provide throughput and quantification capabilities. While most of the currently EUA assays 
rely on these well-established platforms, despite their apparent technical simplicity, there are numerous practical 
challenges both for manufacturers in developing and for end-users in running and interpreting such assays. 
Within are discussed technical challenges to serology development for SARS-CoV-2, with an emphasis on lateral 
flow assay technology.   

1. Introduction 

The COVID-19 pandemic has been devastating worldwide, with 
known infections of COVID-19 exceeding 42.8 million and more than 
1.15 million deaths as of October 25, 2020 [1]. In an attempt to contain 
the spread of this disease and limit the impact of high numbers of cases 
in short time spans on our healthcare systems, shutdowns of 
non-essential businesses and establishments and strict social distancing 
were instituted which had a destructive economic impact, such that in 
October 2020 the International Monetary Fund predicted the global GDP 
to be − 4.4% in 2020 [2]. Collateral damage from stay-at-home orders 
and job losses ranging from increased domestic violence to delayed 

medical care exacerbated these challenges [3,4]. To mitigate further 
personal and economic hardships, an understanding of the epidemiology 
and naturally acquired immunity to COVID-19 through widespread 
serological testing is critical. Serology testing is not meant to diagnose 
an active infection but instead can answer important questions per-
taining to public health, including determining accurate rates of infec-
tion, identifying people who have recovered from COVID-19 and can 
donate convalescent plasma, whether and for how long antibody pres-
ence conveys immunity and verifying future vaccine response. Estimates 
on secondary infections generated by an infected individual in the 
United States vary significantly with disease prevalence and population 
density, and are continuing to evolve as more accurate estimates of 

Abbreviations: EUA, Emergency Use Authorization; LFA, Lateral flow assay; ELISA, Enzyme-linked immunosorbent assay; POC, Point-of-Care; PPV, Positive 
Predictive Value; NPV, Negative Predictive Value; CLIA, Clinical Laboratory Improvement Act. 

* Corresponding author. 
E-mail addresses: eernst1@binghamton.edu (E. Ernst), pwolfe@binghamton.edu (P. Wolfe), cstahur1@binghamton.edu (C. Stahura), kedwards@binghamton.edu, 

kedwards@binghamton.ed (K.A. Edwards).  

Contents lists available at ScienceDirect 

Talanta 

journal homepage: www.elsevier.com/locate/talanta 

https://doi.org/10.1016/j.talanta.2020.121883 
Received 31 July 2020; Received in revised form 6 November 2020; Accepted 7 November 2020   

mailto:eernst1@binghamton.edu
mailto:pwolfe@binghamton.edu
mailto:cstahur1@binghamton.edu
mailto:kedwards@binghamton.edu
mailto:kedwards@binghamton.ed
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2020.121883
https://doi.org/10.1016/j.talanta.2020.121883
https://doi.org/10.1016/j.talanta.2020.121883
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2020.121883&domain=pdf


Talanta 224 (2021) 121883

2

prevalence develop with more widespread testing [5]. The available 
data indicate that at its peak in New York state in late February 2020, the 
effective reproduction rate, or number of people who became infected 
by an infectious person, reached 4.17, but as of October 24, 2020, this 
number is estimated to be 1.02 [6]. Rates of antibody-development vary 
widely—as of mid-August 2020, tracked by a nationwide commercial 
laboratory seroprevalence study via the CDC, it was estimated that 
approximately 22.5% of the population in New York had positive 
serological results, while only 0.4% were antibody positive in Maine [7]. 

In serum, IgM is present at currently detectable levels in COVID-19 
on average after approximately 8 days after onset of symptoms, while 
IgG can usually be detected after 11 days although some patients 
reportedly seroconvert starting between 2 and 6 days after symptom 
onset [8–12]. While the IgM/IgG time profile is often illustrated by a rise 
and fall of IgM prior to the rise of IgG, in both SARS and SARS-CoV-2, 
these time profiles have been shown to largely overlap (Fig. 1) [9,13]. 
By the peak of SARS-CoV-2 specific antibody production, little to no 
detectable viral RNA is present by qRT-PCR [14]. Serology tests offer a 
wider window of opportunity to detect prior exposure which may have 
been limited by inability to access RT-PCR testing at peak levels and may 
provide clarity when clinical presentation of symptoms suggests false 
negative RT-PCR results [15]. 

IgA develops at the same time as IgG and is important for immune 
response in the mucous membranes coating body surfaces [16–18]. IgM, 
IgG, and IgA comprise approximately 5%, 75%, and 15% of serum im-
munoglobulins, respectively [19,20]. Many of the serology tests devel-
oped to date detect both IgM as an early response and IgG as a more 
sustained response to disease exposure. The ability to detect these an-
tibodies at early time points depends not only on a patient’s immune 
response, but also on the limit of detection of the assay. Thus, it is 
important to assess both analytical sensitivity and specificity, which are 
measures of the performance of the assay itself, as well as diagnostic 
sensitivity and specificity which are measures of the clinical perfor-
mance of the assay. 

2. Questionable claims of SARS-CoV-2 serology assays 

During the early stages of the COVID-19 pandemic in the early spring 
of 2020, more than 90 companies developed and marketed SARS-CoV-2 
antibody tests in the U.S. to meet the demand and the market 

opportunity that it provided [21,22]. Unfortunately, many of these 
manufacturers made inaccurate claims for the performance, point of 
application, or FDA review status of their assays [23]. This included 
inaccurate claims that some of these products were FDA approved or had 
been granted FDA permission to distribute; claims by some that they 
were available for “home-use”; and overreaching suggestions in their 
documentation for the information that a positive antibody result could 
provide [24–27]. Hundreds of thousands to multi-million dollar in-
vestments in rapid antibody tests were made by private hospital ad-
ministrators and government officials which were later found to be too 
inaccurate for use [28–30]. The FDA has maintained a list of such 
products, issuing as of November 4, 2020, a list of 128 warning letters to 
sellers, including some for SARS-CoV-2 rapid diagnostic assays directly 
marketed to consumers [31]. 

Manufacturers who originally benefited from relaxed regulations 
amid the urgent need for testing in the early spring of 2020 were then 
required to submit proof of accuracy through validation to the FDA 
within 10 days to continue selling their tests [23]. The FDA since cleared 
some of these tests through their Emergency Use Authorization (EUA) 
guidance, while many others were removed from distribution [23,24, 
32]. EUAs can be issued to use unapproved medical products when there 
are no approved medical products to diagnose, treat, or prevent a 
life-threatening disease and there are no adequate alternatives [33]. 
EUAs have been used for other diseases posing a significant risk to public 
health or national security, including Zika virus, H7N9 Influenza, Ebola, 
and MERS-CoV [34]. As of 10/24/20, there were 56 FDA EUA cleared 
immunoassays, 16 of which were lateral flow assays (LFAs, similar to 
home pregnancy tests), and 40 of which were based on 
instrumentation-based assays, including enzyme-linked immunosorbent 
assays (ELISAs) and microparticle-based assays [35]. Per the worldwide 
list maintained by the Foundation for Innovative New Diagnostics 
(FIND), as of 10/24/20, 487 serology assays, 309 of which were rapid 
diagnostic tests, were in various stages of development or regulatory 
approval status [36]. The numbers of these assays increased markedly 
during a short span of time, with 24 serology assays with an EUA and 
236 serology assays on the FIND list as of 7/12/20, indicative of both the 
diagnostic need and broad commercial market available during this 
unprecedented time [35,36]. 

Part of the demand to make serology tests available rapidly was due 
to the severity of the health and economic effects demonstrated during 
the pandemic, but there is a market-driven opportunity to develop these 
tests as well, given the potential importance of serology tests in broad 
economic reopening [21]. As of July 14, 2020, Abbott, who had two 
EUA-authorized COVID-19 serology tests in the spring, showed a 
year-to-date increase of stock price of 21.3% [37]. For a company that as 
of May 13th, 2019 had a net worth of 134.4 billion USD [38], this in-
crease is significant. Although serology tests are not the sole driver in 
increases for most established manufacturers, some manufacturers may 
have incentive to provide such tests while an unprecedented demand 
exists. The global market for serology tests has been estimated to grow at 
a rate of 8.7%, reaching 4.8 billion USD by 2025 [39]. Many of the 
companies marketing SARS-CoV-2 serological tests are established 
diagnostic companies with a solid track record of success in assay 
development, but others with tests under development are from manu-
facturers without the same history in serological or lateral flow testing 
[36,40]. Within, we outline some of the technical considerations with 
respect to immunoassay development, many of which are not trivial to 
successful implementation. 

3. SARS-CoV-2 serology assay platforms 

LFAs and other similar rapid diagnostic tests have limited processing 
requirements for the end-user, can provide yes/no or semi-quantitative 
results in typically 10–15 min and are usually deployed in the point-of- 
care setting. They have particular utility for resource-limited settings 
[15]. Often used as screening assays, the demands for these assays to 

Fig. 1. Time course of IgM, IgG, IgA development relative to exposure and 
presence of detectable levels of SARS-CoV-2 viral RNA [14]. Copyright © 2020 
Lee, Lin, Renia and Ng. This image was sourced from an open-access article 
distributed under the terms of the Creative Commons Attribution License 
(CC BY). 
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limit false positives or negatives (depending on the disease context) are 
high. With the implications of false results during COVID-19, to date 
SARS-CoV-2 serology tests irrespective of format have been carried out 
in centralized laboratories, though the first POC serology test received 
an EUA on 9/23/20 [41]. By contrast, assays such as ELISAs and 
microparticle-based immunoassays are designed to yield quantitative 
results in a laboratory setting [42–44]. Aside from submission to a 
centralized facility, sufficient sample numbers must be accumulated 
before these typically high-throughput analyses are run. In the current 
pandemic, this has been secondary to the backlog of samples awaiting 
testing, but nevertheless, these laboratory-based tests require significant 
infrastructure and equipment costs, operator skill, and take longer to 
return results to patients, typically on the order of days rather than 
minutes possible in a POC setting. With the supplies and resources of 
many laboratories straining to keep up with the demand for not only 
SARS-CoV-2 serology tests but also real-time PCR and antigen tests, 
along with their usual clinical analysis workloads for non-COVID-19 
conditions, the availability of serology tests in the POC domain may 
signal an important shift. 

3.1. Lateral-flow/immunochromatographic assays 

LFA technology emerged in the 1980s, with patents filed by in-
ventors at major companies including Becton Dickinson, Unilever, and 
Carter Wallace within a short span of time in the late 1980s for similar 
technologies [45–48]. In 1988, the first lateral flow assay released 
commercially was the Clear view home pregnancy test by Unipath, Ltd, a 
subsidiary of Unilever [49]. The patents by Unilever and Carter Wallace 
were subsequently acquired by Inverness Medical Innovations, who 
became a significant stakeholder in the lateral flow market [45]. Patents 
covering lateral flow technology have been strongly protected histori-
cally and the LFA landscape has been marked with commercial acqui-
sitions, with Inverness maintaining a dominant position [50–54]. This 
company was subsequently renamed Alere in 2010, which was acquired 
by Abbott in 2017 [55]. The global lateral flow assay market was 
reportedly worth 6.51 billion USD in 2019 and estimated to grow to 9.65 
billion USD by 2024 [56]. LFAs have continued to advance in technol-
ogy and application, with numerous patent filings and commercial and 
academic research on cassette designs, matrix improvements, processing 

methods, signaling species, and improved result readouts [57,58]. 
In most lateral flow assays, an antibody or antigen specific to the 

analyte is immobilized onto a nitrocellulose membrane by adsorption 
forming a test line (Fig. 2) [59,60]. A second zone distal to the point of 
origin is designated as a control line, where either unbound signaling 
materials or a second type of particle are captured to indicate that suf-
ficient fluid was applied for successful particle release and capillary 
flow. Remaining sites on the membrane are blocked with a non-specific 
protein in the presence or absence of a low concentration of surfactant 
(such as bovine serum albumin and Tween-20, respectively.) A glass 
fiber conjugate pad is impregnated with colloidal gold or dyed latex 
spheres that are conjugated with either another antibody or antigen 
specific to the analyte of interest. Colloidal gold is available commer-
cially in several sizes, with typical sizes of 20–60 nm used for signal 
generation in LFAs [61,62]. The small size of these particles allows for 
significant accumulation at test lines and the intense color of these 
particles aids in the detection of low level analytes, relative to larger 
latex beads (typically 100–300 μm). Functionalization of colloidal gold 
is usually through non-covalent adsorption or dative interactions with 
biomolecule thiol groups, versus latex beads which usually are cova-
lently modified [61,63]. A cellulose fiber sample pad is assembled onto 
the conjugate pad and serves to reduce interferences such as red blood 
cells, white blood cells, and particulates that may discolor the mem-
brane or alter binding of the analyte at the capture zone. An absorbent 
pad is assembled on the distal end of the membrane to serve as a wick for 
fluids passing through the assembly. The assemblies are compiled with a 
user-optimized overlap of components (in our hands, 2 mm) using an 
adhesive backing to support and retain components, then cut into strips 
typically approximately 5 mm wide [42]. A key component of these 
assays is the housing in which they are subsequently encased. Aside from 
providing physical protection to the sensitive components, the housings 
restrict evaporation from the membrane surface during running sam-
ples, thus ensuring more consistent flow. They are also designed with 
protrusions so that the LFA components remain in direct contact with 
each other, ensuring transfer of fluids from one material to the next 
(Fig. 2). They further provide the user with viewing windows and ports 
for sample and reagent addition as needed. This established technology 
allows ready access to both these standard components and a variety of 
alternate materials are commercially available while research and 

Fig. 2. Typical layout of lateral flow components. 
(Top) Lateral flow assay fluid path. The sample is 
applied to a sample pad through a port in the plastic 
housing. The sample pad is chosen to remove con-
stituents that interfere with signal generation or cause 
unnecessary background. The fluid from the sample 
then passes through the conjugate pad where the 
dehydrated signaling species (most commonly 
colloidal gold) with an attached biorecognition 
molecule becomes rehydrated. The solution then 
passes onto the analytical membrane where capture 
and control molecules are immobilized, then lastly is 
wicked by the absorbent pad at the opposite end of 
the assembly. (Bottom) The lateral flow assembly is 
inserted into a plastic housing which protects the 
sensitive components from mechanical disruption, 
keeps the strip in place during sample application, 
and restricts evaporation while the sample is being 
run. The protrusions in the device parallel to the 
membrane components are spaced to provide phys-
ical contact of the sample pad with the conjugate pad, 
the conjugate pad with the nitrocellulose membrane, 
and the absorbent pad with the nitrocellulose mem-
brane to promote and ensure consistent fluid flow. 
Image used with permission of DCN Diagnostics. (For 
interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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development on other strategies remains active. 
Most of the SARS-CoV-2 semi-quantitative serological tests rely on 

capture of anti-COVID IgG and/or IgM by immobilized anti-human IgG 
and/or anti-human IgM, respectively, subsequent to specific recognition 
of sample anti-SARS-CoV-2 antibodies using SARS-CoV-2 protein tagged 
colloidal gold for a visually-detectable signal (Fig. 3) [23]. The control 
lines in these assays are usually an immobilized antibody against the 
antigen labeled on the gold or secondary antibody against a non-specific 
antibody functionalized on the colloidal gold. This may also be against 
an antibody on a second control particle that does not participate in 
specific detection (e.g. goat anti-rabbit control line to capture rabbit IgG 
colloidal gold) [23,64]. 

Although simple technology, lateral flow assays are capable of 
detecting analytes at low concentrations in complex matrices. The limits 
of detection possible with a lateral flow assay stem from the analyte 
being forced to pass the capture lines by capillary action with minimal 
mass transfer limitations, relative to solution-phase assays which rely on 
diffusion from the bulk solution volume to a surface immobilized 
biomolecule. Further, the high binding capacity of nitrocellulose allows 
significant levels of protein to be immobilized (mg/mL range, binding 
capacity between 50 and 200 μg IgG/cm2) relative to polystyrene 
microplates (μg/mL range, binding capacity: 600–650 ng/cm2) typical 
of higher-throughput ELISAs [65,66]. These properties can mitigate the 
rapid binding kinetics required of these assays relative to the extended 
incubation times (typically 1–2 h) in a standard microplate-based ELISA 
format. 

3.2. ELISA, chemiluminescence, and microparticle-based platforms 

Laboratory-based heterogeneous serology methods for SARS-CoV-2 

rely on similar assay designs, but typically use enzymatic or chemilu-
minescent signaling in lieu of colloidal gold for signal generation. 
Another variation on assay design is the formation of sandwich com-
plexes between immobilized SARS-CoV-2 proteins, patient IgG, IgM, and 
IgA, and a second SARS-CoV-2 protein that is labeled, allowing for total 
antibody detection [67]. Such assays can provide quantitative results in 
a high-throughput manner (96-well or larger microplates), but also can 
be used for semi-quantitative or qualitative results. Available assays 
provide a read-out for total SARS-CoV-2 antibody (IgG, IgM, and IgA) or 
separate immunoglobulin classes. Commonly, such assays rely on cap-
ture of anti-SARS-CoV-2 IgG and/or IgM by immobilized SARS-CoV-2 
proteins and detection by labeled anti-human IgG and/or IgM with in-
termediate wash steps. In such assays, the target antigen is typically 
coated on the surface of microplate wells (Fig. 4A) or bead-based mi-
croparticles (Fig. 4B-D) by adsorption or covalent modification. Many of 
the high-throughput clinical analyzers rely on magnetic microparticles 
in lieu of the surface of a microwell plate which provide increased an-
tigen coating surface area, improved diffusion throughout the sample 
matrix, and reduced incubation times [68,69]. In these assays, a static 
magnet or electromagnet is used to isolate the magnetic beads from the 
bulk volume. Anti-SARS-CoV-2 antibodies potentially present in patient 
samples are incubated with the immobilized SARS-CoV-2 antigen to 
allow binding. This is subsequently followed typically by adding a sec-
ondary anti-human IgG or IgM antibody conjugated with enzyme fol-
lowed by a colorimetric, fluorometric, or chemiluminescent 
signal-producing substrate for ELISAs or chemiluminescent enhance-
ment reagent for chemiluminescent immunoassays or application of 
voltage for electrochemiluminescent immunoassays, respectively. Spe-
cific examples include horseradish peroxidase with tetramethylbenzi-
dine for colorimetric detection at 450 nm; alkaline phosphatase with 

Fig. 3. For anti-human IgG/IgM detection: (Top) If 
SARS-CoV-2 IgG is present, sandwich complexes with 
the SARS-CoV-2 protein on the colloidal gold and the 
anti-human IgG immobilized on the nitrocellulose 
membrane can be formed. A visible signal where the 
anti-IgG is captured is observed as well as a visible 
signal where a control antibody is immobilized to 
indicate successful fluid flow and conjugate release. 
(Middle) As above, but detecting anti-SARS-CoV-2 
IgM in a spatially-distinct zone (Bottom) If the anti-
body is not present or is at concentrations too low to 
yield an analyte-specific signal, a signal at the control 
line only is observed. (For interpretation of the ref-
erences to color in this figure legend, the reader is 
referred to the Web version of this article.)   

E. Ernst et al.                                                                                                                                                                                                                                    



Talanta 224 (2021) 121883

5

4-methylumbelliferyl phosphate for fluorescence detection; directly 
conjugated labels including isoluminol and acridinium derivatives with 
signal enhancement reagents for chemiluminescence and 
ruthenium-based labels for electrochemiluminescence [35]. An imaging 
microarray platform using colloidal-gold labeled antibodies similar to 
those employed in LFAs, but using silver-enhancement has also received 
an EUA [70]. 

Additions in these multi-step assays are separated by appropriate 
wash steps to remove unbound materials. The signal generated is pro-
portional to the amount of antibody-enzyme conjugate bound to the 
underlying complex. Commercially available clinical analyzers carry out 
these steps in an automated manner allowing for processing of up to 
hundreds of samples per hour (e.g., 400 samples per hour using the 
Abbott Architect i4000SR analyzer [71] and 18 min per sample using the 
Elecsys® anti-SARS-CoV-2 assay on the Roche cobas® e immunoassay 
analyzer) [72]. Some of the other platforms with currently issued EUAs 
include microfluidic devices with spatially distinct anti-IgG/IgM 
immobilization zones and analysis using fluorescent, antigen-coated 
beads and a benchtop reader [73]; a Luminex® bead-based multiplex 
platform for IgG using the N protein and RBD and S1 subunits of the S 
protein [74] (Fig. 4); and a multiplex assay based on ring-resonators 
reliant on a change in resonance wavelength upon binding of patient 
antibodies to immobilized viral antigens on a silicon chip, preceding 
goat anti-human IgG and IgM [75]. 

Aside from heterogeneous assays requiring wash steps, homoge-
neous assay platforms reliant on proximity-based signaling resulting 
from complex formation are available for SARS-CoV-2 serology assays. 
The Luminescent Oxygen Channeling Immunoassay (LOCI) technology 
from Siemens relies on anti-fluorescein isothiocyanate (FITC) coated, 
chemiluminescent microbeads (Chemibeads®) bound to a fluorescein- 

labeled RBD S1 antigen which in the presence of patient anti-SARS- 
CoV-2 antibodies forms a complex. Following a 1 min incubation, a 
biotinylated antigen is then added followed by streptavidin coated 
microbeads (Sensibeads®). The bead proximity due to the antigen- 
antibody complex formation allows for a signaling event without the 
requirement of wash steps [76]. Upon excitation at 680 nm, singlet 
oxygen is released from the Sensibead which can diffuse into the nearby 
Chemibead and triggers a chemiluminescent signal which can then be 
measured at 612 nm (Fig. 4). 

4. Challenges with serology assay development and 
implementation 

Full consideration of clinical sample matrices and assay formats is 
beyond the scope of this article, but included here are technical con-
siderations that are notable to SARS-CoV-2 serological assay develop-
ment. Readers are directed to references such as [77,78] which provide a 
thorough treatment of possible interferences in immunoassays and 
evaluation of clinical considerations. 

4.1. Sample matrix and sampling 

SARS-CoV-2 serodiagnostic assays currently use either serum, 
plasma, venous whole blood, or capillary blood [64,67,73,79]. Labora-
tory studies typically use serum or plasma as the test matrix, though 
many EUA LFAs state all three samples can be used without apparent 
preference [23]. The FDA has recommended 95% agreement across 
matrices to be considered equivalent [80]. In serology tests developed 
previously for other infectious diseases, there was no evidence of a 
difference in capillary versus venous blood for antibody concentrations 

Fig. 4. Example assay formats for anti-SARS- 
CoV-2 IgG/IgM detection designed for a 
laboratory setting. These formats commonly 
use an immobilized recombinant SARS-CoV- 
2 protein for class-specific antibody isola-
tion or total antibodies developed against 
SARS-CoV-2, followed by detection with a 
labeled secondary anti-human antibody A.) 
ELISA formats using visible, fluorescent, or 
chemiluminescent substrates in microtiter 
plates, B.) homogeneous assays reliant on 
proximity of binding entities and energy 
transfer prior to light emission. C.) magnetic 
bead-based isolation of immunocomplexes 
reliant on luminescence, or electro-
chemiluminescence detection and D.) coding 
of binding events using the Luminex® plat-
form where beads with specific dye formu-
lations are conjugated to a single SARS-CoV- 
2 protein and form a sandwich complex with 
a fluorescently labeled antibody detection 
species with separation of beads/complexes 
in a flow-based channel.   
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or profiles that impacted testing capabilities [81–83]. Thus, finger-stick 
blood obtained through a lancet, as is common with home glucometers, 
rather than venous draw which necessitates trained phlebotomists and a 
clinical setting is an option and is currently used in some EUA tests. 
Although at present there is only one assay designed for the point-of-care 
setting with an EUA, ultimately, self-sampling would reduce the risk 
exposure of healthcare providers to COVID-19 and other communicable 
diseases and allow for decentralized testing [84]. The low collection 
volumes further can facilitate testing in infants and the elderly, yet as 
most studies reference serum or plasma, the comparison to whole blood 
does warrant further investigation [15,78]. A high rate of false negatives 
was noted in a SARS-CoV-2 LFA when capillary blood rather than serum 
was used [85]. 

Heat-inactivation of serum samples for 30 min at 56 ◦C has been 
suggested to reduce virus infectivity and exposure concerns and can 
minimize background through inactivation of the complement system, 
but can also yield denaturation and aggregation of IgG and IgM thus 
interfering with serological detection [86–88]. The limited available 
information to date indicates mixed results on the subsequent impact of 
heat inactivation on immunological detection for SARS-CoV-2, indi-
cating increased false negatives in an IgM immunochromatographic 
assay and no significant impact on an ELISA for detection of IgG and IgM 
[89,90]. Dried blood spot collections provide an opportunity for greater 
access to testing through easier sample collection and submission, 
though have similarly had mixed results with one study showing a 
30-fold higher limit of detection using dried blood spots than for plasma 
but another showing comparable results [91,92]. Assays using saliva as 
a matrix offer less invasive sampling and recent studies have shown good 
correlation of saliva IgG and IgM to serum in COVID-19 patients [93,94]. 
Saliva-based antigen and molecular diagnostic assays have received an 
EUA, but no serological saliva tests have received this authorization as of 
10/24/20 [35,94,95]. 

Non-specific binding by plasma constituents in such complex 
matrices can yield false positive or false negative results [96]. Variable 
hematocrit levels can impact the rate of blood flow on the assay as a 
higher percentage of red blood cells can result in faster coagulation and 
therefore less fluid movement [97,98]. For example, blood samples from 
people with anemia or who are on anticoagulants would migrate faster 
than those with more viscous blood which may change the binding 
characteristics and assay sensitivity. Additionally, red blood cells that 
either are inadequately separated by the sample membrane or become 
lysed during processing can contribute background color that can mask 
the reaction of the target analyte. Colloidal gold usually offers a lower 
limit of detection, but the reddish-brown color may be difficult to 
discern against the background imparted by colored sample matrices 
such as whole blood, hence dyed latex microspheres which are available 
in various colors are sometimes employed in LFAs [61,97]. 

At peak levels, specific SARS-CoV-2 IgA, IgG, and IgM concentrations 
of 8.84 μg/mL, 16.6 μg/mL, and 7.25 μg/mL were observed in patient 
serum samples, respectively [19]. This concentration range is well above 
the typical pg/mL and ng/mL limit of detection of most ELISAs and 
lateral flow assays, respectively. For LFAs, the samples are usually 
applied neat to a sample well in the LFA housing followed by intro-
duction of buffer to a separate well downstream of the sample [64,99]. 
The concentrated application can allow these assays to achieve detec-
tion of relatively low-level analytes, but also can make them prone to 
endogenous or exogenous interferences as other components in the 
sample matrix are also not diluted and may increase flow challenges 
depending on sample viscosity. For SARS-CoV-2 assays, a typical volume 
ratio of sample to buffer is 1:5 to 1:10. By contrast, with ELISAs, 
chemiluminescence immunoassays, or electrochemiluminescence im-
munoassays, the samples are typically diluted more significantly and 
prior to incubation with the surface-bound antigen, reducing the po-
tential impact of the sample matrix and interpatient variability thereof. 
Dilutions of 1:50 to 1:101 are common for screening purposes and 
antibody titers may be obtained with a series of dilutions which are 

useful for quantitative characterization of convalescent plasma or un-
derstanding of seroconversion [100]. In validation panels run by the 
CDC, serum or plasma samples were diluted 1:100–1:6400 and any 
sample yielding a positive signal in an ELISA at the highest dilution was 
assigned a titer of 1:6400 [101]. 

4.2. Affinity and kinetics 

As is the case with any assay reliant on biomolecular interactions, 
binding and thus limits of detection are a function of the kinetics and 
affinity of the antigen-antibody interactions [102]. This can be a greater 
challenge in non-equilibrium-based assays such as LFAs than for assays 
that rely on prolonged incubation steps and externally applied mixing. 
Nitrocellulose membranes used for LFAs are produced commercially 
that can yield varying wicking rates and adsorption capacities. As 
nitrocellulose is formed as a fibrous matrix, rather than defined parti-
cles, membranes are characterized in terms of capillary rise rate, defined 
as the time required for a fluid to transverse 4 cm. This characterization 
is more appropriate than traditional flow rate since fluid flow is not 
constant over the length of a LFA membrane [103]. For most commer-
cially available membranes, this time varies between 60 and 180 s [42]. 
There is typically a trade-off of increasing assay speed with an increase 
in the limit of detection [104]. As the width of the test line is usually 
only on the order of 1 mm and fluid flows only in one direction, there is 
limited time for the antibody-antigen binding event to occur. If the 
capillary rise rate were to double, the limit of detection of the assay 
would be estimated to decrease four-fold [66]. The kinetics of the 
on-rate for the interaction are critical given the transient time that an 
antibody-antigen interaction can take place [105]. LFAs intended as 
SARS-CoV-2 serology assays often test for both IgG and IgM antibodies 
immobilized in spatially distinct zones. Aside from the choice in nitro-
cellulose membrane as a function of capillary flow rate, there are design 
considerations to placement of the LFA lines, with respect to the altered 
binding kinetics that occur over the length of the nitrocellulose mem-
brane [106,107]. When immobilized adjacent to the sample pad, a 
relatively large amount of fluid is available and hence fluid flow through 
the test line is at its greatest. As fluid passes further up the membrane 
towards the absorbent pad, evaporation from the surface and depletion 
of fluid from the reservoir causes fluid flow to slow [106–109]. These 
altered kinetics affect the duration of the interaction with the immobi-
lized species, having an impact on the limit of detection of these assays 
as well as the increasing the potential for non-specific interactions as the 
fluid flow is reduced [106]. 

4.3. Assay engineering 

Technical challenges with manufacturing and storage of LFAs also 
need to be considered [42,66,103,105]. For LFAs, the nitrocellulose 
membrane is made through precipitating a polymer of a defined vis-
cosity onto a backing for support [103]. These polymers can be difficult 
to generate consistently as multiple polymer grades are often blended to 
create the correct viscosity, but this mixing can lead to molecular weight 
variation between lots, which along with storage conditions of the 
membranes, can impact wicking rate [61,102,103,110]. Aggregation 
and poor release from the conjugate pad or migration through the 
nitrocellulose can occur, especially with latex beads used for signal 
generation. Additionally, inconsistent conjugate release may be caused 
by either a lack of contact or excessive compression by the housing 
leading to poor fluid transfer from the conjugate pad to the nitrocellu-
lose membrane (Fig. 3). In an independent evaluation of SARS-CoV-2 
LFAs, instances of assays not yielding a control line were noted, 
requiring the addition of another portion of buffer for the sample 
migration to be complete [96]. Such user interventions can alter the 
performance characteristics of the assay and are usually not accounted 
for by the manufacturers. These tests typically use low sample volumes 
(on the order of 10–20 μL) which can be restrictive as far as the lower 
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end of detectable analyte concentrations, including antibodies present at 
low titer [19,61,103]. Some of this may be compensated for by 
increasing immobilized biomolecule concentrations, but there is a 
binding saturation limit for the surface. Lacking sufficient adsorption 
sites, biomolecule concentrations that are too high may leach from the 
immobilization site on the nitrocellulose yielding a more diffuse line and 
increased limits of detection. Labeled particles typically undergo mul-
tiple washing steps prior to dehydration on the conjugate pads, but 
loosely adsorbed biorecognition molecules can also leach from the 
particles, yielding unlabeled entities that still capable of participating in 
the antibody-antigen complex [111]. 

In both rapid diagnostic and laboratory-based platforms, immobili-
zation onto solid supports or linkage to signal-generating species can 
yield inactivation of some potentially significant fraction of the 
biomolecule by way of denaturation, obscuring binding sites, deactiva-
tion of binding sites, or steric hindrance. Higher concentrations of 
immobilized biomolecule do not necessarily yield corresponding returns 
in assay performance. This is especially the case when biorecognition is 
reliant on a conformational change [112,113]. Hydrophilic spacers, 
selective covalent conjugation chemistry, or oriented immobilization 
strategies can be used to mitigate these effects and also reduce the 
concentrations of biorecognition element needed. In some cases, 
increasing the labeled particle or labeled antibody concentration can be 
useful to increase the signal intensity, but this may result in increased 
assay costs and potential for increased background. In sandwich LFAs, as 
there typically is either no wash step or at most only one buffer addition 
step after sample addition, assay developers need to be concerned with 
the formation of incomplete sandwich complexes. In this so-called ‘Hook 
effect’, the analyte complexes with one, but not both biomolecules used 
for recognition, hence the actual analyte concentration is lower than 
would appear based on the signal [114]. While this effect can be tested 
for by running the sample at greater dilutions, this increases per sample 
cost and reduces throughput. For LFAs, if the same signaling particle is 
used both for recognition of the analyte as well as the control line, high 
analyte concentrations may deplete the particles, yielding a reduction in 
the control signal. 

The assay dynamic range and limit of detection can be altered by the 
placement of the immobilized lines, biomolecule concentrations and 
conjugation chemistry, but are also influenced by blocking reagents and 
stabilizers added. As the surface area available in a given nitrocellulose 
membrane increases, the protein immobilization capacity increases 
[66]. The breadth of the immobilization line impacts its signal intensity, 
with greater signal intensity and lower limits of detection expected with 
narrower immobilization lines. This parameter is impacted by the 
capillary rise time of a membrane and the diluent used, which can both 
influence the opportunity for the biomolecule to spread during deposi-
tion. Reagent optimization and handling conditions during immobili-
zation, dehydration, and storage are further critical to ensure 
sufficiently active capture reagent and conjugate upon rehydration 
during the analysis. Some of this may be tempered by correct pH, salt, 
buffer, and stabilizer levels during the manufacturing of LFAs [115]. 
Optimal buffers, immobilization conditions, signaling species, housing 
designs and standards vary across assays, often necessitating 
analyte-dependent development. As proprietary information gained 
through their development or challenges within is often not reported, 
optimization of a new LFA often occurs from the ground up, without the 
benefit of a priori information [116,117]. 

4.4. Interpretation of results 

Errors in running and interpreting some assays may occur due to 
improper training of operators, failure to follow protocols, or poorly 
written protocols [116,118]. In a survey of 436 laboratories performing 
point-of-care testing before the emergence of SARS-CoV-2, 19% of 
testing personnel had not been trained or evaluated in running assays, 
and 25% did not follow the assay’s procedure [118]. The subjective 

nature of visually interpreted lateral flow assays is an inherent weakness 
in their implementation, as can be the lack of a quantitative read-out. 
The cut-off refers to the level of analyte that indicates whether a result 
is deemed diagnostically positive or negative. In a qualitative assay such 
as an LFA, this is usually the presence of a visually discernible signal 
over the background, with semi-quantitative measurements sometimes 
addressed against a color intensity chart or densitometry measurement. 
During evaluation of LFAs for SARS-CoV-2 early in the pandemic, a 
relatively high rate of false positives found in pre-COVID-19 pandemic 
samples. Of the 39 false positives observed, 22 were attributed to weak 
signals visually scored as positive results [96]. To reduce the rate of false 
positives, the cut-off for assigning a positive or negative result can be 
increased to assume a more intense signal indicating higher concentra-
tions of antibody. However, adjusting the cut-off results in a trade-off. 
While increasing the criteria for visually assigning a sample as positive 
improved the specificity through reducing false positives, it also 
decreased the sensitivity through yielding more false negatives for these 
point-of-care assays [96]. 

Similarly, considerations for instrument-based assays include the 
selection of an appropriate threshold signal whereby signals below this 
value are deemed non-reactive and those above this value are deemed 
reactive. For example, in a colorimetric SARS-CoV-2 IgG ELISA, signals 
above an OD490 = 0.15 were reported as a presumptive positive result 
[119]. Results are also expressed as a signal/cut-off ratio where the 
signal from the patient sample is reported with respect to that of a 
calibrator. For example, in the Euroimmun colorimetric SARS-CoV-2 IgG 
ELISA, a ratio of <0.8 would be deemed negative, ≥1.1 positive, and 0.8 
to 1.1 borderline [100]. The selection of this level has implications for 
the rate of false negatives and false positives. Assay performance be-
comes more variable for assays if the peak window for antibody devel-
opment in the course of the infection is missed, hence multiplex assay 
designs targeting multiple immunoglobulin classes have a sensitivity 
advantage. The time needed until detection is possible in patient sam-
ples depends on the performance of the individual assay and has been 
defined by variable criteria making comparisons difficult [23]. By 
adjusting the threshold and time post symptom onset for samples, re-
ported performance of commercial assays could be adjusted to meet a 
desired specificity level [120]. 

5. SARS-CoV-2 antigen selection and cross-reactivity 

The structure of SARS-CoV-2 is typical of coronaviruses, consisting of 
nucleocapsid (N), membrane (M), envelope (E) and spike (S) proteins 
(Fig. 5) [121,122]. This is an enveloped, positive sense RNA virus 

Fig. 5. Structure of SARS-CoV-2 consisting of envelope (E), membrane (M), 
spike (S), and nucleocapsid (N) proteins, the latter of which is complexed with 
single stranded RNA in the interior of the virus particle (Approximate protein 
copy numbers sourced from Refs. [122].). 
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approximately 150–160 nm in diameter [123]. The most commonly 
used antigens for testing SARS-CoV-2 immune response have been the N 
and S proteins. The phosphorylated N-protein binds to the viral RNA 
genome and is an approximately 50–60 kDa non-glycosylated species 
present in high abundance [124]. The S proteins are ~150 kDa glyco-
proteins with significant N-linked glycosylation which form trimeric 
species responsible for interaction with host cell receptors [121]. An 
estimated 74 S proteins and 1000 N proteins are present per virus par-
ticle, respectively [121,125]. S proteins are composed of two subunits, 
S1 and S2. The receptor binding domain (RBD) formed from the distal 
tips of the S1 subunit, binds to receptors on the host cell, whereas the S2 
domain mediates fusion with the cell membrane [126,127]. The known 
coronavirus types that infect humans (OC43, HKU1, NL63, and 229E) 
have variable modes of entry into host cells. OC43 and HKU1 bind to 
5-N-acetyl-9-O-acetyl-sialosides on host cell surface glycoproteins; 229E 
binds to CD13, whereas NL63, SARS, and SARS-CoV-2 target the 
angiotensin-converting enzyme 2 (ACE-2) receptor [126,128,129]. The 
affinity of ACE-2 for the S1 subunit constituting the RBD of SARS-CoV-2 
is reportedly at least 10-fold greater than for SARS which may contribute 
to its greater infectivity [130]. 

Given the high prevalence of endemic coronaviruses, cross- 
reactivities with conserved viral antigens are a concern for assay 
development. Specificity towards SARS-CoV-2 in these tests is conferred 
by either S or N proteins, both of which have been shown to prompt an 
immune response and yield neutralizing antibodies [12,131]. The N 
protein is expressed at high levels and is responsible for early immune 
response in SARS [132,133]. As it is not glycosylated, it can readily be 
expressed in high yield and comparatively low cost in bacterial 
expression systems and its recombinant form would mimic the antibody 
binding to the natural virus [133,134]. However, there is approximately 
90% shared sequence identity of the SARS-CoV-2 N-protein with SARS, 
and ~49% and 20–36% sequence identity with MERS-CoV and less 
pathogenic coronaviruses (HCoV-OC43, 229E, NL63, HKU1), respec-
tively [12,123,135,136]. A pilot study examining cross-reactivity of the 
S and N proteins of SARS-CoV-2 versus the less pathogenic viruses 
showed that the N protein had more cross-reactivity, reducing its appeal 
as a focus for serological tests [137]. With SARS, cross-reactivity against 
the N protein from mild CoV strains such as OC43 and 229E was 
believed to contribute to false positives in samples tested from various 
patient populations [132,138]. This may be tempered through selection 
of unique epitopes of the N-protein, though given the homology, the use 
of the N-protein as an antigen would be unlikely to confer specificity 
between exposure to SARS or SARS-CoV-2 [123]. However, given the 
low prevalence of SARS in most populations, with no new reported cases 
worldwide since 2004 [139], this cross-reactivity would seem an 
insignificant source of error. The ubiquity of strains responsible for 
symptoms of the common cold is a larger concern, despite lower ho-
mology. While sera obtained from patients before the start of the 
pandemic can be used as negative controls, the limited availability of 
positive control sera from patients without prior immunity to these 
strains can be a challenge for assay development [140,141]. 

The S-protein is more integral to the viruses’ interaction with the cell 
and the SARS-CoV-2 S-protein shares only 75% homology with the SARS 
spike protein, with 28–33% amino acid sequence identity with other 
human coronavirus strains [12,142]. The ELISA developed by the CDC 
uses the S-protein and showed significant cross-reactivity with MERS 
and SARS, though recognition by sera from NL63, OC43, 229E, and 
HKU1 was below the limit of detection [143]. Within the S protein, there 
was ~90% sequence identity with SARS for the S2 domain and this re-
gion was 35–43% homologous to other coronaviruses [12]. The differ-
ences across human coronaviruses primarily lie in the S1 domain, with 
66% homology to SARS and only 21–25% amino acid identity shared 
with other human coronaviruses [12]. Hence reliance on it for detection 
would be expected to yield less cross-reactivity not only with SARS, but 
also with other less pathogenic and more common strains. The N-ter-
minus of the S1 domain of this protein has even less homology between 

strains, with 51% homology between SARS and SARS-CoV-2 [142]. 
Though the receptor binding domain (RBD) on the C-terminus portion of 
S1 has 74% homology with the RBD of SARS [142], it has also been 
shown to provide high specificity towards SARS-CoV-2 versus HKU-1, 
NL63, OC43, and 229E, (19–21% amino acid identity) [12,131]. Thus 
the N-terminus of S1 and the RBD are both critical determinants for 
neutralizing antibodies [131]. In SARS, antibodies against the S-protein 
developed later in the infection, whereas antibodies against the N-pro-
tein were more readily detectable early in the infection and in mildly 
infected patients [12,133,144]. This can be a concern for serological 
diagnostics as a differential expression of IgG/IgM against N and 
S-proteins has been observed in patients with varying disease severity 
and time-course [145]. Some assays are designed to monitor antibodies 
to multiple SARS-CoV-2 proteins, providing a more comprehensive un-
derstanding of immune response [74]. Potential cross-reactivity towards 
not only other coronaviruses, but also viruses such as HIV, hepatitis B 
virus, and Epstein-Barr virus should also be evaluated, including an 
assessment of assays deployed in regions with more endemic infectious 
agents [15]. 

6. The push for regulation of SARS-CoV-2 serology assays 

On February 4, 2020, the Secretary of the Department of Health and 
Human Services (HHS) declared that SARS-CoV-2 was a significant 
threat to the health and security of United States citizens abroad which 
warranted authorization of diagnostics, PPE, and alternative medical 
treatments for emergency use [146]. The FDA issued a guidance docu-
ment for EUAs for In Vitro Diagnostics 25 days after the announcement 
from HHS, with non-binding recommendations for serology tests sub-
sequently being released in early May 4, 2020 [12,80]. The goal of 
issuing this guidance document was to expedite the availability of tests 
developed by both laboratories and commercial manufacturers [80]. 
Until an assay received an EUA, it was not authorized for use. For 
serological tests, the FDA suggests cross-reactivity or analytical speci-
ficity, class specificity, and clinical agreement studies to establish per-
formance characteristics. Cross reactivity studies carried out by test 
manufacturers commonly assess response from antibodies that bind to 
multiple strains of the coronavirus, other common human pathogens, 
including hepatitis B virus and influenza virus, and autoimmune 
markers, including anti-nuclear antibodies and rheumatoid factors [100, 
147]. Class specificity refers to the ability of an assay to discern between 
different immunoglobulins, typically IgM and IgG in SARS-CoV-2 testing 
[80]. If testing for total antibodies in clinical specimens, the test should 
demonstrate a minimum sensitivity of 90% and a minimum specificity of 
95%. If the test is antibody specific, the test should demonstrate a 
minimum sensitivity for IgG of 90%, a minimum sensitivity for IgM of 
70%, and a minimum specificity of 95% [80]. 

The Clinical Laboratory Improvement Act (CLIA) was passed in 1988 
to ensure a high quality of laboratory testing on human specimens used 
for diagnosing, preventing, or treating disease [148]. Tests are catego-
rized as either low, medium, or high complexity depending on criteria 
including technical knowledge and extent of reagent or material prep-
aration [148]. Test manufacturers can apply for a CLIA waiver if the 
particular test is simple to carry with a low rate of error and risk of 
incorrect results [149]. Laboratory-based assays for SARS-CoV-2 are 
deemed moderate to high complexity and hence are limited to CLIA 
certified sites with this clearance [35,100]. During the pandemic, the 
FDA deemed any EUA point-of-care test to be CLIA-waived and hence 
could be carried out in facilities that have a CLIA waiver [26]. However, 
until the test received an EUA, was deemed high complexity by default 
and as of 10/24/20, all serology tests with the exception of the one 
point-of-care assay remain moderate to high complexity assays [35, 
150]. Additional considerations would apply for potential home use 
[80]. 

To facilitate the deployment of serology assays, on April 28, 2020, an 
umbrella EUA was issued by the FDA to centralize validation and 
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streamline review. Assays covered under this umbrella EUA were only 
those intended for use in moderate to high complexity CLIA labs. Tests 
eligible for the umbrella EUA were required to undergo an independent 
validation by the National Cancer Institute (NCI) or another agency 
designated by the FDA [35]. In some cases, tests that had been inde-
pendently validated by commercial laboratories were also directed to 
the NCI to confirm their studies. The NCI independently assessed 
SARS-CoV-2 serology tests from commercial manufacturers against a 
panel of known positive and known negative samples. Thirty samples 
collected from nucleic acid positive patients were used in the panel 
along with 80 negative samples collected before the 2020 pandemic, 
including 10 HIV positive samples. The presence of antibodies (IgG, IgM 
and RBD) in the panels in these samples were confirmed using 
well-established ELISAs [101]. Out of the 73 serology tests assessed in 
this study to date, 26 assays yielded performance consistent with their 
validation and were granted EUA status [151]. Others were voluntarily 
withdrawn by the manufacturers or removed from the EUA notification 
list and not issued an EUA. Removal from the notification list occurred 
due to some manufacturers not submitting an EUA request within the 
requisite time frame, significant quality control or performance issues 
that could not or had not been addressed in a reasonable time period, or 
voluntary withdrawal of the notification to distribute by the manufac-
turer [23]. Two EUAs were revoked for tests after they were found 
through further testing to have very poor diagnostic sensitivity despite 
promising early pre-authorization data [151–153]. However, some ca-
veats with the NCI assay validation process apply, including a lack of 
understanding of whether the sample panel employed was representa-
tive of the general population; that only serum or plasma samples were 
included, not whole blood; and that information on anticoagulants used 
in these samples was not known [151]. The process to obtain an EUA 
evolved during the course of the pandemic along with submission ex-
pectations. Without clear benefit to streamlining the EUA process, the 
umbrella EUA was subsequently revoked as of July 21, 2020 in lieu of 
issuing individual EUAs to address assay specific considerations and 
applications [35]. As of October 7, 2020, per the FDA, the current pri-
ority of EUA review requests is for assays that can be employed in the 
point-of-care setting, those for home use or home sample collection, 
those that reduce dependence on testing supplies, and those that are 
high-throughput and widely distributed [32]. 

7. Clinical performance and utility of serology assays for SARS- 
CoV-2 

The technical considerations behind assay design and corresponding 
analytical performance underlie the ability of an assay to assess patients 
clinically. Analytical sensitivity and limit of detection are often used 
interchangeably, but while an assay with greater sensitivity, defined as 
the slope of the relationship between response versus concentration, can 
yield a lower limit of detection, the noise and reproducibility of the 
assay must also be considered [154]. The FDA defines sensitivity as the 
lowest analyte concentration in the matrix that can be measured with 
acceptable accuracy and precision (i.e., lower limit of quantification, 
LLOQ) [155]. An assay that has a low limit of detection will be able to 
detect IgG/IgM at earlier time points after symptom onset and would be 
more likely to detect positive patients that may have a lower antibody 
titer, yielding fewer false negatives (improved clinical sensitivity). As-
says with greater analytical specificity are less likely to yield false pos-
itive results (improved clinical specificity) due to reduced non-specific 
interactions and cross-reactivity to other viruses. The value of a positive 
or negative result in a population is encompassed in its positive or 
negative predictive value. In a population where the disease is prevalent, 
a positive result would be more likely to indicate a true positive case and 
the PPV would be greater, and vice versa for the NPV [156,157]. 

Numerous studies have surveyed the clinical performance of specific 
SARS-CoV-2 serology assays to date, many of which are compiled else-
where [15,23,78,96,117,142,151,158–162]. Some of these tests 

indicated an insufficient diagnostic reliability for patient testing while 
others demonstrated clinically solid performance. ELISA and chem-
iluminescence immunoassays tended to yield improved diagnostic sen-
sitivities in various surveys versus LFAs, with the latter showing 
moderate rates of both false positives and false negatives in studies using 
multiple LFAs [96,99,161,162]. The majority of the assays voluntarily 
withdrawn or not issued an EUA were LFAs [151]. The engineering 
design of these assays likely varied (e.g., signaling species concentration, 
particle diameter, capillary flow rate, antigen, immobilized concentra-
tions, and analyte) impacting their analytical sensitivity and specificity. 
Such technical parameters are often not detailed in clinical performance 
evaluations. Further, the review status by regulatory bodies of assays 
used in peer-reviewed publications is often not known. Thus, it is 
important to consider the technical design and validation status given 
the challenges with assays released without full vetting especially early 
in the pandemic. Some of these assays had good clinical accuracy and 
with limited access to tests, it is also important to consider that currently 
available assessments of test performance review only a sampling of 
available assays. 

Evaluating comparative assay performance in the context of disease- 
development timeline and patient populations is also critical to assess-
ment of the accuracy of reported results from serology assays. Assays 
reliant on total antibody detection or a combination of IgG, IgA, and IgM 
have yielded improved sensitivity versus IgG or IgM alone [15,159]. 
With IgG antibody levels reaching a maximum titer approximately two 
to three weeks after symptom onset, improvements in diagnostic sensi-
tivity would be expected over this period [121,122]. IgG tests offer more 
consistency and potentially pertinent information on long-term immu-
nity. However, the duration of IgG presence in the body in response to 
the virus is not yet known [163]. Neutralizing antibodies against SARS 
peaked four months after disease presentation and could be detected in 
serum through 16 months, but declined to undetectable levels by 24 
months [164]. Available studies show antibody levels dropping amongst 
patients that elicited an immune response to SARS-CoV-2 with one study 
showing a median decrease in IgG antibodies from the acute phase to the 
convalescent phase of infection of 71.1% in asymptomatic patients and 
76.2% in symptomatic patients [165]. At least one study found 
confirmed positive patients, especially those who had been asymptom-
atic, to become seronegative for IgG in the convalescent phase, although 
the universality of this finding requires further understanding [117, 
166]. Such studies may need to be taken into context with the antigen 
used in the assay employed. Recent studies indicated stability of 
SARS-CoV-2 IgG for at least three months using a spike trimer antigen 
whereas one using a linear segment of the C-terminus region suggested 
an earlier decline [93,165,167]. Further, it has been shown that viral 
RNA can persist for more than 20 days after symptom onset, hence it is 
not clear whether the presence of antibodies indicates lack of infectivity 
[146,168]. 

The comparator for assay performance is also important. Some as-
says are compared for their clinical performance against RT-PCR results 
rather than a vetted antibody assay which has significant timing con-
siderations. RT-PCR assays have high specificity, indicating few false 
positives, however, for an assay to yield an accurate negative result and 
thus high sensitivity, the virus needs to be present at detectable levels in 
the given sample, leading to concern over sampling technique, timing of 
collection, and virus migration to other parts of the body [169]. Other 
assays have been compared to viral neutralization assays, which may 
provide a better understanding of possible protective immunity [99]. 
While our understanding of the protection afforded by SARS-CoV-2 
antibody development continues to evolve, such assays may be able to 
provide a surrogate to such viral neutralization assays when addressing 
a universal need for convalescent plasma [99,119]. As such assays 
typically require the use of the actual pathogen to assess prevention of 
infectivity in cell culture, most laboratories are not equipped for the 
necessary Biosafety Level 3 (BSL3) conditions. The availability of this 
testing is thus limited and assays that allow quantification of antibodies 
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against epitopes of SARS-CoV-2 known to yield neutralization of infec-
tivity will be critical. For vaccine development, a need for serological 
assays that can distinguish between immunity induced by natural 
infection and that induced by vaccination will be key. 

8. Conclusions and future outlook 

The limited availability, but high demand for, diagnostic or sero-
logical testing for SARS-CoV-2 led to an influx of tests without the usual 
FDA-mandated vetting process. In vitro diagnostic companies were 
under pressure to both increase testing capacity while at the same time 
facing scrutiny of politicians, the media, and general public. This led to 
instances of premature marketing of some assays that showed poor 
sensitivity, specificity, or both. While most of these assays were and are 
based on well-established lateral-flow assay and ELISA platforms, the 
technical considerations to developing such assays are not trivial despite 
apparent simplicity for the end-user. Many of these assays were subse-
quently withdrawn from regulatory review due to sub-par performance. 
Regulatory and commercial efforts evolved to validate the many assays 
being produced thus limiting the impact of poor performing assays on 
clinical use and epidemiology. However, there is a sizeable market for 
COVID-19 serological assays and numerous assays based on the same 
well established platforms remain awaiting potential clearance for dis-
tribution. With the number of assays that submitted notification, but did 
not advance to receive an EUA to date, one question is whether these 
additional assays provide technical improvements or only put a strain on 
resources for validation and regulatory consideration. Focusing efforts 
on developing and distributing a few, well-vetted assay platforms rather 
than spreading available resources and regulatory efforts on redundant 
technologies would seem prudent. It is critical to have sound serology 
assays to allow health care professionals to better track the extent of the 
spread of SARS-CoV-2 in populations, understand the implications of the 
presence of antibodies for immunity to reinfection and the effectiveness 
of future vaccination campaigns, and help develop strategies for 
containment of future COVID-19 outbreaks. 

From a broader analytical perspective, some of the issues within 
should perhaps give scientists pause for reagents or kits marketed for 
‘research use only’ that do not face the same scrutiny and validation that 
was observed during the pandemic. The costs of such assays are often 
prohibitive for most laboratories to carry out in-house validation, yet 
important decisions and research directions are based upon their output. 
While not used for clinical decision making, the importance of qualified 
reagents and assays to basic science cannot be overlooked. 
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