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ABSTRACT: Point-of-care (POC) detection technologies that enable decentralized, rapid, sensitive, low-cost diagnostics of COVID-19 infection are urgently
needed around the world. With many technologies approved for commercialization
in the past 10 months, the ﬁeld of COVID-19 POC diagnostics is rapidly evolving.
In this Perspective, we analyze the current state of POC technologies for the
diagnosis and monitoring of COVID-19 infection and discuss future challenges in
COVID-19 diagnostics. As the COVID-19 pandemic becomes endemic, the
advances gained during this past year will likely also be utilized for future
prediction of emerging outbreaks and pandemics.

testing expansion.6,17 Such POC devices could enable the
convenient acquisition of information about both viral presence
and host response (e.g., antibodies) in nonlaboratory settings
with rapid turnaround times. The deployment of testing
solutions out of centralized laboratories, for instance, at the
primary or urgent care level, could be a key step for the rapid
detection and identiﬁcation of COVID-19 and prevention of
transmission to the community.6 Point-of-care devices oﬀer the
possibility of (i) using more portable and cost-eﬀective
instrumentation; (ii) eliminating sample transport to a clinical
laboratory for analysis; (iii) reducing sample processing; (iv)
using samples, such as saliva or anterior nasal swabs, that do not
require trained personnel for collection; and (v) measuring
diﬀerent entities (virus, antigen, antibodies) in symptomatic or
asymptomatic patients that could contribute to precise
determination of individuals who would beneﬁt from clinical
care or would require quarantine.
The type of diagnostic solutions needed depend on the
throughput, portability, cost, and barriers to regulatory
approvals. The testing solutions could be deployed out of

S

ince the severe acute respiratory syndrome (SARS-CoV2) jumped from an animal reservoir to humans in
December 2019, it has rapidly spread across the world,
bringing critical challenges for public health, including being the
number one cause of death in the United States in early 2021,
disruption to daily life, and economic losses to businesses and
individuals.1−3 The COVID-19 pandemic has highlighted the
need to diagnose the disease rapidly and accurately at scales
larger than ever before.4 Models have predicted that millions of
tests per day are needed to remobilize the economy fully.4,5
However, many factors have contributed to a less-than-optimal
availability of testing, including the shortage of laboratory
supplies (which also impacts non-COVID testing) and test kits
and the inability to scale the supply chain to meet demand.6,7
Although the current gold standard diagnostic method for the
detection of COVID-19 is reverse transcription polymerase
chain reaction (RT-PCR) for the RNA of SARS-CoV-2,8−10
loop-mediated isothermal ampliﬁcation (LAMP) processes (e.g.,
reverse-transcription LAMP, RT-LAMP) are also gaining
attention.11−15 Many specimens are approved for use in nucleic
acid ampliﬁcation tests, with the most common being
nasopharyngeal (NP), nasal midturbinate, anterior nares, and
saliva.16 It should be noted that swab-based samples are placed
in a liquid transport medium, which is then subsequently
analyzed.
The development of rapid, point-of-care (POC) molecular
diagnostic tests that have sensitivity and speciﬁcity comparable
to the current gold standard techniques can signiﬁcantly aid
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collected and placed into the test for analysis. Likewise, the use
of anterior nares (nasal) swabs, midturbinate swabs, or saliva as
sample types is recommended to avoid the use of incorrect
techniques that could result in patient harm.
When a subject exhibits signs of COVID-19, physicians need
to test for the presence of COVID-19 and to quantify the
severity of the disease, which can range from mild to critical.
Symptomatic patients are isolated while awaiting test results.
Highly suspect cases may remain isolated based on clinician
judgment until follow up conﬁrmatory testing through either
repeat molecular methods or serology. Based on the illness
severity and comorbidity conditions, physicians need to decide if
the subject will require guideline-directed therapeutic management in the appropriate setting. Early and accurate testing is
necessary to help guide the decision as to which clinical path the
patient might follow. Consequences of these delays in hospitals
include poor patient ﬂow and possible nosocomial transmission.21 Therefore, rapid and accurate POC tests that can
detect acute or past SARS-CoV-2 infections and that do not rely
on centralized laboratories are urgently needed to lighten the
demand for tests in hospitals and to ensure faster results to the
population.

The development of rapid, point-ofcare molecular diagnostic tests that
have sensitivity and speciﬁcity comparable to the current gold standard
techniques can signiﬁcantly aid testing
expansion.
centralized laboratories and could oﬀer throughputs ranging
from thousands of tests per day to one test for personal use.
Figure 1 shows the COVID-19 portable diagnostics options.
The size of the diagnostics solution is typically inversely
proportional to the portability and is directly proportional to the
testing capacity. Whereas POC technologies are considered for
self-use using hand-held devices, other factors for portable
approaches such as a mobile laboratory, a self-contained
benchtop system, or a suitcase that can be used for testing in
large, medium, or small gatherings of people, respectively,
should also be considered.
Point-of-care approaches are those that can provide results at
the point of use, such as at home, or in hospitals, urgent care
centers, elderly care centers, emergency rooms, or other settings,
instead of samples being sent to a laboratory. These tests can still
be used under the auspices of a Clinical Laboratory Improvement Amendments (CLIA) certiﬁed laboratory or used by an
individual for self-testing. The tests may require a trained
individual to collect the sample and to perform the analysis or
they could also be used for self-testing by the patient themselves.
Receiving a result should be as rapid as possible and not limited
by the assay itself, but by the data and information management
system used by the company or hospital providing the assay.
The United States used Emergency Use Authorization (EUA)
to enable emergency use of in vitro diagnostics for detection of
SARS-CoV-2 or diagnosis of COVID-19 to expedite the process
of such devices entering the commercial market.18 After EUA
authorization, the test is categorized and can be performed in a
particular setting under CLIA (e.g., moderate complexity or
POC). This policy does not apply to at-home testing.19 In
addition, EUA requests for COVID-19 diagnostic tests that can
be performed entirely at home or in other settings outside a lab
have their own recommendations concerning what data and
information should be submitted with the request.20 For
instance, due to the greater potential for error in specimen
collection at home, the FDA recommends that the device has an
internal control to indicate that an adequate human sample was

WHAT SHOULD BE DETECTED?
Currently, there are three types of COVID-19 tests: molecular
diagnostics, antigen tests, and antibody tests (Table 1).
Molecular diagnostics tests indicate the presence of the SARSCoV-2 RNA, antigen tests detect speciﬁc proteins from the virus,
and antibody tests determine whether the individual has
developed antibodies to the virus.22,23 For molecular tests, the
available targets are diﬀerent regions of the RNA genome,
whereas for antigen tests, the targets are the available structural
proteins (antigens) that are anchored on or inside the viral
envelop (Figure 2). SARS-CoV-2 virus contains a singlestranded RNA that includes target genes such as ORF1b,
ORF8, N-protein, S-protein, RNA-dependent RNA polymerase,
and envelope genes.24 The four major structural proteins are the
spike surface glycoprotein (S), small envelope protein (E),
matrix protein (M), and nucleocapsid protein (N).25
MOLECULAR, ANTIGEN, AND ANTIBODY TEST
POINT-OF-CARE DEVICES
The high speciﬁcity of RT-PCR and its ability to make billions of
copies of a speciﬁc RNA or DNA sample rapidly make this
ampliﬁcation method the current gold standard for the detection
of the SARS-CoV-2 virus. However, the reliance on thermal

Figure 1. Our vision for COVID-19 portable diagnostics options.
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Table 1. COVID-19 Tests: Relevant Featuresa

a

Based on refs 22 and 40. NP = Nasopharyngeal.

and the ease of translation to a point-of-use device, as these
technologies eliminate the need for precise thermal cycles to
achieve RNA ampliﬁcation.11,12 Additional advantages are the
possible elimination of the viral puriﬁcation step, and the
simpliﬁcation of the instrumentation complexity.11,12 Shortly
after the pandemic started, Abbott Diagnostics Scarborough,
Inc. released the ID NOW COVID-19 test which uses RTLAMP. This was the ﬁrst isothermal technology to receive EUA
authorization for COVID-19 testing.26 Cue COVID-19 Test
(Cue Health, EUA approved) utilizes isothermal ampliﬁcation
(20 min) in a single-use cartridge that detects the virus from
direct nasal swabs with a limit of detection of 20 genome copies
per sample using an electrochemical detection method.14 The
reader, which is not included in the test cartridge pack, can run
thousands of tests before it needs to be replaced.28 Similar to the
EUA-approved PCR devices, ID NOW COVID-19 and Cue
COVID-19 Test are authorized for use at the POC (i.e., in
patient care settings operating under a CLIA Certiﬁcate of
Waiver, Certiﬁcate of Compliance, or Certiﬁcate of Accreditation). On March 5, 2021, Cue Health took an important step
when the Cue COVID-19 Test for home and over the counter
(OTC) use was approved for nonprescription home use, thus
becoming the nation’s ﬁrst molecular diagnostic test available
without a prescription to consumers for home use and to
enterprise users and healthcare professionals without CLIA
certiﬁcation.14 Another example of a single-use test is the Lucira
COVID-19 All-in-One Test Kit (Lucira Health, Inc.). This rapid

cycling makes it diﬃcult to translate this technology to a
portable device due to the variance and accuracy in temperatures
needed to amplify the genetic material in the sample. Likewise,
the standard RT-PCR protocol utilizes an RNA extraction and
puriﬁcation step using commercially available kits. The RNA
extraction kit not only extracts the RNA from the virus but also
puriﬁes the RNA and may also concentrate it depending on the
volume of ﬂuid used after puriﬁcation, hence contributing to
improving assay sensitivity.
Successful examples of EUA-approved RT-PCR-based POC
devices are the Xpert Xpress SARS-CoV-2, Xpert Xpress SARSCoV-2/Flu/RSV, Xpert Xpress SARS-CoV-2 DoD (all three
from Cepheid), Accula SARS-CoV-2 Test (Mesa Biotech Inc.),
cobas SARS-CoV-2 and Inﬂuenza A/B Nucleic Acid Test
(Roche Molecular Systems, Inc.), BioFire Respiratory Panel 2.1EZ (BioFire Diagnostics, LLC), and Visby Medical COVID-19
Point-of-Care Test (Visby Medical, Inc.).26 One example, the
Visby Medical test, is a single-use (disposable), fully integrated
test, where anterior nasal or midturbinate swabs samples can be
self-collected by individuals 18 years of age or older, under the
supervision of a health care provider.27 All of these EUAapproved tests are authorized for use at the POC (i.e., in patient
care settings operating under a CLIA Certiﬁcate of Waiver,
Certiﬁcate of Compliance, or Certiﬁcate of Accreditation).
Isothermal ampliﬁcation-based approaches have recently
generated signiﬁcant attention for detection of SARS-CoV-2
virus due to the simplicity of this technology (typically one-step)
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Figure 2. Summary of human samples where the SARS-CoV-2 virus can be found, targets that can be tested, and detection platforms used in
Emergency Use Authorization (EUA)-approved point-of-care (POC) devices. Blue row connects viral RNA with sample source and molecular
ampliﬁcation technologies. Green row connects viral proteins with sample source and technologies used for antigen tests. Red row connects
antibodies with blood sources and technologies used for antibody tests. RT-PCR, reverse-transcription polymerase chain reaction; RT-LAMP,
reverse-transcription loop-mediated isothermal ampliﬁcation; and LFIA, lateral ﬂow immunoassay.

(they do not quantify the viral load in the sample). As seen in
Table 1, antigen devices also have high false-negative rates.
Thus, a negative test result may occur if the level of antigen in a
sample is below the detection limit of the test.
Successful examples of antigen EUA-approved POC devices
are the LumiraDx SARS-CoV-2 Ag Test (LumiraDx UK Ltd.),
CareStart COVID-19 Antigen test (Access Bio, Inc.),
BinaxNOW COVID-19 Ag Card (Abbott Diagnostics Scarborough, Inc.), BD Veritor System for Rapid Detection of
SARS-CoV-2 (Becton, Dickinson and Company, LLC), Clip
COVID Rapid Antigen Test (Luminostics, Inc.), QuickVue
SARS Antigen Test, Soﬁa 2 SARS Antigen FIA, Soﬁa 2 Flu +
SARS Antigen FIA (all three from Quidel Corporation), and
Status COVID-19/Flu (Princeton BioMeditech Corp.). All of
these technologies provide qualitative detection of the
nucleocapsid protein antigen from SARS-CoV-2. Therefore, all
of them include an extraction buﬀer to disrupt the virus particles
present in the specimen and expose the internal viral
nucleoproteins.26 Likewise, all of these EUA-approved technologies are authorized for use at the POC (i.e., in patient care
settings operating under a CLIA Certiﬁcate of Waiver,
Certiﬁcate of Compliance, or Certiﬁcate of Accreditation) and
require trained operators.
In December 2020, the Ellume COVID-19 Home Test
(Ellume Limited, EUA approved) became the ﬁrst antigen test
to be authorized for nonprescription, OTC home use.31 The

(30 min) RT-LAMP-based hand-held battery-powered device,
which received the ﬁrst FDA authorization for COVID-19 selftesting at home, enables individuals 14 years and older to test
themselves using self-collected nasal swabs.15

Isothermal ampliﬁcation-based approaches have recently generated signiﬁcant attention for detection of the
SARS-CoV-2 virus due to the simplicity
of this technology (typically one-step)
and the ease of translation to a pointof-use device.
Antigen tests rely on speciﬁc monoclonal antibodies to detect
the SARS-CoV-2 structural proteins. These tests have been
highlighted as a potentially important tool in an overall
community testing strategy to reduce transmission.29 Although
most of the currently available antigen tests target the N-protein,
the use of the S-protein may be more speciﬁc because this
protein has less sequence homology with the previous SARSCoV and MERS viruses.30 Antigen tests are faster than PCR
techniques (providing results in a few minutes); however, they
are inherently less sensitive as no ampliﬁcation of the target is
involved. Likewise, these tests provide qualitative results only
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important because even vaccinated patients, while asymptomatic, may still carry and transmit live virus from the upper
airway.43 Some speciﬁc points are expanded below.

Ellume test is not yet available for purchase, however the
estimated cost is $30. Another antigen home test is the
BinaxNOW COVID-19 Ag Card Home Test (Abbott
Diagnostics Scarborough, Inc., EUA approved).32 Unlike the
Ellume device, this test requires a prescription and is to be
performed only under the supervision of a telehealth proctor.
On March 31, 2021, tests from the BinaxNOW family were
authorized for nonprescription home use with self-collected
samples from individuals aged 15 years and older or adultcollected anterior nasal swab samples from individuals aged 2
plus years old (BinaxNOW COVID-19 Antigen Self-Test33 and
BinaxNOW COVID-19 Ag Card 2 Home Test).34 The options
of at-home tests have also been expanded with the new members
of the QuickVue family, the QuickVue At-Home OTC COVID19 Test35 and the QuickVue At-Home COVID-19 Test.36
These devices clearly indicate a trend in the antigen testing
market focusing on at-home testing.
The detection of antibodies to the SARS-CoV-2 virus cannot
be considered an “immunity passport” or “risk-free certiﬁcate”. It
is currently unknown if people who have recovered from
COVID-19 and have antibodies are protected from being
infected again, because some conﬁrmed and suspected cases of
reinfection have been reported.37,38 Likewise, depending on the
timing of infection and sampling for serologic testing, recently
infected individuals may be antibody positive while still
shedding the virus.39 However, important roles such as
determining the true prevalence of this virus and monitoring
the temporal immune responses in vaccine recipients are
expected to be accomplished by serologic testing.39
Although more than 100 serology tests have been EUA
approved (including EUA submission pending) in recent
months, only a few of them have been approved as POC
devices: Assure COVID-19 IgG/IgM Rapid Test Device
(Assure Tech.), RightSign COVID-19 IgG/IgM Rapid Test
Cassette (Hangzhou Biotest Biotech), RapCov Rapid COVID19 Test (Advaite, Inc.), MidaSpot COVID-19 Antibody Combo
Detection Kit (Nirmidas Biotech, Inc.), and Sienna-Clarity
COVIBLOCK COVID-19 IgG/IgM Rapid Test Cassette
(Salofa Oy).26 Similar to the EUA-approved molecular and
antigen devices, EUA-approved antibody tests are authorized for
use at the POC (i.e., in patient care settings operating under a
CLIA Certiﬁcate of Waiver, Certiﬁcate of Compliance, or
Certiﬁcate of Accreditation). Most of these devices provide
qualitative detection and diﬀerentiation of IgM and IgG
antibodies to SARS-CoV-2 in human venous whole blood,
serum, and plasma, or ﬁnger-stick whole blood. All these tests
are rapid (10−20 min) and include control lines.

• Molecular diagnostics tests such as RT-PCR are the gold
standard for detecting the presence of SARS-CoV-2 virus
due to high sensitivity and reliability. However, these
processes still take longer than desired. RT-PCR tests can
take 60−90 min minimum plus the time for data analysis
and reporting. Although isothermal ampliﬁcation techniques such as RT-LAMP can reduce this time, the time for
the assay is 30−45 min plus data reporting to provide the
ﬁnal results to the patient. On the other hand, antigen
tests are rapid and can provide results in as little as 5 min
but are ∼100× less sensitive. Therefore, one of the main
goals for POC devices is the development of a molecular
ampliﬁcation-based test that can provide results in 5 min
at the cost of an antigen test. Such a device would replace
antigen tests while oﬀering high sensitivity.
• It is expected that COVID-19 will become an endemic
disease.44 Therefore, multiplexed POC devices that are
able to test and to diﬀerentiate between diﬀerent
coronavirus variants and other seasonal respiratory
illnesses, such as the ﬂu, will be needed. The performance
of these devices should be tested across all known variants
at the time of validation while taking into account the
potential impact of future variants, as recommended by
the FDA.45
• Routes to reduce the overall cost of sample collection,
testing, and analysis are necessary. In this direction, the
use of saliva as a specimen could be a satisfactory solution
if the sensitivity of the assay is not aﬀected. Saliva has
demonstrated to be an alternative upper respiratory tract
specimen type for SARS-CoV-2 detection.12,46,47 Likewise, saliva oﬀers a number of advantages over
nasopharyngeal swabs when considering mass testing, as
it can be self-administered. For instance, it is known that
the use of NP swabs can cause discomfort or irritation and
can increase the risk of exposure for the medical
providers;48,49 variation in nasopharyngeal sampling
may be an explanation for false negative results.46 In
contrast, saliva collection does not require a certiﬁed
swab, speciﬁc collection receptacle, or transport media
and does not have to be obtained by a skilled healthcare
provider.12 Importantly, RNA puriﬁcation-free RT-PCR
and RT-LAMP assays have been developed for detection
of SARS-CoV-2 from saliva clinical samples.12,47
• Importantly, it should also be noted that clinical testing
practices are migrating to nasal swabs from anterior
nostrils, which can also be self-administered. We believe
that the use of either nasal swabs of the anterior nostrils or
saliva will facilitate the scaling of diagnostics. The
sensitivity and speciﬁcity of the tests from these sources
can be diﬀerent and saliva can be expected to be a more
sensitive indicator of the state of the respiratory system.
• Increasing testing capacity and increasing antigen and
molecular testing manufacturing in the United States are
part of President Biden’s National Strategy for the
COVID-19 Response and Pandemic Preparedness.50 In
particular, there is a major interest in OTC, at-home
testing, and we think this is one of the most attractive
directions. For instance, Ellume USA was recently
awarded $231.8 million to produce the Ellume COVID-

CURRENT AND FUTURE CHALLENGES
One of the major challenges during 2020 was the development
and scaling of reliable methods for SARS-CoV-2 molecular
detection and serologic assays. Although diagnostic testing for
COVID-19 is critical to controlling the spread of the virus by
quarantining,41 mass testing needs to be strategically deployed
so as not to prevent access to limited testing resources by those
who need them most10 and not aﬀect other routine microbial
tests for a wide range of infectious diseases due to supply chain
limitations.42 The same will be true for the vaccination and
postvaccination eras, where diagnostic and serology POC
devices could strategically improve COVID-19 care, reduce
costs and supply chain restrictions, and increase our understanding of the underlying mechanisms of pathogenicity,
infectivity, and immunity detection. Diagnostics will remain
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19 Home Test.51 Likewise, the Rapid Acceleration of
Diagnostics (RADx) initiative plans to invest $1.5 billion
to speed development of rapid and widely accessible
COVID-19 testing,52 including recent announcements of
over $250 million to increase the testing capacity at the
POC or at home.51,53
With new molecular and antigen devices authorized for
OTC, at-home testing, the challenges will be to ensure
adequate sample collection (to ensure the quality of the
test), correct collection technique (to avoid patient
harm), and a price that allows continuous access to
available tests.
As we learn more and advance our understanding of
diagnostics, it is important to note that assessing the
presence of infectious viruses is the ultimate information
desired. The presence of viral RNA or antigens currently
is assumed to correlate with the presence of infectious
virus. For instance, a nasal swab can pick up inactivated
viruses or RNA only and, hence, someone could test
positive while not being infectious or even sick (false
positive for disease). To prove the presence of infectious
virus or to examine the infectivity of the virus, propagation
of viruses in a cell line (plaque assays) is usually
performed.54 Microﬂuidic devices for developing cells,
tissues, and organoid models, similar to what is being
done for cancer drug screening, can be used as organ
mimics on a chip to test for the presence of infectious
viruses in a sample.
Understanding the biological mechanisms of COVID-19
is crucial in navigating our responses including eﬀective
therapeutic and preventative measures.1 SARS-CoV-2
pathogenesis is complex: For instance, some virus variants
can be associated with higher viral loads in COVID-19
patients but not with disease severity.55 More testing is
required to understand the routes of transmission of the
virus, such as fecal−oral, and to understand whether
patients recovering from COVID-19-related respiratory
illnesses are able to spread SARS-CoV-2.56 As discussed
above, the study of pathogenesis can be aided by the
development of engineered microﬂuidic organ-on-chip
platforms and cell-based models. These technologies can
be useful for testing drugs as potential therapeutics against
SARS-CoV-2 or for screening and precisely analyzing
molecular pathways of COVID-19 pathogenesis.57,58
The duration for which immunity lasts after infection or
after vaccination is not yet known,59 and, hence, the rapid
and reliable detection of immunity after an individual gets
COVID-19 or receives the vaccination will be crucial.
Gingras et al. recently reported that anti-SARS-CoV-2
antibodies were detected in serum and saliva, with peak
IgG levels attained by 16−30 days postsymptom onset.
Their study revealed that anti-SARS-CoV-2 IgA and IgM
antibodies rapidly decayed, whereas IgG antibodies
remained stable up to 105 days in both bioﬂuids.60
Studies have reported that IgG can suggest immunity;
however, in some cases, the sensitivity can be as low as
70.5% for the lateral ﬂow devices used to detect
antibodies.61
Many reports have demonstrated that COVID-19
disproportionately impacted people of color and underresourced regions.62,63 Access to testing was limited in
these communities and exacerbated the impact of the
pandemic. Use of POC devices can signiﬁcantly aid in

Perspective

bridging the social divide in COVID-19 and other
pandemics in the future.
• New approaches are needed to capture virus particles in
their aerosolized forms. Self-contained systems that can
reliably sample and capture particles from air, and
subsequently identify the viruses using RNA ampliﬁcation
or detection of antigens, would have widespread use.
• Finally, we note that POC device technologies should be
ready for any future outbreaks, from new strains or novel
viruses. The response to this pandemic when it comes to
drug development has been extremely fast. However, the
need for a diagnostic upscale was not met. The POC
technology platforms developed this year should quickly
be translated to the detection of new pathogens, once the
sequence of the new pathogens is known.
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