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Lateral flow technology (also known as lateral flow assay) plays a critical role in POC testing, as the technique is

rapid, cost-effective, and can be operated by untrained personnel. Lateral flow technologies can be classified as

follows: lateral flow immunoassay (LFIA), nucleic acid lateral flow assay (NLFA), and nucleic acid lateral flow

immunoassay (NALFIA). LFIA is able to detect antibodies/antigens, while NLFA uses a DNA or RNA probe to

detect nucleic acid. Moreover, NALFIA uses both antibodies/antigens and nucleic acid as biomarkers for the

detection of antigens/antibodies or amplicons.

COVID-19  SARS-CoV-2  lateral flow assay  point-of-care testing

1. Introduction

Accurate and effective diagnosis at COVID-19′s early stages is critical for reducing the risk of transmission, as it

allows for quick isolation, contact tracing, and earlier treatment. An ideal diagnostic technique would be cost-

effective, portable, rapid, and robust with high sensitivity and specificity . This would allow for point-of-care

(POC) testing and patient self-administration, resulting in rapid and adequate results and better epidemiological

surveillance.

Currently available diagnostic techniques for COVID-19 are based on the detection of the viral gene, antigen, or

human antibodies (serological test) and human metabolites . Among these techniques, the

detection of viral RNA sequences by reverse transcription polymerase chain reaction (RT-PCR), reverse

transcription loop-mediated isothermal amplification (RT-LAMP), and reverse transcription quantitative polymerase

chain reaction (RT-qPCR) have been the most reliable methods. RT-qPCR uses signal amplification to achieve a

high degree of accuracy . RT-LAMP is a newly established technique in which amplification occurs at a

single temperature . RT-qPCR is able to directly detect SARS-CoV-2 by monitoring the amplification of a

targeted DNA molecule during the PCR . Moreover, some novel technologies for detecting viral gene, such as

next-generation sequencing (NGS) and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR),

draw great attention due to their better accuracy and higher throughput . However, these methods are

expensive, time-consuming, and limited to well-trained professional operators. Therefore, they are often not

amenable to extensive population-based or POC testing .

Virus antigens or host antibodies can also be detected serologically. The enzyme-linked immunosorbent assay

(ELISA) is a rapid and inexpensive technique for detecting specific antibodies in blood samples. In a recent study,

an ELISA test was used to detect human SARS-CoV-2 seroconverters . This test enabled the detection of
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distinct antibody types as early as three days after the onset of symptoms. However, similar to RT-PCR techniques,

the ELISA method also needs to be performed by well-trained personnel. It also relies on specialized equipment,

making it difficult to use at POC testing.

Among available POC testing techniques, the lateral flow immunoassay (LFIA) has been extensively researched

and used for COVID-19 diagnosis, owing to its low cost, speed, and accessibility . To diagnose COVID-19,

lateral flow tests combine SARS-CoV-2 pathogen assays with antibodies in patients. LFIA tests usually take around

10–30 min, while the conventional ELISA takes approximately 2–5 h. The sensitivity of COVID-19 detection by

LFIA ranges from 61% to 88% (10 days after the first onset of symptoms) to 100% (after 3 weeks) . However,

early detection of the disease is a real challenge for LFIA, due to its low accuracy in detection. The accuracy of an

LFIA device is evaluated in terms of its sensitivity and specificity. Thus, many efforts have been made to achieve

higher sensitivity and specificity for SARS-CoV-2 detection in order to reduce false negative/positive predictive

results. In a recent report, Xiang et al. showed that redesigned LFIA can obtain comparable sensitivity to ELISA .

Similarly, Smith et al. evaluated the sensitivity of the Quidel SARS Sofia rapid antigen flow immunoassay (USA)

against RT-qPCR . All tests achieved higher than 98% sensitivity to detect infected patients if tests were

administered every three days. These evaluations confirmed the possibility of developing an ultrasensitive, highly

specific LFIA for POC testing.

2. Lateral Flow Technologies for COVID-19 Detection

2.1. Gene Detection

Using an NLFA, Yu et al. simultaneously detected three genes of the SARS-CoV-2 virus, including RdRp, ORF3a,

and N protein gene . The assay obtained a detection limit of 10 copies per test for each gene after 30 min.

However, amplification using RT-PCR or some other technique was required prior to the NLFA process. In addition

to high sensitivity and specificity, simultaneous detection was enabled to avoid false positive results due to the

cross-reactivity of SARS-CoV-2, as well as false negative results due to the SARS-CoV-2 genome mutation.

NFLIAs have also been studied for COVID-19 detection . In another study, Wang et al. reported a nucleic acid

immunoassay for detecting RNA of SARS-CoV-2 based on the binding of DNA probes to three genes (ORF3a, E

protein gene, and N protein gene) without engaging in the pre-amplification process . Then, SARS-CoV-2

antibodies were conjugated with europium chelate fluorescent nanoparticles and bound to the DNA–RNA hybrids.

When testing with throat samples, the assay showed high sensitivity with a detection limit of 500 copies per mL in

less than 1 h. Additionally, detecting three genes also helped avoid false positive results, making this technique a

good candidate for POC testing.

2.2. Antigen Detection

Although many LFIAs for COVID-19 detection have been investigated and commercialized, there are only a few

studies on antigen detection. The spike surface glycoproteins (S) and nucleocapsid proteins (N) of SARS-CoV-2

are the most commonly targeted antigens for antigen and serological tests. For instance, Baker et al. used glycan
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as a binding agent to capture SARS-CoV-2 spike glycoprotein . This LFIA device obtained 100% specificity with

a detection limit of 5 μg mL . In another study, Diao et al. used N protein as a biomarker to detect SARS-CoV-2 in

nasopharyngeal swabs and urine samples from patients with suspected SARS-CoV-2 infection . Carboxylate-

modified polystyrene europium (III) chelate microparticles were used as fluorescent reporters. The test line and

control line were constructed with the mouse anti-N protein of SARS-CoV-2 monoclonal antibody and the goat anti-

rabbit IgG antibodies, respectively. The assay can be performed in 10 min with 100% specificity and 68%

sensitivity compared to nucleic acid tests. In addition, latex beads are utilized as color reporters for N protein

antigen detection with a detection limit of 0.65 ng mL  . Overall, these assays are less sensitive than ELISA

and RT-PCR tests. Hence, these tests are less popular than antibody detection-based LFIA and have a lower

market share.

2.3. Antibody Detection

Immunoglobulin M (IgM) antibodies and Immunoglobulin G (IgG) antibodies are two common types of antibodies

generated by the human immune system. A number of LFIAs have been developed for detecting antibodies in the

blood of patients who are exposed to the SARS-CoV-2 virus. However, focusing on antibody detection may lead to

false negative tests when the disease is at its early stages. This is because, in the days immediately following

infection, antibodies might be below detectable levels, as shown in Figure 1 . It has been demonstrated that

2–3 days after the onset of symptoms, the levels of IgM antibodies (as surveillance antibodies) rise, reaching its

peak after 2 weeks . Nevertheless, the levels of IgM will quickly decrease within 3 weeks. In contrast, the levels

of IgG antibodies (as attack antibodies) increase 10–14 days after the first onset of symptoms. Then, the levels of

IgG remain elevated for 4–5 weeks and decrease and stabilize after 5–6 weeks.

Figure 1. Levels of antibody and antigen at different clinical stage of COVID-19 disease.
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Thus, to avoid false negatives, the test needs to be performed at least 14 days after the first symptom. False

positive results caused by cross-reactivity are also an important problem for these LFIA tests. For example, the

similarity between the target SARS-CoV-2 antigen and other coronavirus antigens (such as SARS-CoV-1, MERS-

CoV, HCoV-HKU1, HCoV-OC43, HCoV-NL63, and HCoV-229E) may impact the accuracy of LFIA tests . The

specificity of the antigen–antibody interaction is another crucial factor that directly correlates to the LFIA test’s

efficiency. For instance, S1 subunits have higher specificity than N proteins for detecting SARS-CoV-2 antibodies

. Despite these limitations, many researchers and biotech companies have focused on antibody detection in

COVID-19 diagnosis, which can be used to screen asymptomatic infected individuals to prevent possible spread of

COVID-19.

In a recent study, Wen et al. put forward a method of rapid antibody detection for SARS-CoV-2. This process only

takes 15–20 min and produces a visual readout . In this study, AuNPs were used as reporters and were

conjugated with mouse anti-human IgG (mAbs). This test had 69.1% sensitivity and 100% specificity. Furthermore,

Li et al. combined the detection of IgG and IgM antibodies to facilitate higher sensitivity compared to a single

antibody test . As shown in Figure 2, a control line (anti-rabbit IgG), an IgG test line (anti-human IgG), and an

IgM test line (anti-human IgM) were printed on the NC membrane. Once again, AuNPs were used as reporters.

When run with a SARS-CoV-2 containing sample, IgG antibodies bound to the antigen-conjugated AuNPs and

were captured at the IgG test line. Similarly, IgM-containing samples were captured at the IgM test line. In this

work, 88.7% sensitivity and 90.6% specificity were obtained. The sensitivity of the IgG–IgM combined test showed

higher sensitivity than single IgG or IgM detection.

Figure 2. IgM–IgG combined antibody test for SARS-CoV-2 detection. (A) Schematic illustration of the LFIA

device; (B) Results generated from the LFIA test. C: control line, G: IgG line, M: IgM line. Reprinted from .
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In order to achieve higher sensitivity, Calvalera et al. developed a multi-targeted LFIA that allows for the detection

of total antibodies, including IgG, IgM, and IgA . Staphylococcal protein A (SpA) and N protein of SARS-CoV-2

were used to construct the T1 and T2 test line, respectively (Figure 3). The control line consisted of avidin. AuNPs

were labeled with N protein and biotin to act as reporters. SpA has been reported to bind with either human IgG

antibody through Fc domain or IgM and IgA antibodies through Fab domains. Hence, the use of SpA and N protein

antigen enables multi-target ability, and it results in a high sensitivity of 94.6% and 100% specificity. In addition,

with the detection of IgA, the LFIA device seems to be a good early predictor of SARS-CoV-2, since IgA is known to

be produced at detectable levels earlier than IgG and IgM .

Figure 3. LFIA device for the rapid serological IgG, IgM, and IgA detection of SARS-CoV-2. (a) Protein A (SpA),

SARS-CoV-2 N protein, and avidin were printed on the membrane for the T1 test line, T2 test line, and control line,

respectively. N protein-labeled AuNPs and biotin-labeled AuNPs were used as reporters. (b) Negative test results

consist of a single visible control line. (c) Positive test results showed three visible lines, indicating the

simultaneous binding of antibodies (IgG, IgM, and IgA) to the T1 and T2 test line. Reprinted from with permission

from . Copyright 2020, Elsevier.
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Due to their rapid and low-cost properties, many LFIA devices have been available on the market, as shown in

Table 1.

Table 1. Selected commercial lateral flow devices for COVID-19 detection.

Type Test Kit Sample Type Biomarker Detection
Method Sensitivity Test

Time Characteristics

Antigen
detection

BinaxNOW
COVID-19 Ag
Card, Abbott
Diagnostics

Scarborough,
Inc. 

Nasal swab N protein Visual
22.5

TCID /swab
15
min

POC testing;
performance
depends on

following
careful testing

instructions

CareStart
COVID-19

Antigen test,
Access Bio,

Inc. 

Nasopharyngeal
Swab

N protein Visual
8 × 10

TCID /mL
10
min

Requires
sample

preparation
step; operated

by trained
personnel

Lumira Dx
SARS-CoV-2

Ag Test,
Lumira Dx UK

Ltd. 

Nasal swab N protein Fluorescence
32

TCID /mL
12
min

Requires
Lumira Dx
Platform;

operated by
trained

personnel

Sofia 2 Flu +
SARS Antigen

Flow
Immunoassay,

Quidel
Corporation

Nasal,
Nasopharyngeal

swabs
N protein Fluorescence

4.17 × 10
TCID /mL

15
min

Detection of
SARS-CoV-2,

Influenza A
Virus, and
Influenza B

Virus; limited to
Sofia 2

Instrument;
operated by

trained
personnel

Antibodies
detection

Biohit SARS-
CoV-2

IgM/IgG
Antibody Test

Kit, Biohit
Healthcare
(Hefei) Co.,

Ltd. 

Serum, plasma,
venous whole

blood (heparin,
EDTA, and

sodium citrate)

IgM and
IgG

Visual 96.7%
10–
20
min

Operated by
trained

personnel
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During the COVID-19 pandemic and beyond, the need for low-cost, simple, rapid, and highly accurate methods of

disease detection is urgent. However, false negative and false positive test results due to low sensitivity and

specificity make it difficult for lateral flow devices to detect disease at its early stages. Therefore, results of lateral

flow devices are required to be confirmed with RT-PCR, in order to inform decision-making surrounding isolation

and treatment. Up to now, many efforts have been made to enhance sensitivity and specificity of lateral flow

technologies. Several methods have been developed, such as sample pre-concentration and amplification, signal

enhancement using nanoparticles or an external signal reader, optimizing assay time, and the use of high affinity

Type Test Kit Sample Type Biomarker Detection
Method Sensitivity Test

Time Characteristics

COVID-19
IgG/IgM

Rapid Test
Cassette,
Healgen

Scientific LLC

Serum, plasma,
whole blood

IgM and
IgG

Visual 100%
10
min

Operated by
trained

personnel

Diagnostic Kit
for IgM/IgG
Antibody to
Coronavirus
(SARS-CoV-
2), Zhuhai

Livzon
Diagnostics

Inc. 

Serum, plasma,
venous whole

blood

IgM and
IgG

Visual 90.6%
15
min

-

qSARS-CoV-2
IgG/IgM

Rapid Test,
Cellex Inc. 

Serum, plasma
(EDTA or

citrate), venous
whole blood

IgM and
IgG

Visual -
15
min

Operated by
trained

personnel

Sienna-Clarity
COVIBLOCK

COVID-19
IgG/IgM

Rapid Test
Cassette,

Salofa Oy 

Serum, plasma,
fingerstick

whole blood

IgM and
IgG

Visual 93.3%
15–
20
min

Operated by
trained

personnel

SARS-CoV-2
IgG IgM
Antibody

Rapid Test Kit,
Lumigenex
Co., Ltd. 

Serum, plasma,
fingerstick

whole blood

IgM and
IgG

Visual 100%
15
min

Operated by
trained

personnel

SARS-CoV-2
Antibody Test,
Guangzhou

Wondfo
Biotech Co.,

Ltd. 

Serum, plasma,
whole blood

IgM and
IgG

Visual 86.4%
15
min

-

RapCov
Rapid COVID-

19 Test,

Fingerstick
whole blood

IgG Visual 90% 15
min

Operated by
trained

personnel
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In a comparison study, the average sensitivity of commercial kits (≈65%) was lower than the sensitivity of

laboratory-based kits (≈88%) and of other serological methods (>80%) . Moreover, although the claimed

sensitivity and specificity of some commercial kits are high, the clinical accuracy of COVID-19 diagnosis is much

lower, with the positive predictive value ranging from 11% to 50% . In addition, LFIA detection devices are also

associated with other challenges relating to difficulties controlling the fluid velocity and capillary force; the

interferent porous membrane; the analysis time; and the sample nature . Therefore, further efforts are needed

to enhance the sensitivity and specificity of LFIA and ensure LFIA’s practical application in disease control and

surveillance.

3. Enhancement of Sensitivity and Specificity

agents. A summary of methods for enhancing the sensitivity and specificity of lateral flow assays can be found in

Table 2.

Table 2. Selected commercial lateral flow devices for COVID-19 detection.

Type Test Kit Sample Type Biomarker Detection
Method Sensitivity Test

Time Characteristics

ADVAITE, Inc.

Rapid COVID-
19 IgM/IgG
Combo Test
Kit, Megna
Health, Inc.

Serum, acid
citrate dextrose

plasma,
fingerstick

whole blood

IgM and
IgG

Visual 100%
10–
20
min

Operated by
trained

personnel
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Type Test Kit Sample Type Biomarker Detection
Method Sensitivity Test

Time Characteristics

Antigen
detection

BinaxNOW
COVID-19 Ag
Card, Abbott
Diagnostics

Scarborough,
Inc. 

Nasal swab N protein Visual
22.5

TCID /swab
15
min

POC testing;
performance
depends on

following
careful testing

instructions

CareStart
COVID-19

Antigen test,
Access Bio,

Inc. 

Nasopharyngeal
Swab

N protein Visual
8 × 10

TCID /mL
10
min

Requires
sample

preparation
step; operated

by trained
personnel

Lumira Dx
SARS-CoV-2

Ag Test,
Lumira Dx UK

Ltd. 

Nasal swab N protein Fluorescence
32

TCID /mL
12
min

Requires
Lumira Dx
Platform;

operated by
trained

personnel

Sofia 2 Flu +
SARS Antigen

Flow
Immunoassay,

Quidel
Corporation

Nasal,
Nasopharyngeal

swabs
N protein Fluorescence

4.17 × 10
TCID /mL

15
min

Detection of
SARS-CoV-2,

Influenza A
Virus, and
Influenza B

Virus; limited to
Sofia 2

Instrument;
operated by

trained
personnel

Antibodies
detection

Biohit SARS-
CoV-2

IgM/IgG
Antibody Test

Kit, Biohit
Healthcare
(Hefei) Co.,

Ltd. 

Serum, plasma,
venous whole

blood (heparin,
EDTA, and

sodium citrate)

IgM and
IgG

Visual 96.7%
10–
20
min

Operated by
trained

personnel
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If the same quantity of sample is used, conventional lateral flow technologies only achieve an average sensitivity of

66%, which is much lower than other serological assays. However, pre-concentration of the sample, before it is

processed with lateral flow test, can significantly improve the assay’s sensitivity. Sharma et al. have used a

magnetic field to pre-concentrate the analytes from the sample matrices to achieve 10 times higher sensitivity .

In addition, the antigen–reporter complex can also be concentrated during the lateral flow assay running process

by applying an electric field. The so-called isotachophoresis method allows for improved equilibrium binding and

thus lowers the detection limit up to 400 times . Pre-amplification is another excellent technique for increasing

sensitivity. Amplifying DNA/RNA targeted samples by PCR prior to the lateral flow assay process can significantly

boost lateral flow assay sensitivity up to RT-PCR’s sensitivity level . However, the PCR amplification technique

requires expensive instruments and well-trained personnel. Although sample enrichment methods can help

increase sensitivity by ten to hundreds of times (even reaching ultrasensitivity), these methods still require

additional equipment, extra preparation steps, or prolong the testing period, making it difficult for them to use for

POC testing.

3.2. Signal Enhancement

Signal enhancement for lateral flow assays involves either the development of a new optical reporter system or

utilizing an external signal reader to amplify the signal intensity and contrast. AuNPs with a nominal size around

20–40 nm have been widely used for conventional lateral flow assays. So far, most LFIAs for COVID-19 detection

Type Test Kit Sample Type Biomarker Detection
Method Sensitivity Test

Time Characteristics

COVID-19
IgG/IgM

Rapid Test
Cassette,
Healgen

Scientific LLC

Serum, plasma,
whole blood

IgM and
IgG

Visual 100%
10
min

Operated by
trained

personnel

Diagnostic Kit
for IgM/IgG
Antibody to
Coronavirus
(SARS-CoV-
2), Zhuhai

Livzon
Diagnostics

Inc. 

Serum, plasma,
venous whole

blood

IgM and
IgG

Visual 90.6%
15
min

-

qSARS-CoV-2
IgG/IgM

Rapid Test,
Cellex Inc. 

Serum, plasma
(EDTA or

citrate), venous
whole blood

IgM and
IgG

Visual -
15
min

Operated by
trained

personnel

Sienna-Clarity
COVIBLOCK

COVID-19
IgG/IgM

Rapid Test
Cassette,

Salofa Oy 

Serum, plasma,
fingerstick

whole blood

IgM and
IgG

Visual 93.3%
15–
20
min

Operated by
trained

personnel

SARS-CoV-2
IgG IgM
Antibody

Rapid Test Kit,
Lumigenex
Co., Ltd. 

Serum, plasma,
fingerstick

whole blood

IgM and
IgG

Visual 100%
15
min

Operated by
trained

personnel

SARS-CoV-2
Antibody Test,
Guangzhou

Wondfo
Biotech Co.,

Ltd. 

Serum, plasma,
whole blood

IgM and
IgG

Visual 86.4%
15
min

-

RapCov
Rapid COVID-

19 Test,

Fingerstick
whole blood

IgG Visual 90% 15
min

Operated by
trained

personnel
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3.1. Sample Pre-Concentration and Pre-Amplification

were developed using traditional AuNPs, but their sensitivities were not very high. In recent years, fluorescent

nanoparticles have been increasingly applied in disease diagnosis and are promising alternative reporters, as their

unique chemical and optical properties mean that they have the potential to enhance the sensitivity of lateral flow

assays. Many fluorescence nanoparticles were utilized for SARS-CoV-2 detection, including QDs , FNDs ,

selenium nanoparticles , up-converting phosphor particles , lanthanide-doped nanoparticles , and

aggregation-induced emission (AIE) nanoparticles .

3.3. Method for Improving Specificity

3.3.1. Phage Display Technique for SARS-CoV-2 Antibody Selection

Specificity is another important factor that directly affects the accuracy of the lateral flow assay. Lateral flow assays

for COVID-19 detection may be inaccurate due to the cross-reactivity of the SARS-CoV-2 virus with other

coronaviruses. The cross-reactivity can reduce the specificity of the test, thus generating false positive results. To

overcome this issue, phage display can be used to select SARS-CoV-2 antibodies with the strongest affinity. The

phage display technique is a powerful method within the field of molecular biology that was awarded the 2018

Nobel Prize in Chemistry and has been widely used for the selection of antibodies, peptides, and disease-specific

antigens . In phage display, an exogenous DNA fragment encoding a protein of interest is inserted into a phage

coat protein gene on the exposed surface, which is then capable of interacting with various external target

molecules. This phenotype–genotype interaction enables researchers to isolate target-specific ligands .

3.3.2. CRISPR/Cas-Mediated Lateral Flow Nucleic Acid Assay

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-related (Cas) have been used in

many applications, including diagnostic, biosensing, imaging and led to the 2020 Nobel Prize in Chemistry.

Therefore, many studies have applied CRISPR/Cas in COVID-19 detection .

3.3.3. Minimizing Non-Specific Binding

Specificity can also be enhanced by minimizing non-specific binding and non-specific interactions of the reporter to

the targeted analytes and the membrane . To reduce non-specific binding, a pre-filtration or centrifugation step

can be applied to remove undesirable substances in the whole blood . Optimizing reporter size and

concentration and blocking the conjugated reporter by surface modification can also help minimize non-specific

binding. Several proteins, sugars, and PEG polymer can be a surface coating or chemically conjugated to the

reporter to enhance stability . In addition, the running buffer also strongly affects the specificity of tests.

Surfactants can help reduce non-specific binding; however, in high concentrations, it also reduces specific binding

. The pH and ionic strength of the buffer solution also need to be considered when optimizing the running buffer.

4. Conclusions

Type Test Kit Sample Type Biomarker Detection
Method Sensitivity Test

Time Characteristics

ADVAITE, Inc.

Rapid COVID-
19 IgM/IgG
Combo Test
Kit, Megna
Health, Inc.

Serum, acid
citrate dextrose

plasma,
fingerstick

whole blood

IgM and
IgG

Visual 100%
10–
20
min

Operated by
trained

personnel
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Lateral flow technologies developed during the COVID-19 pandemic are portable, fast-acting, inexpensive, and

easy to use, and therefore, they are becoming one of the most suitable techniques to practice POC testing. A

comparison of recent COVID-19 detection methods has been described in Figure 4. Although false negative and

false positive issues limit their clinical use, researchers around the world have worked together to improve the

efficiency and accuracy of lateral flow tests in the hopes of creating a universal test for COVID-19.

Figure 4. Comparison of current COVID-19 detection methods and advantages, limitations, and opportunities of

lateral flow technologies.
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