
u n i ve r s i t y  o f  co pe n h ag e n  

Gold Nanoparticle-Mediated Lateral Flow Assays for Detection of Host Antibodies and
COVID-19 Proteins

Ardekani, Leila Safaee; Thulstrup, Peter Waaben

Published in:
Nanomaterials

DOI:
10.3390/nano12091456

Publication date:
2022

Document version
Publisher's PDF, also known as Version of record

Document license:
CC BY

Citation for published version (APA):
Ardekani, L. S., & Thulstrup, P. W. (2022). Gold Nanoparticle-Mediated Lateral Flow Assays for Detection of
Host Antibodies and COVID-19 Proteins. Nanomaterials, 12(9), [1456]. https://doi.org/10.3390/nano12091456

Download date: 23. maj. 2023

https://doi.org/10.3390/nano12091456
https://curis.ku.dk/portal/da/persons/peter-waaben-thulstrup(043e3b07-d7e1-4f25-9359-6f55b4e2ba92).html
https://curis.ku.dk/portal/da/publications/gold-nanoparticlemediated-lateral-flow-assays-for-detection-of-host-antibodies-and-covid19-proteins(9e53009b-51c4-493d-8c9b-55b990ddb32a).html
https://curis.ku.dk/portal/da/publications/gold-nanoparticlemediated-lateral-flow-assays-for-detection-of-host-antibodies-and-covid19-proteins(9e53009b-51c4-493d-8c9b-55b990ddb32a).html
https://doi.org/10.3390/nano12091456


Citation: Ardekani, L.S.; Thulstrup,

P.W. Gold Nanoparticle-Mediated

Lateral Flow Assays for Detection of

Host Antibodies and COVID-19

Proteins. Nanomaterials 2022, 12, 1456.

https://doi.org/10.3390/

nano12091456

Academic Editor: Thomas Pons

Received: 20 March 2022

Accepted: 19 April 2022

Published: 25 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nanomaterials

Review

Gold Nanoparticle-Mediated Lateral Flow Assays for Detection
of Host Antibodies and COVID-19 Proteins
Leila Safaee Ardekani 1,* and Peter Waaben Thulstrup 2,*

1 Department of Nanobiotechnology, Faculty of Biological Sciences, Tarbiat Modares University,
Tehran P.O. Box 14115-111, Iran

2 Department of Chemistry, University of Copenhagen, Universitetsparken 5,
DK-2100 Copenhagen, Denmark

* Correspondence: leilasafaee@yahoo.com (L.S.A); pwt@chem.ku.dk (P.W.T.); Tel.: +45-31126051 (P.W.T.)

Abstract: Coronaviruses, that are now well-known to the public, include a family of viruses that
can cause severe acute respiratory syndrome (SARS) and other respiratory diseases, such as Middle
East respiratory syndrome (MERS). Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the seventh member of this coronavirus family, was detected in 2019 and can cause a number of
respiratory symptoms, from dry cough and fever to fatal viral pneumonia. Various diagnostic assays
ranging from real-time polymerase chain reaction (RT-PCR) to point-of-care medical diagnostic
systems have been developed for detection of viral components or antibodies targeting the virus.
Point-of-care assays allow rapid diagnostic assessment of infectious patients. Such assays are ideally
simple, low-cost, portable tests with the possibility for on-site field detection that do not require
skilled staff, sophisticated equipment, or sample pretreatment, as compared to RT-PCR. Since early
2021 when new SARS-CoV-2 variants of concern increased, rapid tests became more crucial in the
disease management cycle. Among rapid tests, gold nanoparticle (GNP)-based lateral flow assays
(LFAs) have high capacity for performing at the bedside, paving the way to easy access to diagnosis
results. In this review, GNP-based LFAs used for either COVID-19 proteins or human response
antibodies are summarized and recommendations for their improvement have been suggested.

Keywords: SARS-CoV-2; lateral flow assay; antigen test; antibody test; gold nanoparticle;
immunochromatography

1. Introduction

The COVID-19 pandemic has affected people’s lives around the world. The SARS-CoV-
2 pathogen, which belongs to the ß-coronavirus family, has four structural proteins, namely
the envelope (E), membrane (M), spike (S), and nucleocapsid (N) proteins. The S protein
contains three parts: a large ectodomain, a single-pass transmembrane anchor, and a short
intracellular tail. The ectodomain involved in viral entry into host cells via binding to the
angiotensin-converting enzyme 2 (ACE-2) receptor contains a receptor-binding domain
(RBD) subunit S1 and a membrane-fusion subunit S2 [1].

The symptoms of infection vary widely, from mild cough to severe lung injuries. The
diagnosis of COVID-19 infection is based on either the detection of the virus genes and
proteins, or parts of the host-infected cells and immunological reactions [2].

So far, a variety of biosensors ranging from colorimetric-based assays to electrochemi-
cal sensors [3–16] have been used for the detection of COVID-19 infection. Table 1 shows
the different targets and methods which have been used for COVID-19 diagnosis.
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Table 1. Different targets that have been applied for COVID-19 diagnosis include detection of viral
RNA, products of immunological reactions, i.e., IgA, IgG, and IgM antibodies and interleukin 6 (IL-6),
as well as viral proteins E, M, S, and N.

Biosensors for COVID-19 Diagnosis

Targets Methods Ref.

RNA
Colorimetric-based assay [4]

Fluorescence-based assay [10]

Immunological reaction
IgG, IgM, IgA

Colorimetric-based assay [6]

Electrical-based sensor [8]

Fluorescence-based assay [11]

Optical fiber sensor [12]

IL-6 Colorimetric-based assay [5]

Viral proteins

Colorimetric-based assay [3]

Electrical-based sensor [7,9]

Optical fiber sensor [12]

Magnetic nanoparticle-based biosensor [13]

Surface Plasmon Resonance-based sensor [14]

Electrochemical immunosensor [15]

Colorimetric-based assay [16]

2. Lateral Flow Assays

An immunochromatographic strip or a lateral flow assay is one type of microfluidic
assay in which the sample is transported along the test strip by capillary force. It is
typically paper-based and consists of a sample pad, a conjugate pad, a detection pad, and
an absorbent or wicking pad (Figure 1). The components of an LFA have been explained in
more detail in some reviews [17,18]. Generally, there are two formats of lateral flow tests,
namely the competitive and the sandwich assays [19]. In the sandwich format, the color
intensity at the test line has a linear correlation to the concentration of the target analyte,
while in the competitive format, the appearance of color at the test line indicates a negative
result [20].
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Figure 1. Schematic overview of a lateral flow assay (LFA) device showing the four components and
the test and control lines for readout of the result.

Lateral flow assays (LFAs) have also been employed for detection of SARS-CoV-2, and
these can be classified into three groups: RNA tests, host immune response detection, and
viral surface detection.
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3. GNP-Based LFAs

A variety of signal reporters have been applied based on different technologies, e.g.,
europium-chelate-based fluorescent nanoparticles [21], Cy5 [22], FAM [23], lanthanide [24],
selenium [25], and cellulose nanobeads [26,27] have, for example, been used in the LFA
format for COVID-19 diagnosis. Among colored reporters, gold nanoparticles (Au-NPs)
with high color intensity can lead to enhanced sensitivity in an LFA [17]. Moreover, other
features of gold nanoparticles such as nontoxicity, cost effectiveness, ease of production,
stability in dried form, and facile conjugation with biomolecules make them the ideal
candidates to use as signal reporter and suitable for industrial application [28]. Au-NPs
exhibit strong color in the visible region due to plasmon surface effects, and they can readily
be conjugated with biomolecules such as antibodies to achieve a desired biosensor design.
Au-NP-based lateral flow assays have been employed for detection of a significant number
of pathogens from influenza viruses [29] to more potent bacteria such as E.coli and other
pathogens [30–33].

GNP-based LFAs detection of COVID-19 are designed to detect either the viral RNA or
proteins or antibodies to SARS-CoV-2. CRISPR-based assays such as DETECTR, FELUDA,
SHERLOCK, AIOD-CRISPR, ENHANCE, and CASdetect, which are more sensitive than
the detection of antibodies and COVID-19 antigens, have also been reported for detection
of RNA [34].

CRISPR-Cas 9-mediated LFA [24] is an example of a developed gold-based LFA for
detection of COVID-19 RNA. In this process, the gene-encoding envelope (E) and open-
reading frame 1ab (ORF1ab) are amplified by tagged primers with reverse transcription-
recombinase polymerase amplification (RT-RPA). Cas9/sgRNA complexes specifically
recognize the tagged amplicons. Then, attachment of GNP-DNA probes on sgRNA and
their accumulation on the test lines lead to visual signals and show the presence of the
target analyte in the sample [21].

The integration of the DETECTR platform and the advantages of the LFA format
has been introduced by Mammoth Biosciences Inc. as an alternative for the early and
visual detection of genetic material of viruses with high sensitivity and specificity [34].
Detection of conserved area of the SARS-CoV-2 genome using a combination of the CRISPR-
ENHANCE technique and LFA was performed by Jain et al. [35]. Detection of SARS-CoV-2
and its circulating RNA variants can be performed by a CRISPR-based LFA [36].

Although these kinds of assays have shown great specificity and sensitivity, the need
for purification steps and instrument hardware make them unsuitable for point-of-care
detection [34,35].

Diagnostic methods for detection of COVID-19 have been discussed in several reviews.
For example, Singhal et al. have summarized nanotechnology-based biosensors and
categorized them based on different bio-recognition elements [37]. Laboratory-based
detection methods ranging from cell culture-based detection to immunological detection
have been discussed by Febrraio et al. [2]. In other studies, methods available for COVID-
19 detection ranging from chest computerized tomography (CT) to biosensors have been
reported [38,39]. Hong et al. have discussed some considerations for developing GNP-
based biosensors for SARS-CoV-2 diagnosis [40]. While these papers briefly talk about
different methods for detection of COVID-19, there are studies that specifically focus on
LFAs that have more potential for commercialization.

For example, some reviews have summarized LFAs for COVID-19 diagnostics [41],
and others have introduced some solutions for improving the performance of LFAs for
COVID-19 detection [42,43]. In the present review, we discuss the recent advances in GNP-
based LFAs for COVID-19 that have higher potential of gaining worldwide use even outside
of urbanized areas in lesser developed regions. The development of each assay along with
its strengths and weakness are discussed. We also review several strategies that have been
used for enhancing the sensitivity and specificity of GNP-based LFAs with application to
COVID-19 and discuss other methods that can be applied for further improving COVID-19
diagnosis via GNP-based LFAs, as well as some of the potential challenges to be addressed.
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We applied the following search terms: (lateral flow assay or immunochromatographic
strip or test strip) and (gold nanoparticle) and (antigen test or antibody test) and (coron-
avirus or COVID-19 or SARS-CoV-2) across several databases, such as PubMed(Rockville
Pike, Bethesda, MD, USA), Elsevier(Amsterdam, The Netherlands), Science Direct (Ams-
terdam, The Netherlands), and Google Scholar (Mountain View, CA, USA), for relevant
published studies on 1 March 2022. Among 3626 items, we selected 112 publications in
which gold-based LFA technology has been used for the detection of viral antigens or
antibodies to SARS-CoV-2.

4. Gold-Based LFA for COVID-19 Diagnosis
4.1. Detection of Host Antibody

Serological tests that measure immune responses are suitable for broad seroprevalence
surveys in an affected area, to identify potential plasma donors, screen asymptomatic
persons, for vaccine evaluation, and to find sociological and geographic relation to mitigate
the epidemic [44]. In contrast to a molecular assay, antibody-based methods have higher
accuracy because of a more uniform antibody distribution in blood compared to viral
loading in respiratory specimens [45]. Serological tests can be divided into two categories:
Neutralization assays and binding antibody tests.

The former consists of plaque reduction neutralization tests, microneutralization, and
surrogate virus neutralization tests [46]. The latter includes chemiluminescent immunoas-
says, enzyme-linked immunosorbent assays, electrochemiluminescence immunoassays,
fluorescence immunoassays, protein microarrays, and immunofluorescence assays [46].

LFAs are a type of binding antibody tests which have been widely used for
COVID-19 detection.

Jiao et al. have developed a gold nanoparticle-rapid diagnosis strip for detection of
IgM response to the COVID-19 N protein. The bioreceptor was SARS-CoV-2 N protein
immobilized on the test line and gold nanoparticle-labeled antihuman IgM was utilized as
the detection reporter. Severe fever with thrombocytopenia syndrome virus, dengue virus,
COVID-19-positive, and normal serum samples were employed to measure sensitivity (the
likelihood of detecting the analyte when present) and specificity (the probability of the test
to give a false positive) [18], which were reported as 100% and 93.3%, respectively [47].

An LFA approach for IgG detection was developed by Wan et al. through the use of
immobilized N protein on the test line. They fabricated a conjugate pad with anti-human
IgG-modified gold nanoparticles. The detection process was carried out by trapping the
complex of IgG and anti-human IgG on the test line. Samples of patients with severe
fever with thrombocytopenia syndrome and avian influenza A were employed to evaluate
sensitivity and specificity, with 69.1% sensitivity and 100% specificity being reported for
this assay [48].

Fang et al. have employed two colloidal gold chromatography paper assays for detect-
ing anti-SARS-CoV-2 IgG and IgM directed towards S and N proteins. This assay involved
anti-IgG and anti-IgM as the capturing reagents. Gold nanoparticles were modified with
SARS-CoV-2 S and N proteins as indicators for the detection of the interaction between
anti-IgG/IgM and the serological response. In the presence of anti-SARS-CoV-2 IgG and
IgM, gold nanoparticle-labeled proteins are accumulated on the test line and create the
optical signal. In this study, the created signal intensity is measured and converted to peak
area by a portable reader. The sensitivity and specificity for anti-N IgG and IgM detection
was obtained as 96%. The sensitivity and specificity for anti-S IgG were 95.9% and 96.1%,
and for anti-S IgM were reported as 96.6% and 100% [49].

Another LFA approach was reported by Li et al. for detection of IgG and IgM against
COVID-19. In this assay, if there is any IgM/IgG present in the sample, these antibodies can
bind to a gold-labeled N protein antigen as the signaling agent and anti-IgM and anti-IgG
as capturing agents, which were pre-coated on test lines. This assay was validated with a
sensitivity of 95.85% and a specificity of 97.47% [50].
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In another study, Anfossi et al. fabricated a multi-target lateral flow assay. This assay
aimed at detecting of three classes of human anti-COVID-19 antibodies by using N protein
and the staphylococcal protein A, which binds to Fab domains of IgA and IgM and also
the Fc domain of IgG as bio-recognition elements and gold-labeled N protein as an optical
signal reporter. They have claimed that the ability of recognizing total antibodies and
using a double-antigen approach has enhanced the LFA’s sensitivity. This sensor was
reported to display a fast result with high sensitivity and specificity of 94.6% and 100%,
respectively [45].

This group also used a colorimetric LFA for detection of salivary anti-SARS-CoV-2 IgA.
IgA has a time-dependent evolution and indicates the stage of infection. IgA antibodies in
the sample bind to the nanogold-labeled anti-human IgA, then form a sandwich complex
with coated N protein onto the test line. The test line will appear purplish red, indicating
that the sample is positive for the COVID-19 IgA antibody. A noninvasive sample collection
method and quantitative measurement are advantages of this assay [51].

Xu et al. applied gold nanoparticle-labeled S protein of SARS-CoV-2 for detection
of IgG and IgM. If these antibodies are present in the sample, a formed antigen-antibody
complex is captured by anti-human IgM or IgG on the test line and forms a visual band.
This antibody analysis was tested by RT-PCR. They also compared the sensitivity of a single
assay with combined IgG and IgM. The sensitivity for combined IgG and IgM (85.29%)
detection is higher than single IgM (82.35%) and IgG (61.76%) detection [52].

A colorimetric-fluorescence-based LFA was developed by Wang et al. for diagnosis
of anti-COVID-19 IgG and IgM. S protein-conjugated SiO2@Au@QD particles have been
applied as the label. SiO2@Au@QD particles consist of SiO2 nanoparticle as a hydrophilic
substrate carrying a layer of GNP and quantum dot (QD). The reported sensitivity of the
fluorescence mode is 100 times higher than the colorimetric mode [53].

Another gold-labeled LFA was developed in two different designs for detection of
COVID-19 antibodies. In these strategies, S protein was coated on the test line while gold-
labeled goat anti-human IgG and gold-labeled S protein were used separately as signal
reporters. Detection of total antibody content was performed, where gold-labeled S protein
was used as a signal reporter. The results showed 100% specificity for both methods, and
30% and 90% sensitivity for the IgG test and total antibody detection, respectively [54].

In another study, Godfrey et al. have developed a GNP-based LFA to determine
protected populations against COVID-19 by detection of RBD-ACE-2 neutralizing antibod-
ies, consisting of more than 90% of COVID-19 neutralizing antibodies [55]. Neutralizing
antibodies not only have a higher affinity than non-neutralizing ones [56], but they are also
a reliable indicator of patient immunity. The designed LFA consists of two test lines and
one control line. ACE-2 protein, recombinant RBD protein, and anti-chicken IgY antibody
were coated on test line 1, test line 2, and the control line, respectively. GNP-conjugated
RBD and GNP-conjugated chicken IgY were used as signal reporters. In the absence of
neutralizing antibodies, GNP-conjugated RBD binds to ACE-2 and a red color appears on
test line 1. In the presence of anti-RBD neutralizing antibodies, no red color can be seen on
test line 1. In the presence or absence of neutralizing antibodies, GNP-conjugated chicken
IgY binds to the anti-chicken IgY antibody, and the control line shows a red color. Total
anti-RBD antibodies, neutralizing, and non-neutralizing antibodies form double-antigen
sandwich test line 2 and create a red color. The reported specificity and sensitivity were
100% and 96%, respectively [55].

4.2. Detection of Antigen

An antigen-based lateral flow assay is an effective diagnostic tool that can meet the
requirements of rapid detection in the shortage of laboratory instruments and
experienced staff.

Such antigen rapid diagnostic tests (Ag-RDTs) with the potential for early diagnosis
are less costly than RT-PCR methods and can be widely used for fast screening of an
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infected population. Until February 2022, 189 and 5 Ag-RDTs for SARS-CoV-2 detection
have been approved by the EUA [57] and the WHO [58], respectively.

Vandenberg et al. reported an immunochromatographic assay for the detection of
nucleocapsid (N) proteins. Firstly, monoclonal antibodies were constructed against full-
length SARS N protein and evaluated with SARS-CoV-2 N protein. A conjugate pad
consisting of anti-COVID-19 antibody-modified gold nanoparticles was used, and the test
line contained anti-COVID-19 antibodies. In the presence of COVID-19 virus, the gold
nanoparticle-conjugated antibody-SARS-CoV-2-capture antibody complex forms, and a red
color appears on the test line. The diagnostic efficacy of the assay was assessed by RT-PCR.
Nasopharyngeal samples containing respiratory virus and culture supernatant containing
coronaviruses OC43, NL63, 229E, and HKU1, as well as SARS-CoV, were detected to
validate specificity. No cross-reactivity was observed for viruses, except SARS-CoV. This
sensor exhibited a sensitivity and specificity of 57.6% and 99.5%, respectively [59].

Gibson et al. have demonstrated a glycan-based LFA for detection of the S protein. It
has been shown that sialic acid coordination with the S1 subunit of S protein is a necessity
for SARS-CoV-2 entry into host cells. N-acetyl neuraminic acid, which is the predominant
sialic acid found in human cells, was used as a capturing and detection reagent. For visual
detection of SARS-CoV-2, sialic acid was conjugated to GNP. The binding specificity was
tested by SARS S protein. The results revealed that this glycol-LFA has selectivity toward
COVID-19 [60].

BIOCREDIT COVID-19 Ag (RapiGEN Inc., Gyeonggi-do, Korea) and Standard Q
COVID-19 Ag (SD Biosensor, Gyeonggi-do, Korea) are also used to target SARS-CoV-2
antigen by gold-labeled monoclonal antibodies. The performance of these two assays was
evaluated by RT-PCR. The results showed a sensitivity of 45% and 60% for BIOCREDIT
COVID-19 Ag and SD Biosensor RAD kits, respectively [61].

In another investigation, monoclonal antibodies against the N protein and S protein
of SARS-CoV-2 were developed. Evidence shows that there is a significant sequence
conservation of S2 subunits among various coronavirus genera, while the sequence of N
protein is conserved within the genus to a lesser extent. Hence, it was reasonable that the
S antigen-monoclonal antibody showed cross-reaction with the S protein of HCoV-OC43,
HCoV-NL63, and HCoV-HKU1. Therefore, a gold nanoparticle-based LFA based on N
protein monoclonal antibodies was constructed. Although this assay can identify 0.1 ng/mL
of N protein and does not show cross-reactivity with non-lethal coronaviruses, influenza
A, influenza B, rubella virus, varicella zoster virus, and pyogenic bacteria, MERS-CoV
N protein, and chicken IBV, it cannot differentiate between SARS-CoV and SARS-CoV-2
because both belong to the ß genus of coronaviridae [1].

Despite the reported cross-reactivity of S antigen-monoclonal antibodies with S pro-
teins of other coronavirus heritage [1], Zhang et al. fabricated a specific gold-based im-
munochromatographic assay for detection of the SARS-CoV-2 spike protein. The detec-
tion limit of the assay is reported as 62.5 ng/mL and it can differentiate between SARS-
CoV-2 and other members of the ß family, such as SARS-CoV, MERS-CoV, and influenza
viruses [62]. The information of LFAs for detection of antigen and antibodies has been
summarized in Table 2.

Table 2. Overview of gold-based lateral flow assays for detection of antigen and antibodies of
SARS-CoV-2.

Target Bioreceptor
on Test Line Gold-Labeled Reporter Specificity Sensitivity Sample Ref.

Anti-N IgM N Protein Anti-human IgM 93.3% 100% Serum [47]

Anti-N IgG N Protein Anti-human IgG 100% 69.1% Serum [48]

Anti-N IgG Anti-human IgG N Protein 96% 96% Serum [49]

Anti-S IgG Anti-human IgG S-RBD protein 96.1% 95.9% Serum [49]

Anti-S IgM Anti-human IgM S-RBD protein 100% 96.6% Serum [49]
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Table 2. Cont.

Target Bioreceptor
on Test Line Gold-Labeled Reporter Specificity Sensitivity Sample Ref.

Anti-N IgG and
IgM

Anti-human IgG
and IgM N protein 97.47% 95.85% Serum [50]

Anti-N
IgG/IgM/IgA N protein N protein 94.6% 100% Serum [45]

Anti-N IgA N protein Anti-human IgA - - Saliva [51]

Anti-S IgG Anti-human IgG S Protein - 61.76% Serum [52]

Anti-S IgM Anti-human IgM S Protein - 82.35% Serum [52]

Anti-S
IgG/IgM/IgA S Protein S Protein 100% 90% Serum [54]

Neutralizing
Antibodies ACE-2 RBD 100% 96% Whole blood [55]

N protein Anti-COVID-19
antibody Anti-COVID-19 antibody 99.5% 57.6% Nasopharyngeal sample [59]

S protein N-acetyl
neuraminic acid N-acetyl neuraminic acid - - - [60]

N protein Anti-COVID-19
antibody Anti-COVID-19 antibody - - Nasopharyngeal and

oropharyngeal samples [1]

S protein Anti-COVID-19
antibody Anti-COVID-19 antibody - - Recombinant S protein [62]

5. Limitations and Solutions
5.1. How Can the Specificity of LFAs Be Improved?
5.1.1. Development of Specific Antibodies against SARS-CoV-2

Although LFAs for antibody detection mostly show high specificity, their perfor-
mances were investigated mostly by SARS-CoV-2-positive and non-SARS-CoV-2 patients,
while the cross-reactivity with SARS-CoV/MERS-CoV-positive human plasma was not
evaluated [45,47–54].

In fact, the cross-reactivity from conserved antigens belonging to other viruses causes
a high false-positive rate and a low specificity of immunological tests [63].

The previous observations indicate a strong cross-reactivity between samples of SARS-
CoV-infected patients’ plasma and SARS-CoV-2 N protein [49]. In another study, Lv et al.
have reported that the anti-SARS-CoV-2 and anti-SARS-CoV antibodies are both binding to
the SARS-CoV-2 S protein [64].

As mentioned, this is because SARS-CoV-2, SARS-CoV, and MERS belong to the same
β-CoV genera [65]. In one study, Schifferli et al. have compared six commercial antibodies
for antigen interaction, and the results showed that antibodies raised against SARS-CoV-2
had cross-reactivity with SARS-CoV antigen [66].

Therefore, developing specific antibodies against SARS-CoV-2, without cross-reactivity
with other coronaviruses, could be a solution for this problem. Park et al. used a phage
display method to generate a specific single-chain variable fragment (scFv) against the
COVID-19 N protein and applied it for developing an LFA. The developed LFA exhibited
no cross-reaction with other coronaviruses [27].

5.1.2. Deployment of Other Specific Bio-Recognition Elements

In addition to antibodies, other bioreceptors such as glycans have been used for
specific detection of COVID-19. The previous study has revealed that the S1 subunit of
coronaviruses binds to sialic acid on host cells. Thus, Gibson et al. have introduced sialic
acid-based LFA for detection of SARS-CoV-2 S protein. The negligible homology of the
sialic acid binding sequence of the S1 subunit between coronaviruses and the variety of
glycan partners among different strains of host cells are two effective factors that allow the
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designed sensors to specifically detect the SARS-CoV-2 S protein and show selectivity over
the SARS-CoV S protein [60].

5.2. How Can the Sensitivity of LFA Be Improved?

The analytical sensitivity of LFA should meet the clinical sensitivity [65]. Some com-
mercialized gold-based rapid antigen/antibody detection tests for COVID-19 diagnosis are
collected in Table 3 below.

There are studies that have evaluated the performance of commercial serological assays
and observed a lack of sensitivity. For example, Ricco et al., in a systematic review and meta-
analysis of ten studies, have reported that point-of-care assays for SARS-CoV-2 antibodies
had a pooled sensitivity of 64.8% [67]. In another report, Zautner et al. have evaluated five
commercial assays for detection of COVID-19-specific antibodies. The measured sensitivity
and specificity ranged from 17% to 81.9% and 90.2% to 100%, respectively [68]. These
studies reveal the low sensitivity of LFAs for detection of host antibodies.

According to previous studies, Ag-RDTs are nowhere near as sensitive as RT-PCR [61,69].
The reason is that Ag-RDTs lack an amplification step and can only be positive when a
person has a high viral load, while RT-PCR tests amplify RNA viral load and thus can
detect very limited presence of a virus [69]. For example, Denkinger et al. have evaluated
the sensitivity and specificity of commercial Ag-RDTs. The systematic review and meta-
analysis of 133 papers on Ag-RDTs published until 30 April 2021 showed that the pooled
sensitivity and specificity compared to RT-PCR were 71.2% and 98.9%, respectively [70].
This result shows that due to the high false-negative rate, viral antigen tests have a low
sensitivity [63]. So far, several strategies have been suggested to improve the sensitivity of
LFAs, as summarized below.

Table 3. Commercialized gold-based lateral flow assay for detection of antigen and antibodies of
SARS-CoV-2.

Company Product Sample Source Target Storage Condition

Jiangsu Well Biotech Co.,
Ltd. (Changzhou, China)

Orawell IgM/IgG Rapid
Test Serum IgM and IgG 2–8 °C

Xiamen Biotime
Biotech-nology Co., Ltd.

(Xiamen, China)

BIOTIME SARS-CoV-2
IgG/IgM Rapid
Qualitative Test

Serum IgM and IgG -

Megna Health, Inc. (Exton,
PA, USA)

Rapid COVID-19
IgM/IgG Combo Test Kit Serum IgM and IgG 4 to 30 ◦C

Access Bio, Inc. (Somerset,
NJ, USA)

CareStart COVID-19
Antigen Test

Nasopharyngeal swab
(NPS) Nucleocapsid Antigen 1 to 30 ◦C

Beijing Wantai Biological
Pharmacy Enterprise Co.,

Ltd. (Beijing, China)

Rapid test for SARS-CoV-2
Antigen

Nasopharyngeal swab
(NPS) Nucleocapsid Antigen -

Zhuhai Livzon
Diagnostics (Guangdong,

China)

The Diagnostic Kit for
IgM/IgG Antibody to

Coronavirus
(SARS-CoV-2)

serum, plasma, venous
whole blood IgM and IgG 2 to 30 ◦C

Zhuhai Livzon
Diagnostics (Guangdong,

China)

Livzon Rapid Test for
SARS-CoV-2 Antigen

Nasopharyngeal swabs,
oropharyngeal swabs - 2 to 30 ◦C

Assure Tech Co.
(Hangzhou, China)

Assure COVID-19
IgG/IgM Rapid Test

Device

serum, plasma, venous
whole blood IgG and IgM -

Beijing Diagreat
Biotechnologies (Beijing,

China)

2019-nCoV IgG/IgM
Antibody Rapid Test Kit Blood IgG and IgM -

Biolidics (Singapore)
Rapid test kit for

COVID-19-IgG/IgM
Antibody Detection Kit

venous whole
blood/serum/plasma IgG and IgM 2–8 ◦C
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Table 3. Cont.

Company Product Sample Source Target Storage Condition

Sugentech (Daejeon,
Korea)

SGTi-flex COVID-19
IgM/IgG

venous whole
blood/serum/plasma IgG and IgM -

SD Biosensor
(Gyeonggi-do, Korea)

STANDARD Q COVID-19
IgM/IgG Duo

venous whole
blood/serum/plasma IgG and IgM 2 to 30 ◦C

SD Biosensor
(Gyeonggi-do, Korea)

STANDARD Q COVID-19
Ag Test Nasopharyngeal swab - 2 to 30 ◦C

BioVendor R&D (Brno,
Czech Republic)

BIOCREDIT COVID-19
Ag Detection Kit Nasopharyngeal swabs - -

5.2.1. Platform of Assay

Lateral flow assays based on the double-antigen sandwich format are expected to
increase the sensitivity by reducing non-specific antibody binding. In the traditional lateral
assay format for antibody detection, the secondary antibody that is used as the signal
reporter can bind to both specific and non-specific antibodies in the sample, which greatly
decreases the sensitivity of the assay. In contrast, in the double-antigen sandwich format,
the antigen works as a bioreceptor on the test line and as a signal reporter, and only
specific antibodies are trapped on the test line. Therefore, the total and specific antibodies
will be detected, which significantly increases the sensitivity [71]. Different studies have
used the double-antigen sandwich strategy for detection of antibodies targeting COVID-
19 [45,54,72].

In a further effort to increase sensitivity, the combination of two LFAs has been used
for detection of anti-COVID-19 IgG and IgM in the same sample. Although this strategy
did not have an effect on IgG detection, it could increase the sensitivity for IgM detection,
i.e., 87.7% sensitivity was achieved for IgM detection by both LFAs, while 58.9% and 66.2%
sensitivity were found for the kits alone [73].

5.2.2. Infection Disease Stage

Another effective factor on sensitivity is the disease state. Studies have shown that
IgG and IgM responses against SARS-CoV-2 are different from typical responses to antigen
exposure [45]. For example, it has been observed that IgG production happens earlier than
IgM for anti-N protein [48]. Another report showed that the sensitivity of rapid COVID-19
antibody (IgG or IgM) tests is lower than 80% at <20 days after symptom onset [56]. Weil
et al. have also evaluated the sensitivity of six LFAs for COVID-19 antibody diagnostics.
The result showed that sensitivity increased from 18.8% to 40.6% at 3 days after symptom
emergence to 80.3–96.4% at >14 days after symptom onset [74]. In fact, the concentration of
antibodies depends greatly on the time of the sampling. For example, studies showed that
the amount of IgA antibody is higher than IgG in the early phase of disease [51].

Therefore, patients in the early or late phase of the infection and individuals with a
weak immune response do not have a sufficient amount of antibodies (IgG or IgM) and are
prone to false-negative results [67].

Ag-RDT sensitivity also depends on the disease onset time. The highest sensitivity is
achieved when a person is most infectious and sensitivity significantly drops during incu-
bation and the post-infectious period [69]. Hence, the viral load influences the sensitivity
of the LFA.

For instance, Vandenberg et al. fabricated the COVID-19 Ag Respi-Strip and showed
that sensitivity of the rapid assay is higher for health workers’ samples with a higher
SARS-CoV-2 load [59]. In another study, Lindner et al. reported that the more viral load in
a COVID-19 patient’s sample, the more sensitivity gains [75].

For further experiments, the performances of two commercialized rapid antigen tests
were evaluated in samples with different viral loads. For the BIOCREDIT COVID-19
Ag and the SD Biosensor RAD kits, respectively 45% and 60% sensitivity were seen in
normal viral load samples, while this was raised to 60% and 77% sensitivity in high viral
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load samples [61]. These findings are perhaps not so surprising, but they show that an
appropriate timing of sampling is a contributing factor in assessing the sensitivity.

5.2.3. Target Concentration

Signal intensity depends on the analyte concentration. Evidence shows that the signal
generated by total antibodies is higher than the one produced by single antibodies, which
in turn causes higher analytical sensitivity. Anfosi et al. achieved 94.6% sensitivity by
developing an LFA for detection of three classes of antibodies (IgG, IgM, and IgA) instead
of for individual antibodies [45]. The sensitivity of an LFA for detection of IgG and total
antibodies specific to SARS-CoV-2 were compared by Cui et al. The results showed that the
sensitivity for detection of single antibodies (30%) is lower than that for total antibodies
(90%) [54]. Xu et al. also compared the sensitivity for detection of combined antibodies
(IgG and IgM) with single antibodies (IgG or IgM) targeting COVID-19. The results again
showed higher sensitivity for combined antibody detection [52].

5.2.4. Sample Collection Method

Another effective factor on the sensitivity of assays is the sample collection pro-
cedure. WHO-listed SARS-CoV-2 Ag-RDTs use anterior nasal swab and nasopharyn-
geal/oropharyngeal swab samples. These sampling methods benefit from having a
well-trained technician to correctly handle the sampling. It has been shown that self-
administered Ag-RDTs have a lower sensitivity (58%) compared to that achieved by trained
technicians (79%) [69]. Ideally, a user-friendly sampling technique which obviates the need
for a professional staff and that achieves high sensitivity can be developed.

5.2.5. Sample Preparation Method

The sample preparation procedure is a step with a large effect on the LFA performance.
This step is needed to remove the matrix components and also to concentrate the analytes.
The use of a carrier with immobilized receptor molecules on it can be an efficient method
to capture the analyte from the sample. In this way, analytes are concentrated, and the
sensitivity can increase. Wan et al. used streptavidin-coated magnetic beads to separate
COVID-19 RNA from the sample. After RNA extraction, the cDNA was obtained and then
amplified by a TAG-containing forward primer and a biotinylated reverse primer. The
biotinylated PCR product was separated by magnetic beads and detection was performed
by the colorimetric method [10].

Target separation was carried out for quantitative measurement of IgG and IgM
by a DNA-assisted nanopore sensor. For this purpose, IgG and IgM antibodies against
COVID-19 were captured with N protein-functionalized magnetic beads. Captured im-
munoglobulins were quantitatively detected by a nanopore biosensor [8].

5.2.6. Proper Orientation of Bioreceptors

The proper orientation of bio-recognition elements with respect to the relevant surface
of a membrane or reporter molecule can increase the accessibility of epitopes and improve
the efficiency of immunosensors. Ravera et al. applied a computational model to predict
the orientation of the receptor-binding domain (RBD) of the SARS-CoV-2 S protein on a
surface [76]. Different strategies such as indirect binding can be used to gain oriented
immobilization. For example, Nichols et al. coated the test line with polystreptavidin to
properly immobilize biotinylated antibodies for capture and detection of SARS-CoV-2 virus
in an assay [65]. Another method for indirect binding is the utilization of the Staphylococcal
protein A with the capability of binding to the Fc domain of IgG and the Fab domain of
IgM and IgA. For instance, Anfossi et al. have applied the Staphylococcal protein A as
the capturing reagent on the test line for detection of total antibodies targeted against
COVID-19. The trapped antibodies on the test line can then have the proper orientation to
bind the reporter molecule [45].
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5.2.7. Proper Concentration of the Bioreceptor

Conditions of the reaction media can affect the performance of the LFA. Proper con-
centration of receptors on the test line is an effective factor on the cut-off level (threshold of
disparity between negative and positive samples). For example, Jiao et al. have evaluated
different concentrations of nucleoprotein on the test line to gain the best signal-to-noise ratio
for detection of IgG and IgM against SARS-CoV-2. The result showed that at concentrations
lower than 1 mg/mL of N protein, the red color on the test line is not easily detectable, and
at higher concentrations, the correlation of response is not as good as at 1 mg/mL [47,48].
The concentration of printed antibodies on the test line was also evaluated by Wang et al.
The results showed that the highest signal-to-noise of fluorescence intensity for COVID-19
antibody detection was generated by 0.9 and 1.2 mg/mL of coated anti-human IgM and
IgG on the test line [53]. The concentration of covered antibodies on GNP is also of great
importance [47,48]. Thus, different concentrations of antibodies were added to determine
the optimal amounts of antibodies on the gold nanoparticle.

5.2.8. Membrane Properties

Biomolecule trapping in the membrane pores can decrease binding efficiency. A
procedure for LFA membrane blocking is necessary to address this issue. Wang et al.
evaluated the use of different concentrations of BSA and showed that the absence of BSA
blocking and excessive blocking resulted in false-positive results [47,48].

The movement of the reagents through the test strip is affected by the pore size of the
membrane. Different types of nitrocellulose membranes (NC140 and NC95) were compared
for developing dual-mode LFA for detection of SARS-CoV-2-specific IgG and IgM. The
result showed that NC140 with a smaller pore size generated a higher signal [53].

5.2.9. Signal Reporter Properties

The recorded signal intensity of the gold nanoparticle (GNP) as a signal reporter is
an important determinant for the sensitivity of the assay. The limited sensitivity of gold
nanoparticle-based LFAs is due to the low GNP capture rate [77]. Additionally, GNP
parameters such as the shape and size can have an effect on the detection limit. Gibson
et al. have used N-acetyl neuraminic acid-conjugated gold nanoparticles to capture the
SARS-CoV-2 S1 protein. The impact of different sizes of gold nanoparticles (16, 35, 55, 70
nm) on the binding was evaluated. The results showed that 35 nm-diameter GNPs afforded
a superior signal-to-noise ratio compared to 16 nm particles, and also that larger particles
did not further improve the signal intensity [60].

However, the increase in the sensitivity can normally be achieved through enlarge-
ment of gold nanoparticles. The larger the GNPs are, the higher scattering component
of extinction coefficient the GNPs have. Dzantiev et al. have applied a GNP-based LFA
for detection of the receptor-binding domain (RBD). Three enhancement approaches were
utilized for raising the sensitivity, namely silver enhancement, galvanic replacement, and
gold enhancement, which yielded, respectively, 8, 61, and 488 times higher sensitivity than
conventional LFAs with GNPs [78].

5.2.10. Read-Out Strategy

Generally, LFA is a transducer-free method, and results are assessed by the naked
eye. However, conversion of qualitative LFA results to quantitative data provides the
possibility of collecting information and can increase the sensitivity. For example, Scully
et al. have applied laser optical analysis to enhance sensitivity 100 times and quantify the
amount of SARS-CoV-2-specific antibodies [79]. In another study, Anfossi et al. have used
a portable imaging device to measure the anti-COVID-19 IgA concentration in saliva [51].
Fang et al. have developed a homemade portable reader for objective detection of IgG- and
IgM-targeted COVID-19 [49]. Quantitative measurement of anti-COVID-19 antibodies has
been performed by integrating LFA and the portable optical spectrometer [80].
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These above-mentioned methods for improving the specificity and sensitivity of lateral
flow assays have been summarized in Figure 2.
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6. Conclusions

Lateral flow assays are inexpensive, easy-to-operate, portable, and instrument-free
point-of-care options that have been widely used in multiple phases of the COVID-19
pandemic. Their ease of use makes them a suitable choice for screening at public venues
such as airports, shopping centers, and sport stadiums. Rapid diagnosis of virus-specific
proteins and host antibodies has been utilized to detect active and previous infections in
turn. Although regulatory bodies have approved many of these assays, cross-reactivity
and low sensitivity remain the two main weaknesses associated with them. Some methods
such as CRISPR-based tests for RNA detection have been able to achieve higher sensitivity
and specificity, which comes at the expense of more complexity and the need for additional
instrumentation. Additionally, they have a higher price point per analysis compared with
the majority of rapid-access tests.

Utilization of gold nanoparticle-based LFAs for COVID-19 detection has shown a fine
balance of complexity and high sensitivity. These tests are not as complex as an RNA-
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based assay and several approaches have been introduced to improve their sensitivity and
specificity. On several fronts, significant progress has been made in the performance of
GNP-based LFAs for COVID-19 diagnosis. However, researchers continue to push these
boundaries for an improved performance. For example, analyte pre-concentration methods
such as aqueous two-phase systems (ATPSs) [81], dialysis-based concentration [82], and
paper-based iso-tachophoresis (ITP) [83] have been introduced to enhance the sensitivity
of the LFAs. Additionally, pre-concentration of transferrin by ATPSs has been reported to
improve the detection limit of LFAs 100-fold [81].

7. Future Perspectives

Improving antibody-antigen affinity is a vital contributing factor to enhance the
sensitivity of LFAs. A way to proceed may be use of the variable region of camelid heavy-
chain antibodies (VHHs) as single-domain antibodies which can be purified against specific
epitopes through screening processes.

Several studies have worked on the production of VHH against SARS-CoV-2 [84–86].
For example, Saelens et al. have produced a VHH-human immunoglobulin Fc fusion
protein against the RBD of spike proteins. The produced nanobody not only shows sub-
nanomolar affinity toward SARS-CoV-2 but also binds to other circulating variants such as
B.1.1.7. and B.1.351 [84].

Therefore, such nanobodies with high affinity can be exploited to obtain sensitive
detection of SARS-CoV-2 and other variants of concern in the LFA format.

Optimizing the target concentration by exploiting multiple targets is another aspect
that is important for the improvement of LFA performance. For example, LFAs that measure
total antibodies show higher sensitivity than those that measure single ones. Along these
lines, Ventura et al. have enhanced the sensitivity of GNP-based biosensors by detecting
three surface proteins (S, E, and M). The measured detection limit is close to RT-PCR, so
a similar approach can be used in an LFA platform in order to enhance sensitivity for
detection of SARS-CoV-2 [3].

While such avenues for improving sensitivity and specificity have been introduced,
some further challenges still remain for GNP-based LFAs, such as improving the re-
producibility of the gold nanoparticle synthesis and integration of assays with, e.g., a
smart phone read-out, which are yet to be overcome. The combination of these initia-
tives may pave the way to a universal rapid testing solution that is readily available and
accepted worldwide.

The many leaps forward already taken in the development of GNP-based assays
shows the great potential of the methodology, and we foresee that the area of application
can extend far beyond the current need for SARS-CoV-2 diagnosis to a range of other
infections of concern in the future.

Author Contributions: L.S.A. performed the investigation, including the conceptualization and data
curation, and wrote the original draft; P.W.T. reviewed and edited the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liu, D.; Wu, F.; Cen, Y.; Ye, L.; Shi, X.; Huang, Y.; Fang, S.; Ma, L. Comparative research on nucleocapsid and spike glycoprotein

as the rapid immunodetection targets of COVID-19 and establishment of immunoassay strips. Mol. Immunol. 2021, 131, 6–12.
[CrossRef]

2. Hussein, H.A.; Hassan, R.Y.; Chino, M.; Febbraio, F. Point-of-Care Diagnostics of COVID-19: From Current Work to Future
Perspectives. Sensors 2020, 20, 4289. [CrossRef]

http://doi.org/10.1016/j.molimm.2021.01.005
http://doi.org/10.3390/s20154289


Nanomaterials 2022, 12, 1456 14 of 17

3. Ventura, B.D.; Cennamo, M.; Minopoli, A.; Campanile, R.; Censi, S.B.; Terracciano, D.; Portella, G.; Velotta, R. Colorimetric Test
for Fast Detection of SARS-CoV-2 in Nasal and Throat Swabs. ACS Sens. 2020, 5, 3043–3048. [CrossRef]

4. Moitra, P.; Alafeef, M.; Dighe, K.; Frieman, M.B.; Pan, D. Selective naked-eye detection of SARS-CoV-2 mediated by N gene
targeted antisense oligonucleotide capped plasmonic nanoparticles. ACS Nano 2020, 14, 7617–7627. [CrossRef]

5. Adrover-Jaume, C.; Alba-Patiño, A.; Clemente, A.; Santopolo, G.; Vaquer, A.; Russell, S.M.; Barón, E.; Del Campo, M.D.M.G.;
Ferrer, J.M.; Berman-Riu, M. Paper biosensors for detecting elevated IL-6 levels in blood and respiratory samples from COVID-19
patients. Sens. Actuators B Chem. 2021, 330, 129333. [CrossRef]

6. Shaw, A.M.; Hyde, C.; Merrick, B.; James-Pemberton, P.; Squires, B.K.; Olkhov, R.V.; Batra, R.; Patel, A.; Bisnauthsing, K.; Nebbia,
G. Real-world evaluation of a novel technology for quantitative simultaneous antibody detection against multiple SARS-CoV-2
antigens in a cohort of patients presenting with COVID-19 syndrome. Analyst 2020, 145, 5638–5646. [CrossRef]

7. Mavrikou, S.; Moschopoulou, G.; Tsekouras, V.; Kintzios, S. Development of a portable, ultra-rapid and ultra-sensitive cell-based
biosensor for the direct detection of the SARS-CoV-2 S1 spike protein antigen. Sensors 2020, 20, 3121. [CrossRef]

8. Zhang, Z.; Wang, X.; Wei, X.; Zheng, S.W.; Lenhart, B.J.; Xu, P.; Li, J.; Pan, J.; Albrecht, H.; Liu, C. Multiplex quantitative detection
of SARS-CoV-2 specific IgG and IgM antibodies based on DNA-assisted nanopore sensing. BioSens. Bioelectron. 2021, 181, 113134.
[CrossRef]

9. Shao, W.; Shurin, M.R.; Wheeler, S.E.; He, X.; Star, A. Rapid Detection of SARS-CoV-2 Antigens Using High-Purity Semiconducting
Single-Walled Carbon Nanotube-Based Field-Effect Transistors. ACS Appl. Mater. Interfaces 2021, 13, 10321–10327. [CrossRef]

10. Song, F.; Shen, Y.; Wei, Y.; Yang, C.; Ge, X.; Wang, A.; Li, C.; Wan, Y.; Li, J. Botulinum toxin as an ultrasensitive reporter for
bacterial and SARS-CoV-2 nucleic acid diagnostics. BioSens. Bioelectron. 2021, 176, 112953. [CrossRef]

11. Lin, Q.; Wen, D.; Wu, J.; Liu, L.; Wu, W.; Fang, X.; Kong, J. Microfluidic immunoassays for sensitive and simultaneous detection of
IgG/IgM/antigen of SARS-CoV-2 within 15 min. Anal. Chem. 2020, 92, 9454–9458. [CrossRef]

12. Nag, P.; Sadani, K.; Mukherji, S. Optical fiber sensors for rapid screening of COVID-19. Trans. Indian Natl. Acad. Eng. 2020, 5,
233–236. [CrossRef]

13. Zhong, J.; Rösch, E.L.; Viereck, T.; Schilling, M.; Ludwig, F. Toward rapid and sensitive detection of SARS-CoV-2 with functional-
ized magnetic nanoparticles. ACS Sens. 2021, 6, 976–984. [CrossRef]

14. Soler, M.; Estevez, M.C.; Cardenosa-Rubio, M.; Astua, A.; Lechuga, L.M. How nanophotonic label-free biosensors can contribute
to rapid and massive diagnostics of respiratory virus infections: COVID-19 case. ACS Sens. 2020, 5, 2663–2678. [CrossRef]

15. Mojsoska, B.; Larsen, S.; Olsen, D.A.; Madsen, J.S.; Brandslund, I.; Alatraktchi, F.A. Rapid SARS-CoV-2 Detection Using
Electrochemical Immunosensor. Sensors 2021, 21, 390. [CrossRef]

16. Pramanik, A.; Gao, Y.; Patibandla, S.; Mitra, D.; McCandless, M.G.; Fassero, L.A.; Gates, K.; Tandon, R.; Ray, P.C. The rapid
diagnosis and effective inhibition of coronavirus using spike antibody attached gold nanoparticles. Nanoscale Adv. 2021, 3,
1588–1596. [CrossRef]

17. Sharma, S.; Zapatero-Rodríguez, J.; Estrela, P.; O’Kennedy, R. Point-of-care diagnostics in low resource settings: Present status
and future role of microfluidics. Biosensors 2015, 5, 577–601. [CrossRef]

18. Hristov, D.R.; Rodriguez-Quijada, C.; Gomez-Marquez, J.; Hamad-Schifferli, K. Designing paper-based immunoassays for
biomedical applications. Sensors 2019, 19, 554. [CrossRef]

19. Banerjee, R.; Jaiswal, A. Recent advances in nanoparticle-based lateral flow immunoassay as a point-of-care diagnostic tool for
infectious agents and diseases. Analyst 2018, 143, 1970–1996. [CrossRef]

20. Sajid, M.; Kawde, A.-N.; Daud, M. Designs, formats and applications of lateral flow assay: A literature review. J. Saudi Chem. Soc.
2015, 19, 689–705. [CrossRef]

21. Wang, D.; He, S.; Wang, X.; Yan, Y.; Liu, J.; Wu, S.; Liu, S.; Lei, Y.; Chen, M.; Li, L. Rapid lateral flow immunoassay for the
fluorescence detection of SARS-CoV-2 RNA. Nat. Biomed. Eng. 2020, 4, 1150–1158. [CrossRef]

22. Yu, S.; Nimse, S.B.; Kim, J.; Song, K.-S.; Kim, T. Development of a Lateral Flow Strip Membrane Assay for Rapid and Sensitive
Detection of the SARS-CoV-2. Anal. Chem. 2020, 92, 14139–14144. [CrossRef]

23. Broughton, J.P.; Deng, X.; Yu, G.; Fasching, C.L.; Singh, J.; Streithorst, J.; Granados, A.; Sotomayor-Gonzalez, A.; Zorn, K.;
Gopez, A. Rapid detection of 2019 novel coronavirus SARS-CoV-2 using a CRISPR-based DETECTR lateral flow assay. medRxiv,
2020; Preprint.

24. Xiong, E.; Jiang, L.; Tian, T.; Hu, M.; Yue, H.; Huang, M.; Lin, W.; Jiang, Y.; Zhu, D.; Zhou, X. Simultaneous dual-gene diagnosis of
SARS-CoV-2 based on CRISPR/Cas9-mediated lateral flow assay. Angew. Chem. 2021, 133, 5367–5375. [CrossRef]

25. Wang, Z.; Zheng, Z.; Hu, H.; Zhou, Q.; Liu, W.; Li, X.; Liu, Z.; Wang, Y.; Ma, Y. A point-of-care selenium nanoparticle-based test
for the combined detection of anti-SARS-CoV-2 IgM and IgG in human serum and blood. Lab Chip 2020, 20, 4255–4261. [CrossRef]

26. Lee, J.-H.; Choi, M.; Jung, Y.; Lee, S.K.; Lee, C.-S.; Kim, J.; Kim, J.; Kim, N.H.; Kim, B.-T.; Kim, H.G. A novel rapid detection for
SARS-CoV-2 spike 1 antigens using human angiotensin converting enzyme 2 (ACE2). Biosens. Bioelectron. 2021, 171, 112715.
[CrossRef]

27. Kim, H.-Y.; Lee, J.-H.; Kim, M.J.; Park, S.C.; Choi, M.; Lee, W.; Ku, K.B.; Kim, B.T.; Park, E.C.; Kim, H.G. Development of
a SARS-CoV-2-specific biosensor for antigen detection using scFv-Fc fusion proteins. Biosens. Bioelectron. 2021, 175, 112868.
[CrossRef]

28. Syedmoradi, L.; Daneshpour, M.; Alvandipour, M.; Gomez, F.A.; Hajghassem, H.; Omidfar, K. Point of care testing: The impact of
nanotechnology. Biosens. Bioelectron. 2017, 87, 373–387. [CrossRef]

http://doi.org/10.1021/acssensors.0c01742
http://doi.org/10.1021/acsnano.0c03822
http://doi.org/10.1016/j.snb.2020.129333
http://doi.org/10.1039/D0AN01066A
http://doi.org/10.3390/s20113121
http://doi.org/10.1016/j.bios.2021.113134
http://doi.org/10.1021/acsami.0c22589
http://doi.org/10.1016/j.bios.2020.112953
http://doi.org/10.1021/acs.analchem.0c01635
http://doi.org/10.1007/s41403-020-00128-4
http://doi.org/10.1021/acssensors.0c02160
http://doi.org/10.1021/acssensors.0c01180
http://doi.org/10.3390/s21020390
http://doi.org/10.1039/D0NA01007C
http://doi.org/10.3390/bios5030577
http://doi.org/10.3390/s19030554
http://doi.org/10.1039/C8AN00307F
http://doi.org/10.1016/j.jscs.2014.09.001
http://doi.org/10.1038/s41551-020-00655-z
http://doi.org/10.1021/acs.analchem.0c03202
http://doi.org/10.1002/ange.202014506
http://doi.org/10.1039/D0LC00828A
http://doi.org/10.1016/j.bios.2020.112715
http://doi.org/10.1016/j.bios.2020.112868
http://doi.org/10.1016/j.bios.2016.08.084


Nanomaterials 2022, 12, 1456 15 of 17

29. Nielsen, K.; Yu, W.; Lin, M.; Davis, S.N.; Elmgren, C.; Mackenzie, R.; Tanha, J.; Li, S.; Dubuc, G.; Brown, E. Prototype single
step lateral flow technology for detection of avian influenza virus and chicken antibody to avian influenza virus. J. Immunoass.
Immunochem. 2007, 28, 307–318. [CrossRef]

30. Jung, B.Y.; Jung, S.C.; Kweon, C.H. Development of a rapid immunochromatographic strip for detection of Escherichia coli O157.
J. Food Protect. 2005, 68, 2140–2143. [CrossRef]

31. Rong-Hwa, S.; Shiao-Shek, T.; Der-Jiang, C.; Yao-Wen, H. Gold nanoparticle-based lateral flow assay for detection of staphylococcal
enterotoxin B. Food Chem. 2010, 118, 462–466. [CrossRef]

32. Jung, Y.; Heo, Y.; Lee, J.J.; Deering, A.; Bae, E. Smartphone-based lateral flow imaging system for detection of food-borne bacteria
E. coli O157: H7. J. Microbiol. Methods 2020, 168, 105800. [CrossRef]

33. Wang, Z.; Yao, X.; Zhang, Y.; Wang, R.; Ji, Y.; Sun, J.; Zhang, D.; Wang, J. Functional nanozyme mediated multi-readout and
label-free lateral flow immunoassay for rapid detection of Escherichia coli O157: H7. Food Chem. 2020, 329, 127224. [CrossRef]

34. Broughton, J.P.; Deng, X.; Yu, G.; Fasching, C.L.; Servellita, V.; Singh, J.; Miao, X.; Streithorst, J.A.; Granados, A.; Sotomayor-
Gonzalez, A. 91 CRISPR–Cas12-based detection of SARS-CoV-2. Nat. Biotechnol. 2020, 38, 870–874. [CrossRef]

35. Nguyen, L.T.; Smith, B.M.; Jain, P.K. 92 Enhancement of trans-cleavage activity of Cas12a with engineered crRNA enables
amplified nucleic acid detection. Nat. Commun. 2020, 11, 4906.

36. Arizti-Sanz, J.; A’Doriann Bradley, Y.B.Z.; Boehm, C.K.; Freije, C.A.; Grunberg, M.E.; Kosoko-Thoroddsen, T.-S.F.; Welch, N.L.;
Pillai, P.P.; Mantena, S.; Kim, G. Equipment-free detection of SARS-CoV-2 and Variants of Concern using Cas13. medrxiv,
2021; Preprint.

37. Gupta, R.; Sagar, P.; Priyadarshi, N.; Kaul, S.; Sandhir, R.; Rishi, V.; Singhal, N.K. Nanotechnology-based approaches for the
detection of SARS-CoV-2. Front. Nanotechnol. 2020, 2, 589832. [CrossRef]

38. Younes, N.; Al-Sadeq, D.W.; Al-Jighefee, H.; Younes, S.; Al-Jamal, O.; Daas, H.I.; Yassine, H.; Nasrallah, G.K. Challenges in
laboratory diagnosis of the novel coronavirus SARS-CoV-2. Viruses 2020, 12, 582. [CrossRef]

39. Suleman, S.; Shukla, S.K.; Malhotra, N.; Bukkitgar, S.D.; Shetti, N.P.; Pilloton, R.; Narang, J.; Tan, Y.N.; Aminabhavi, T.M. Point of
care detection of COVID-19: Advancement in biosensing and diagnostic methods. Chem. Eng. J. 2021, 414, 128759. [CrossRef]

40. Wang, J.; Drelich, A.J.; Hopkins, C.M.; Mecozzi, S.; Li, L.; Kwon, G.; Hong, S. Gold nanoparticles in virus detection: Recent
advances and potential considerations for SARS-CoV-2 testing development. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol.
2022, 14, e1754. [CrossRef]

41. Zhou, Y.; Wu, Y.; Ding, L.; Huang, X.; Xiong, Y. Point-of-care COVID-19 diagnostics powered by lateral flow assay. TrAC Trends
Anal. Chem. 2021, 145, 116452. [CrossRef]

42. Mahmoudinobar, F.; Britton, D.; Montclare, J.K. Protein-based lateral flow assays for COVID-19 detection. Protein Eng. Design Sel.
2021, 34, gzab010. [CrossRef]

43. Hsiao, W.W.-W.; Le, T.-N.; Pham, D.M.; Ko, H.-H.; Chang, H.-C.; Lee, C.-C.; Sharma, N.; Lee, C.-K.; Chiang, W.-H. Recent
advances in novel lateral flow technologies for detection of COVID-19. Biosensors 2021, 11, 295. [CrossRef]

44. Amanat, F.; Stadlbauer, D.; Strohmeier, S.; Nguyen, T.H.; Chromikova, V.; McMahon, M.; Jiang, K.; Arunkumar, G.A.; Jurczyszak,
D.; Polanco, J. A serological assay to detect SARS-CoV-2 seroconversion in humans. Nat. Med. 2020, 26, 1033–1036. [CrossRef]

45. Cavalera, S.; Colitti, B.; Rosati, S.; Ferrara, G.; Bertolotti, L.; Nogarol, C.; Guiotto, C.; Cagnazzo, C.; Denina, M.; Fagioli, F. A
multi-target lateral flow immunoassay enabling the specific and sensitive detection of total antibodies to SARS CoV-2. Talanta
2021, 223, 121737. [CrossRef]

46. Liu, G.; Rusling, J.F. COVID-19 antibody tests and their limitations. ACS Sens. 2021, 6, 593–612. [CrossRef]
47. Huang, C.; Wen, T.; Shi, F.-J.; Zeng, X.-Y.; Jiao, Y.-J. Rapid detection of IgM antibodies against the SARS-CoV-2 virus via colloidal

gold nanoparticle-based lateral-flow assay. ACS Omega 2020, 5, 12550–12556. [CrossRef]
48. Wen, T.; Huang, C.; Shi, F.-J.; Zeng, X.-Y.; Lu, T.; Ding, S.-N.; Jiao, Y.-J. Development of a lateral flow immunoassay strip for rapid

detection of IgG antibody against SARS-CoV-2 virus. Analyst 2020, 145, 5345–5352. [CrossRef]
49. Peng, T.; Sui, Z.; Huang, Z.; Xie, J.; Wen, K.; Zhang, Y.; Huang, W.; Mi, W.; Peng, K.; Dai, X. Point-of-care test system for detection

of immunoglobulin-G and-M against nucleocapsid protein and spike glycoprotein of SARS-CoV-2. Sens. Actuators B Chem. 2021,
331, 129415. [CrossRef]

50. Liu, C.; Mao, B.; Martinez, V.; Chen, X.; Li, Y.; He, L.; Chen, S.; Guo, X.; Shen, X.; Bao, X. A facile assay for rapid detection of
COVID-19 antibodies. RSC Adv. 2020, 10, 28041–28048. [CrossRef]

51. Roda, A.; Cavalera, S.; Di Nardo, F.; Calabria, D.; Rosati, S.; Simoni, P.; Colitti, B.; Baggiani, C.; Roda, M.; Anfossi, L. Dual lateral
flow optical/chemiluminescence immunosensors for the rapid detection of salivary and serum IgA in patients with COVID-19
disease. Biosens. Bioelectron. 2021, 172, 112765. [CrossRef]

52. Zeng, L.; Li, Y.; Liu, J.; Guo, L.; Wang, Z.; Xu, X.; Song, S.; Hao, C.; Liu, L.; Xin, M. Rapid, ultrasensitive and highly specific
biosensor for the diagnosis of SARS-CoV-2 in clinical blood samples. Mater. Chem. Front. 2020, 4, 2000–2005. [CrossRef]

53. Wang, C.; Yang, X.; Gu, B.; Liu, H.; Zhou, Z.; Shi, L.; Cheng, X.; Wang, S. Sensitive and Simultaneous Detection of SARS-CoV-
2-Specific IgM/IgG Using Lateral Flow Immunoassay Based on Dual-Mode Quantum Dot Nanobeads. Anal. Chem. 2020, 92,
15542–15549. [CrossRef]

54. Tian, J.; Kan, W.; Yanlei, L.; Hui, L.; Xueling, L.; Daxiang, C. Development and Head-to-Head Comparison of Two Colloidal Gold
Based Serologic Lateral Flow Assays for SARS-CoV-2 Antibody Tests. Nano Biomed. Eng 2020, 12, 306–310. [CrossRef]

http://doi.org/10.1080/15321810701603443
http://doi.org/10.4315/0362-028X-68.10.2140
http://doi.org/10.1016/j.foodchem.2009.04.106
http://doi.org/10.1016/j.mimet.2019.105800
http://doi.org/10.1016/j.foodchem.2020.127224
http://doi.org/10.1038/s41587-020-0513-4
http://doi.org/10.3389/fnano.2020.589832
http://doi.org/10.3390/v12060582
http://doi.org/10.1016/j.cej.2021.128759
http://doi.org/10.1002/wnan.1754
http://doi.org/10.1016/j.trac.2021.116452
http://doi.org/10.1093/protein/gzab010
http://doi.org/10.3390/bios11090295
http://doi.org/10.1038/s41591-020-0913-5
http://doi.org/10.1016/j.talanta.2020.121737
http://doi.org/10.1021/acssensors.0c02621
http://doi.org/10.1021/acsomega.0c01554
http://doi.org/10.1039/D0AN00629G
http://doi.org/10.1016/j.snb.2020.129415
http://doi.org/10.1039/D0RA04107F
http://doi.org/10.1016/j.bios.2020.112765
http://doi.org/10.1039/D0QM00294A
http://doi.org/10.1021/acs.analchem.0c03484
http://doi.org/10.5101/nbe.v12i4.p306-310


Nanomaterials 2022, 12, 1456 16 of 17

55. Fulford, T.S.; Van, H.; Gherardin, N.A.; Zheng, S.; Ciula, M.; Drummer, H.E.; Redmond, S.; Tan, H.-X.; Boo, I.; Center, R.J. A
point-of-care lateral flow assay for neutralising antibodies against SARS-CoV-2. EBioMedicine 2021, 74, 103729. [CrossRef]

56. Pavlova, I.P.; Nair, S.S.; Kyprianou, N.; Tewari, A.K. The rapid coronavirus antibody test: Can we improve accuracy? Front. Med.
2020, 7, 569. [CrossRef]

57. EUA (Ed.) A Common List of COVID-19 Rapid Antigen Tests; EUA: Brussels, Belgium, 2022.
58. WHO. WHO Emergency Use Listing for In Vitro Diagn.s (IVDs) Detecting SARS-CoV-2; WHO: Geneva, Switzerland, 2020.
59. Mertens, P.; De Vos, N.; Martiny, D.; Jassoy, C.; Mirazimi, A.; Cuypers, L.; Van den Wijngaert, S.; Monteil, V.; Melin, P.; Stoffels, K.

Development and potential usefulness of the COVID-19 Ag Respi-Strip diagnostic assay in a pandemic context. Front. Med. 2020,
7, 225. [CrossRef]

60. Baker, A.N.; Richards, S.-J.; Guy, C.S.; Congdon, T.R.; Hasan, M.; Zwetsloot, A.J.; Gallo, A.; Lewandowski, J.R.; Stansfeld, P.J.;
Straube, A. The SARS-CoV-2 spike protein binds sialic acids and enables rapid detection in a lateral flow point of care diagnostic
device. ACS Cent. Sci. 2020, 6, 2046–2052. [CrossRef]

61. Khairat, S.M.; Guindy, N.E.; Motaleb, M.; Soliman, N.S. Evaluation of two rapid antigen tests for detection of SARS-CoV-2 virus.
Internatl. J. Microbiol. Biotechnol. 2020, 5, 131–134. [CrossRef]

62. Li, G.; Wang, A.; Chen, Y.; Sun, Y.; Du, Y.; Wang, X.; Ding, P.; Jia, R.; Wang, Y.; Zhang, G. 88 Development of a Colloidal Gold-Based
Immunochromatographic Strip for Rapid Detection of Severe Acute Respiratory Syndrome Coronavirus 2 Spike Protein. Front.
Immunol. 2021, 12, 560.

63. Zhu, N.; Wong, P.K. Advances in Viral Diagnostic Technologies for Combating COVID-19 and Future Pandemics. SLAS
TECHNOLOGY Transl. Life Sci. Innov. 2020, 25, 513–521. [CrossRef]

64. Shen, Y.; Anwar, T.B.; Mulchandani, A. Current status, advances, challenges and perspectives on biosensors for COVID-19
diagnosis in resource-limited settings. Sens. Actuators Rep. 2021, 3, 100025. [CrossRef]

65. Grant, B.D.; Anderson, C.E.; Williford, J.R.; Alonzo, L.F.; Glukhova, V.A.; Boyle, D.S.; Weigl, B.H.; Nichols, K.P. SARS-CoV-2
coronavirus nucleocapsid antigen-detecting half-strip lateral flow assay toward the development of point of care tests using
commercially available reagents. Anal. Chem. 2020, 92, 11305–11309. [CrossRef]

66. Hristov, D.; Rijal, H.; Gomez-Marquez, J.; Hamad, K. Developing a Paper-Based Antigen Assay to Differentiate Between
Coronaviruses and SARS-CoV-2 Spike Variants. Anal Chem. 2021, 93, 7825. [CrossRef]

67. Riccò, M.; Ferraro, P.; Gualerzi, G.; Ranzieri, S.; Henry, B.M.; Said, Y.B.; Pyatigorskaya, N.V.; Nevolina, E.; Wu, J.; Bragazzi, N.L.
Point-of-care diagnostic tests for detecting SARS-CoV-2 antibodies: A systematic review and meta-analysis of real-world data. J.
Clin. Med. 2020, 9, 1515. [CrossRef]

68. Dörschug, A.; Schwanbeck, J.; Hahn, A.; Hillebrecht, A.; Blaschke, S.; Mese, K.; Groß, U.; Dierks, S.; Frickmann, H.; Zautner, A.E.
Comparison of Five Serological Assays for the Detection of SARS-CoV-2 Antibodies. Diagnostics 2021, 11, 78. [CrossRef]

69. Guglielmi, G. Rapid coronavirus tests: A guide for the perplexed. Nature 2021, 590, 202–205. [CrossRef]
70. Brümmer, L.E.; Katzenschlager, S.; Gaeddert, M.; Erdmann, C.; Schmitz, S.; Bota, M.; Grilli, M.; Larmann, J.; Weigand, M.A.;

Pollock, N.R. Accuracy of novel antigen rapid diagnostics for SARS-CoV-2: A living systematic review and meta-analysis. PLoS
Med. 2021, 18, e1003735. [CrossRef]

71. Sotnikov, D.V.; Zherdev, A.V.; Dzantiev, B.B. Lateral Flow Serodiagnosis in the Double-Antigen Sandwich Format: Theoretical
Consideration and Confirmation of Advantages. Sensors 2021, 21, 39. [CrossRef]

72. Hoste, A.C.; Venteo, A.; Fresco-Taboada, A.; Tapia, I.; Monedero, A.; López, L.; Jebbink, M.F.; Pérez-Ramírez, E.; Jimenez-Clavero,
M.A.; Almonacid, M. Two serological approaches for detection of antibodies to SARS-CoV-2 in different scenarios: A screening
tool and a point-of-care test. Diagn. Microbiol. Infect. Dis. 2020, 98, 115167. [CrossRef]

73. Daoud, Z.; McLeod, J.; Stockman, D.L. Higher Sensitivity Provided by the Combination of Two Lateral Flow Immunoassay Tests
for the Detection of COVID-19 Immunoglobulins. Front. Cell. Infect. Microbiol. 2020, 10, 479. [CrossRef]

74. Fischer, P.U.; Fischer, K.; Curtis, K.C.; Huang, Y.; Fetcho, N.; Goss, C.W.; Weil, G.J. Evaluation of commercial rapid lateral flow
tests, alone or in combination, for SARS-CoV-2 antibody testing. Am. J. Trop. Med. Hyg. 2021, 105, 378. [CrossRef]

75. Lindner, A.K.; Nikolai, O.; Kausch, F.; Wintel, M.; Hommes, F.; Gertler, M.; Krüger, L.J.; Gaeddert, M.; Tobian, F.; Lainati, F.
Head-to-head comparison of SARS-CoV-2 antigen-detecting rapid test with self-collected nasal swab versus professional-collected
nasopharyngeal swab. Eur. Respir. J. 2021, 57, 2003961. [CrossRef]

76. Cerofolini, L.; Fragai, M.; Luchinat, C.; Ravera, E. Orientation of immobilized antigens on common surfaces by a simple
computational model: Exposition of SARS-CoV-2 spike protein RBD epitopes. Biophys. Chem. 2020, 265, 106441. [CrossRef]

77. Zhan, L.; Guo, S.-z.; Song, F.; Gong, Y.; Xu, F.; Boulware, D.R.; McAlpine, M.C.; Chan, W.C.; Bischof, J.C. 90 The role of nanoparticle
design in determining analytical performance of lateral flow immunoassays. Nano Lett. 2017, 17, 7207–7212. [CrossRef]

78. Panferov, V.G.; Byzova, N.A.; Biketov, S.F.; Zherdev, A.V.; Dzantiev, B.B. Comparative study of in situ techniques to enlarge gold
nanoparticles for highly sensitive lateral flow immunoassay of SARS-CoV-2. Biosensors 2021, 11, 229. [CrossRef]

79. Peng, T.; Liu, X.; Adams, L.G.; Agarwal, G.; Akey, B.; Cirillo, J.; Deckert, V.; Delfan, S.; Fry, E.; Han, Z. Enhancing sensitivity of
lateral flow assay with application to SARS-CoV-2. Appl. Phys. Lett. 2020, 117, 120601. [CrossRef]

80. Chen, P.-Y.; Ko, C.-H.; Wang, C.J.; Chen, C.-W.; Chiu, W.-H.; Hong, C.; Cheng, H.-M.; Wang, I.-J. The early detection of
immunoglobulins via optical-based lateral flow immunoassay platform in COVID-19 pandemic. PLoS ONE 2021, 16, e0254486.
[CrossRef]

http://doi.org/10.1016/j.ebiom.2021.103729
http://doi.org/10.3389/fmed.2020.00569
http://doi.org/10.3389/fmed.2020.00225
http://doi.org/10.1021/acscentsci.0c00855
http://doi.org/10.11648/j.ijmb.20200503.18
http://doi.org/10.1177/2472630320953798
http://doi.org/10.1016/j.snr.2021.100025
http://doi.org/10.1021/acs.analchem.0c01975
http://doi.org/10.1021/acs.analchem.0c05438
http://doi.org/10.3390/jcm9051515
http://doi.org/10.3390/diagnostics11010078
http://doi.org/10.1038/d41586-021-00332-4
http://doi.org/10.1371/journal.pmed.1003735
http://doi.org/10.3390/s21010039
http://doi.org/10.1016/j.diagmicrobio.2020.115167
http://doi.org/10.3389/fcimb.2020.00479
http://doi.org/10.4269/ajtmh.20-1390
http://doi.org/10.1183/13993003.03961-2020
http://doi.org/10.1016/j.bpc.2020.106441
http://doi.org/10.1021/acs.nanolett.7b02302
http://doi.org/10.3390/bios11070229
http://doi.org/10.1063/5.0021842
http://doi.org/10.1371/journal.pone.0254486


Nanomaterials 2022, 12, 1456 17 of 17

81. Chiu, R.Y.; Thach, A.V.; Wu, C.M.; Wu, B.M.; Kamei, D.T. An aqueous two-phase system for the concentration and extraction of
proteins from the interface for detection using the lateral-flow immunoassay. PLoS ONE 2015, 10, e0142654. [CrossRef]

82. Tang, R.; Yang, H.; Choi, J.R.; Gong, Y.; Hu, J.; Feng, S.; Pingguan-Murphy, B.; Mei, Q.; Xu, F. Improved sensitivity of lateral flow
assay using paper-based sample concentration technique. Talanta 2016, 152, 269–276. [CrossRef]

83. Moghadam, B.Y.; Connelly, K.T.; Posner, J.D. Two orders of magnitude improvement in detection limit of lateral flow assays
using isotachophoresis. Anal. Chem. 2015, 87, 1009–1017. [CrossRef]

84. Schepens, B.; van Schie, L.; Nerinckx, W.; Roose, K.; Van Breedam, W.; Fijalkowska, D.; Devos, S.; Weyts, W.; De Cae, S.;
Vanmarcke, S. An affinity-enhanced, broadly neutralizing heavy chain–only antibody protects against SARS-CoV-2 infection in
animal models. Sci. Transl. Med. 2021, 13, eabi7826. [CrossRef] [PubMed]

85. Schoof, M.; Faust, B.; Saunders, R.A.; Sangwan, S.; Rezelj, V.; Hoppe, N.; Boone, M.; Billesbølle, C.B.; Zimanyi, M.; Deshpande, I.
An ultra-high affinity synthetic nanobody blocks SARS-CoV-2 infection by locking Spike into an inactive conformation. BioRxiv,
2020; Preprint.

86. Nambulli, S.; Xiang, Y.; Tilston-Lunel, N.L.; Rennick, L.J.; Sang, Z.; Klimstra, W.B.; Reed, D.S.; Crossland, N.A.; Shi, Y.; Duprex,
W.P. Inhalable Nanobody (PiN-21) prevents and treats SARS-CoV-2 infections in Syrian hamsters at ultra-low doses. Sci. Adv.
2021, 7, eabh0319. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pone.0142654
http://doi.org/10.1016/j.talanta.2016.02.017
http://doi.org/10.1021/ac504552r
http://doi.org/10.1126/scitranslmed.abi7826
http://www.ncbi.nlm.nih.gov/pubmed/34609205
http://doi.org/10.1126/sciadv.abh0319
http://www.ncbi.nlm.nih.gov/pubmed/34039613

	Introduction 
	Lateral Flow Assays 
	GNP-Based LFAs 
	Gold-Based LFA for COVID-19 Diagnosis 
	Detection of Host Antibody 
	Detection of Antigen 

	Limitations and Solutions 
	How Can the Specificity of LFAs Be Improved? 
	Development of Specific Antibodies against SARS-CoV-2 
	Deployment of Other Specific Bio-Recognition Elements 

	How Can the Sensitivity of LFA Be Improved? 
	Platform of Assay 
	Infection Disease Stage 
	Target Concentration 
	Sample Collection Method 
	Sample Preparation Method 
	Proper Orientation of Bioreceptors 
	Proper Concentration of the Bioreceptor 
	Membrane Properties 
	Signal Reporter Properties 
	Read-Out Strategy 


	Conclusions 
	Future Perspectives 
	References

