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a b s t r a c t

Bacteria, viruses, and parasites are harmful microorganisms that cause infectious diseases. Early detec-
tion of diseases is critical to prevent disease transmission and provide epidemic preparedness, as these
can cause widespread deaths and public health crises, particularly in resource-limited countries. Lateral
flow assay (LFA) systems are simple-to-use, disposable, inexpensive diagnostic devices to test biomarkers
in blood and urine samples. Thus, LFA has recently received significant attention, especially during the
pandemic. Here, first of all, the design principles and working mechanisms of existing LFA methods are
examined. Then, current LFA implementation strategies are presented for communicable disease di-
agnoses, including COVID-19, zika and dengue, HIV, hepatitis, influenza, malaria, and other pathogens.
Furthermore, this review focuses on an overview of current problems and accessible solutions in
detecting infectious agents and diseases by LFA, focusing on increasing sensitivity with various detection
methods. In addition, future trends in LFA-based diagnostics are envisioned.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Microorganisms such as bacteria, viruses, fungi, algae, and
protozoa affect human life in beneficial and harmful ways,
depending on the environment and natural conditions [1]. Infec-
tious diseases constitute a large part of global medical problems,
and developing countries are most affected by this situation.
Humans have been exposed to several novel viral infectious agents
and re-emerging infectious agents during the last two decades.
Many factors cause the emergence of an infectious disease. The
factors contributing to its emergence can be divided into three.
These are (i) virus evolution and adaptation, (ii) human factors, and
(iii) ecological changes [2]. Most of the viral agents are RNA viruses.
As a result of this fast evolution and environmental flexibility, RNA
viruses can quickly reach adaptive equilibrium within their host
species. Surprisingly, it is not believed that the genetic evolution of
viruses is the primary reason for creating the virus in question.
Viruses appear to remain stable within the boundaries of their
ecological niche. Human factors are widely considered the most
crucial element in the emergence of viral infectious diseases. A
disease's pathogen first is introduced to humans, then spread and
maintained in the population. After the 19th century, with the
development of medicine and increased welfare, there has a sig-
nificant increase in the human population. The size of the human
population negatively favors the spread and persistence of diseases.
Increasing population density and urbanization bring about hous-
ing, sanitation, pollution, drinking water, and health facilities.
Moreover, the enormous expansion in the human population ne-
cessitates additional living space. As a result, human expansion into
virgin forests may disrupt virus reservoirs and increase the prob-
ability of viral transmission from animals to people. Also, un-
planned migration resulting from war or natural catastrophes has
been a significant factor in spreading infectious illnesses among
people. Airplanes, which are the product of developing technology,
can easily transport infected animals, humans, or reptiles from
country to country [3]. With such a decrease in the distance be-
tween the continents, the transmission can cause worldwide pan-
demics [4]. It is the most obvious example of how quickly the
emerging SARS-CoV-2 virus has spread from China to the world.
The COVID-19 pandemic is considered the most crucial global
health calamity of the century and the greatest challenge human-
kind has faced since the 2nd World War. In addition to its sad ef-
fects on human life, COVID-19 has also seriously damaged its
economy [5]. Education, trade, and sports have been halted in
almost all countries to limit further disease transmission. People
stayed at home for months and suffered material/moral damage.
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Fig. 1. (A) Components of a conventional LFA; (B) Schematic illustration for test design
and application method.
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Most importantly, many people faced the threat of unemployment.
For this reason, health personnel, scientists, and governments have
shown great interest in rapid and accurate detection methods for
the prevention and control of the pandemic [6].

Consequently, cost-effective diagnoses are significant to
monitor and detect diseases. Traditional detection methods for
detecting specific pathogens include pathogen culture, gram stain,
enzyme immunoassays, enzyme-linked immunosorbent assays,
biochemical methods, other nucleic acid-based amplification
methods, and real-time polymerase chain reaction (RT-PCR) [7,8].
These techniques have contributed significantly to diagnosing,
preventing, and treating several infectious diseases. Nevertheless, it
also has several drawbacks, including time-consuming, costly,
needing advanced analytical hardware, and requiring expert pro-
fessionals. For example, although the RT-PCR is the “gold standard
method” in the clinical diagnosis of SARS-CoV-2, it has its disad-
vantages and limitations. Sensitivity may be reduced due to sam-
pling errors or low viral load (false negatives). Inactive virus and
viral fragments may also test positive (false positives) [9]. As a
result, a novel and reliable point-of-care diagnostic method is
required. Rapid diagnostic tests are of great importance to prevent
the spread of the virus to the public and allow timely intervention.
In addition to rapid diagnostic decision-making, this system re-
duces potential analytical interference by promptly minimizing
complex sample processing and transporting the test sample to the
diagnostic facility. More importantly, continuous PCR testing to
large audiences costs the healthcare system large sums. LFA tests
have the potential to reduce the financial burden as they are rela-
tively inexpensive, practical, and do not require qualified
personnel. Also known as immunochromatographic or lane tests,
LFA is an immunoassay designed to operate along a single axis.
Immunoassay is defined as a bioanalytical method. LFA strips have
been widely used to test various analytes, including nucleic acids
[10e12], proteins [13e16], and infectious viruses [17e19]. LFA
platform can be seen as the best alternative for the rapid and ac-
curate diagnosis of several viral infectious diseases [20e22]. Since it
does not require any knowledge, the LFA method is apparent as a
convenient point-of-care (POC) diagnostic technique [23e28].

The first example of an immunoassay for diagnosing infectious
disease was reported in a study by Dochez and Avery in 1917. Ac-
cording to the study, pneumococcal polysaccharides can be detec-
ted by LFA of both urine and serum taken from patients with lobar
pneumonia [29]. The authors suggested that antibody/antigen
detection can quickly detect the presence/absence of infection.
Disadvantages and inadequacy of immunoassays such as enzyme-
linked immunosorbent assay (ELISA) and RT-PCR for disease diag-
nosis have prompted many researchers and biotech companies to
find ways to perform rapid testing in POC. Subsequently, various
companies developed a new method that led to the novel LFA
platform [30e32]. Home pregnancy testing using the lateral flow
platform provided the first clear evidence for home use of antigen
testing. Subsequently, rapid tests developed for diagnosing strep-
tococcal pharyngitis popularized the lateral flow immunoassay
(LFIA) test for diagnosing infectious diseases. Emerging new di-
agnostics systems promise to solve these drawbacks by providing
low-cost, quick, sensitive, specific, and straightforward diagnoses.
After a brief overview of LFA structures and working principles in
this review, we reviewed LFA studies on infectious diseases in the
literature.

2. Structure of the lateral flow immunoassay platform

LFA's standard structure consists of functional zones con-
structed of different materials. All LFA systems work using the same
basic principle. A commercially available LFA strip comprises four
2

components: a sample pad, conjugation pad, nitrocellulose (NC)
membrane, and an absorption pad. They usually overlap and install
on a backing card in sequence [33]. The main steps in preparing the
LFA system are; (a) antibody/antigen preparation against target
analyte (b) selection and preparation of colored label (c) process of
labeling biorecognition molecules (d) immobilization of detector
reagents to the appropriate pad (e) immobilization of test and
control lines to the NCmembrane (f) mounting all components on a
backing card (g) sample sending and receiving results in minutes.
The schematic diagram of the essential components of the lateral
flow system is shown in Fig. 1. A-B. Each component serves one or
more purposes.

A sample pad is a pad that is used to apply the samples (serum/
urine/blood). The sample pad has two essential functions. First, it
enables the sample's controlled-release towards the conjugated
analyte contained in the conjugate pad. So the primary purpose is
to process the sample to match the rest of the test. Some sample
contents, such as urine and saliva, might differ dramatically based
on things like time of day, food, and age. These changes may
hamper the detection of the target analyte in composition and pH.
The second purpose of the sample pad, the first component of the
LFA strip that comes into contact with the sample, is to control
these inconsistencies [34].

The tagged biosensing molecules are dispersed on the conjugate
pad. The conjugate pad's role in LFA is to take the conjugate, keep it
stable for the duration of the shelf life, and release it quickly and
consistently once the assay is run [35]. It should have a high release
ability and little protein binding. The conjugate pad should show
low non-specific binding so that the detection reagent does not
remain trapped in the pad. The conjugate padmaterial immediately
releases the labeled conjugate from the surface when the mobile
liquid comes into contact with the sample. Some conjugate pads
support slow-release, while others support fast release. However,
the release speed should always be internally consistent. Inefficient
mixing and separation of the conjugate from the pad can result in
negative results in test sensitivity and reproducibility. Due to the
materials' nature, it is needed to pretreat the conjugate pads to
provide optimal release, reduce non-specific interactions, and
control pH. Conjugate pretreatment buffer componentsmove faster
in the lane than the conjugate. They may also help to block the
binding sites of the capture reagent present on the membrane prior
to conjugate interaction. Pretreatment of the conjugate pad with
blocking agents such as proteins, surfactants, or polymers may also



Fig. 2. The sandwich assay and competitive assay models.
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help restore signal intensity [36]. The conjugate pad pretreatment
can be carried out by dipping the buffer or spraying it homoge-
neously with an automatic dispenser. A dispensing platform en-
sures that a controlled and consistent amount of conjugate is
loaded into each pad. The immersion technique results in an un-
controlled amount of conjugate loaded into a place. This technique
is only recommended when a distribution platform is not available.
The labeled conjugate should remain stable for the entire life of the
lateral flow strip. Under controlled humidity, the dried conjugate
pad can remain stable for up to 3 years. Conjugated liquid reagent
can remain stable for a maximum of 1 month at 4 �C.

Nitrocellulose is a highly flammable material. It consists of cel-
lulose nitrated with strong nitrating agents such as nitric acid.
Three nitrate groups are esterified on each glucose unit in the
cellulose polymer. The negative charge of nitrocellulose at neutral
pH and the excellent flammability of dry nitrocellulose are both due
to these nitrate groups in the structure [36].

If the NC membrane is treated harshly, it can become fragile.
Thus membranes cast on a commercially available inert synthetic
support are generally preferred. Each NC membrane has unique
capillary flow properties depending on the manufacturing process,
which affects its physical properties, specificity, flow mechanics,
sensitivity, and stability of the LFA [37,38]. The capillary flow rate is
influenced by the pore size and porosity of the membrane. As the
pore size increases, the flow rate of the sample increases accord-
ingly. The size of the analyte and the sample type are taken into
account when deciding the pore size of the NC membrane. Each
producer treats membranes with a specialized mixture of surfac-
tants and chemicals to hydrophilic nitrocellulose. These processes
also affect the achievement, and performance of the LFA, depending
on the biomolecule used. As a result, membranes with the same
physical attributes (e.g., pore size, flow rate) acquired from different
suppliers may behave differently [35,38]. There are three essential
parameters for striping NC membranes. These are the reagent
amount, the dispersion amount, and the dispense rate. All param-
eters vary depending on the physical properties of the membrane
used and the reagent being tested. The electrostatic interaction
between the strong dipoles of the nitrate ester and the peptide
bonds during lane formation can immobilize various proteins [39].
While non-ionic detergents like Tween-20 and Triton X-100
remove protein from the membrane, raising the salt content im-
proves protein binding to the NC membrane by enhancing hydro-
phobic binding and electrostatic interaction.

The absorbent pad is the last part of the lateral flow strips.
Generally, highly polar cellulose pads are used. The absorbent pad
acts as a fluid trap at the end of the LFA. It absorbs the excess liquid
and prevents the backflow of the sample solution. It is important
not to return the liquid to the test; otherwise, false-positive results
may occur.

3. LFA principles and assay formats

There are several possible stream formats on the LFA platform,
depending on the type of target analyte. The two most common
forms are competitive assay and sandwich assay. The working
principle of the two different LFA formats is simple, as shown in
Fig. 2. In a sandwich assay, when a liquid sample containing the
target analyte is loaded onto the LFA strip, the mixture flows to-
wards the absorption pad via capillary force. The first pad neu-
tralizes the sample and filters out unwanted particles such as red
blood cells. In short, it acts as a pre-filter. Then, the sample flows
into the conjugate pad with conjugated golds on its surface. When
the liquid reaches the conjugate pad, the dried gold nanoparticles
begin to be released from the surface. Mix the sample with the
conjugated prob. During this mixing, if there is no target analyte in
3

the liquid sample with which the conjugated gold will interact, the
flow continues towards the NC membrane without any interaction.
If the target analyte is present, the conjugated golds bind to the
antibody and continue to flow in the NC membrane, which is the
region where the sample and capture reagent will interact. The
second biological component of the test, the capture reagent, is
previously immobilized there. The capture reagent consists of a test
region and a control reagent strip. The test line is the primary
readout of the diagnosis. The target analyte interacting with the
conjugated prob on the conjugation pad interacts with the antibody
pair in the test line, resulting in a red zone on the strip. The control
biomolecule is the control region that indicates the test is run
successfully. NC membrane also provides a qualitative analysis by
creating color formation due to the reaction between antigen and
antibody in the test and control region. After the sample passes
through the test and control lines, it continues to be carried until it
reaches the absorbent pad at the other end of the strip, and the test
is completed. So, the user can read the results. Consequently, when
the target analyte is present, two red lines appear at the end of the
test, but only one red line appears on the control line when it is
absent. A sandwich test is often used for analyte antigens with two
epitopes that bind to two different types of antibodies. Since the
targeted antigen is captured between the two antibodies at the test
region, the signal strength is proportional to the analyte concen-
tration in the sample.

On the other hand, the competitive format is generally used
when testing analytes with low molecular weight or presenting a
single antigenic determinant. Also, unlike the sandwich format, the
result is positive when the signal intensity in the test line decreases
or disappears in the presence of the target biomolecule.
4. LFIA application strategies for infectious disease diagnosis

4.1. COVID-19

Following its first appearance in China, the pandemic of COVID-
19 has spread worldwide at an unprecedented rate. Coronaviruses
(CoVs) are RNA viruses enclosed and positive-strained and may
infect animals. CoVs usually causes moderate upper respiratory
symptoms in humans [40e43]. CoVs have caused several epidemics
across the world to date. In 2020, SARS-CoV-2 caused a pandemic
all over the globe [44]. Although SARS-CoV-2 is very similar to
other coronaviruses, its precise reservoir has not been determined



Fig. 3. (A) Schematic representation of the LFIA test for the diagnosis of SARS CoV-2.
Antibodies; (B) For the negative sample, only the control line color is expected; (C) 2
test regions and 1 control regions appear in the asset of anti-N antibodies (IgG, IgM and
IgA) [53]. Reproduced with permission from ref. 53, Elsevier Ltd.
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[45e47]. Also, the constant mutation of these viruses makes it
difficult for researchers to identify a precise reservoir.

SARS-CoV-2 contains four structural proteins: point surface (S)
glycoprotein, nucleocapsid (N) protein, matrix (M) protein, and
envelope (E) protein [48]. The immune system produces immu-
noglobulins to fight pathogens. First of all, an antigen test is
preferred to determine whether the person has a disease. Antigens
are far more stable than RNA, making them less prone to degra-
dation during transport and storage. Therefore, it may be a useful
biomolecule for the early detection of an asymptomatic population.
After a while, antibody tests follow the body's battle against
diseased cells. Typically, antibody levels rise significantly in the
second and third weeks after initial onset. This feature prevents
antibody testing from being used to diagnose COVID-19 promptly.
However, detecting IgG and IgM is useful for studying the course of
the disease post-illness or after vaccination [49]. Considering the
advantages and disadvantages of antibody and antigen tests, there
are many different studies for antibody detection and antigen
detection.

Many LFA studies have been carried out to diagnose SARS-CoV-2
in the last three years. This review provides an overview of the
latest developments in COVID-19 LFA testing. This section discussed
multiple COVID-19 antibody tests, new nanoparticle applications,
and antigen tests respectively. Reporter type, target analytes, limits
of detection (LOD), sensitivities, and test times of COVID-19 tests
are compiled in a table.

IgM is identified in serum shortly after infection and can be used
as a biomarker in the early stages of infection detection. IgG in-
dicates the previous or current state of the infection. So, IgG can
showwhether a person has developed immunity to a disease. Most
LFA studies detect IgM and IgG antibodies independently of each
other. The IgM-IgG combined assay has better utility and sensitivity
compared with a single IgM or IgG test. The first LFA-based study
for early detection of SARS-CoV-2 was reported in 2020 by Li et al. It
was pioneering work to simultaneously detect two different SARS-
CoV-2 antibodies. The researchers described an LFA immunoassay
to detect IgM and IgG antibodies against CoVs in human blood for
15 min. Commercial AuNP of 40 nm diameter was conjugated with
SARS-CoV-2 recombinant protein and rabbit IgG. The prepared
AuNP-COVID-19 recombinant antigen conjugate and AuNP-rabbit-
IgG mixture were activated by spraying onto the conjugate pad.
Anti-human-IgM, anti-human-IgG, and anti-rabbit-IgG were
immobilized in the test M, G, and control lines. The working prin-
ciple of the test is based on the presence of SARS-CoV-2 IgG and IgM
antibodies, the red/purple line appearing in the test areas on the
device. The assay's specificity and sensitivity were determined
using blood samples from approximately 400 COVID-19 positive
patients and approximately 130 negative patients. The testing
sensitivity was % 88.7 and specificity was % 90.6. It was seen as a
pioneering and successful study as it was the first study to detect
two important COVID-19 antibodies inwhole blood samples. Li and
coworkers recommended the development of IgG-IgM combined
antibody test kits instead of separate IgG or IgM antibody test kits if
a reliable technical system is available [50].

SARS CoV-2, like other viruses that impact respiratory features,
causes the development of another class of particular immuno-
globulins A (IgA) in respiratory specimens and the presence of
specific anti-SARS CoV-2 IgA in respiratory samples in the blood
[51,52]. A dual test-line LFA capable of indiscriminate binding to
human IgG, IgM, and IgA was developed to improve the specificity
of the SARS CoV-2 assay. The study differs from its counterparts in
that it is the first lateral flow test designed to determine total im-
munoglobulins for the N protein of SARS CoV-2 (Fig. 3). The protein
A was applied to the nitrocellulose membrane to form the first test
line and the protein N was applied to form a second test line. Both
4

test lines are linked to several immunoglobulin classes (G, M, and
A). Sensitivity enhancement was achieved by using broad specific
agents to capture total immunoglobulins. Avidin was used as the
capturing reagent for the AuNP-biotin conjugate at the control line.
It was a different study from other COVID-19 tests in terms of using
the avidin-biotin interaction to form the control line. Measurement
with an accuracy of % 93.33 was achieved in as little as 20 min.
Although the sensitivity is quite good, the test time is relatively
long [53].

Another study developed for the simultaneous detection of two
different antibodies has good analytical performance. Black et al.
successfully developed a lateral flow assay to detect SARS-CoV-2
IgM and IgG antibodies in whole blood simultaneously. According
to the results obtained, the specificity for IgM and IgG was % 92 and
% 100, respectively. As a result, red's intensity discoloration in the
IgM and IgG test zones alone or together was considered positive
and read after 10 min. Since the results were obtained from whole
blood samples, they can consider quite successful [54].

AuNPs are the most widely used labeling system for lateral flow
tests. In addition to their unique color properties, AuNPs have long
been indispensable in LFA studies. Moreover, it can be easily con-
jugated with biomolecules via simple adsorption processes or gold-
thiol surface chemistry to prepare for the preparation of bio labels
[55,56]. Traditional colloidal gold-based LFAs do not have optimal
performance or quantification capability. In recent years, many
fluorescence-based LFAs have been developed for quantitative or
semiquantitative detection. Fluorescent microspheres [57], quan-
tum dots (QD) [58,59], europium nanoparticles [60,61], carbon
nanoparticles [62,63] and plasmonic nanoparticles [64] as alterna-
tives to AuNP is used in LFA. Also, several promising nanoparticles
have been introduced and successfully applied in LFA studies.
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Lanthanide doped nanoparticles (LNPs) exhibit unique optical
properties such as a long luminescence lifetime, sharp emission
peaks, and upconversion luminescence in the wavelength range
from near-infrared to visible. In addition, these nanoparticles have
the advantage of a high signal-to-noise ratio for highly sensitive
and selective diagnostic detection. A group of researchers pre-
sented the development of a rapid and sensitive LFIA using
lanthanide-doped polystyrene nanoparticles to determine SARS-
CoV-2 IgG antibodies in serum. The LNPs were synthesized by
miniemulsion polymerization. LNPs (615 nm) were conjugated
with Rabbit-IgG and mouse anti-IgG and then sprayed onto the
conjugate pad. Recombinant nucleocapsid phosphoprotein was
stripped in the test region, and goat anti-rabbit IgG (2 mg/mL) was
stripped in the control region. The use of high concentrations of
antibodies in the control line can be a disadvantage of the study as
it is reflected in the cost of assay production. The assay results were
obtained in less than 10 min, indicating that diagnostics might be
used in clinical practice [65].

Quantum dots (QD) have become popular as fluorescent tags in
the LFA system because of their excellent optical features such as
wide excitation, quantifiable fluorescence intensity, and great sta-
bility. Many QD-based LFAs have been developed to accomplish
high-level detection [66e68]. According to a recent study, some
blood samples from COVID-19 patients cross-reacted to the SARS-
CoV NP protein. There was no cross-reactivity between antibodies
specific to SARS-CoV-2 (IgG and IgM) and the S antigen of SARS-CoV
and Middle East respiratory syndrome coronavirus (MERS-CoV)
[69,70]. Moreover, the anti-SARS-CoV-2 IgM ELISA based on S
proteins has proven to be more sensitive than the N protein-based
test [71,72]. These findings revealed that the S protein is the best
antigen for serodiagnosis of COVID-19. In 2020, a study proposed an
LFA assay that enables simultaneous detection of IgM and IgG an-
tibodies in human serum using S protein conjugated SiO2@Au@QD
nanobeads as tags. The proposed SiO2@Au@QD NBs consisted of
three parts. 200 nm monodisperse SiO nanoparticles were used as
the hydrophilic core, while AuNP (4 nm) was used to provide a
strong colorimetric signal. QD was used to present a large surface
area. Only 1 mL of serum sample is required for the test, and the
result can be read within 15 min. As a result, using SiO2@Au@QD
nanobeads is almost 100 times more sensitive than AuNPs-based
LFA [73].

In another similar study, a new LFA test methodwas proposed to
simultaneously detect SARS-CoV-2-specific IgM and IgG by conju-
gating S protein with a QD nanotag. PEI-mediated electrostatic
adsorption was used to create the SiO2@DQD, which has a mono-
disperse SiO2 core and a dual QD-formed shell. The carbodiimide
chemistry used in the SiO2@DQD label was functionalized with the
SARS-CoV-2 S protein. The test result was obtained using a portable
fluorescent reader instrument at excitation and emission wave-
lengths of 365 and 615 nm, respectively. The overall detection
sensitivity and specificity were reported as % 97.37 and % 95.54,
respectively [74].

In 2010, Baker and colleagues discovered that N-acetyl neu-
raminic acid has a high binding affinity for the SARS-CoV-2 S
glycoprotein. Based on this interaction, they developed an LFA test.
Unlike traditional LFAs, which utilize antibodies, the glycan is
bound in gold nanoparticles (as a BSA-glycoconjugate) on the test
strip and in the mobile phase. After optimization, the ready test can
present the result to the reader within 30 min. The LOD of the
proposed glyco-LFA, S protein is approximately 5 mg/mL. This study
is proof that glycan-binding can be used to generate rapid point-of-
care diagnostics in a format that requires no infrastructure and
limited training. The researchers claim it to be the first reported
glycan lateral flow system. In this regard, it seems to be an inno-
vative study [75].
5

In 2021, Gap-enhancement nanotags were used to improve the
performance of SERS-based LFA. Ultra-low LODs of 1 ng/mL and
0.1 ng/mL for IgM and IgG were obtained, respectively. Obviously,
the study is important because it reports the interference effect of
IgM on IgG. A particularly high IgM concentration makes it difficult
to measure IgG in the system. Therefore, using dual-plex LFA with
nano-tags modified by the same antigen to analyze antibodies
quantitatively is not rigorous and reliable in multiplex detection.
Therefore, it was concluded that the dual model quantitative
analysis of SERS-based LFA for simultaneous detection of IgM and
IgG should be reconsidered (Fig. 4A). [76].

Antigens can be defined as diseased cells found in the body.
Antibodies are proteins that fight these diseased cells in the body.
The task of antibodies is to settle on the antigens that appear in the
body and neutralize them. The antigen test is performed in the first
place in order to determine whether the person has the disease.
Then, antibody tests follow the body's fight against diseased cells.
Antibody tests give information about the course of the disease and
the state of the immune system; antigen tests are performed to
detect the presence of the disease instantly. When comparing
antibody and antigen tests, antigen tests are preferred for early
diagnosis. Benjamin et al. suggested that antigen-based COVID-19
LFA may have considerably better clinical sensitivity than tradi-
tional tests. Until now, only a few numbers of antigen-based LFAs
have been proposed. Furthermore, the design of the half-tape LFA
has been seen as a necessary precursor to the development of any
LFA format. The researchers demonstrated a half-tape LFA using
commercially available antibodies to identify the SARS-CoV-2 an-
tigen in this study. The sample pad and conjugate pad were not
mounted in the system in the assay. Only the NC membrane and
absorbent pad were used in the test. Therefore, it has the potential
to be a pioneering work for many researchers who want to develop
LFIA for the first time [77].

While antigen-based assays are consistent diagnostics for
detecting the previous infection, infection progression, and conta-
gion dynamics, no matching antibody pair has been reported for
immunoassay of SARS-CoV-2 antigens. In a study by Lee and col-
leagues, a new rapid detection technic for the SARS-CoV-2 S1
protein was designed using the SARS-CoV-2 receptor ACE2, which
can couple with commercially available antibodies to produce
suitable pairings. As indicated in Fig. 4B, the test line was immo-
bilized ACE2, and the antibodies were tagged with red cellulose
nanobeads as detection probes. S1-mAb and ACE2 were used to
capture and identify S1 protein in LFA without cross-reaction with
other CoV S1 proteins. The proposed LFA platform did not have
cross-reaction between SARS-CoV S1 or MERS-CoV S1 protein. This
is significant since it is the first research to use an LFA with a
matched combination of ACE2 and antibody to identify the SARS-
CoV-2 S1 antigen [78].

Many SARS-CoV-2 antibody detection tests were quickly
commercialized due to the urgent need with minimal validation
requirements. Most detect IgM, IgA, and IgG against the nucleo-
capsid protein or different areas of the spike glycoprotein (S1, S2,
and RBD) [79]. The excellent specificity of the IgG test indicates that
we can use it as a confirmatory test for the SARS-CoV-2 antibody
test. However, using these tests in the field, which does not give %
100 reliable results on real samples, may cause some concern.
Therefore, it is better to use these tests as part of our daily workflow
along with ELISA until their analytical performance improves,
reaching acceptable specificity and sensitivity. Efforts to increase
analytical performance continue rapidly. Looking at Table 1, many
studies used the same labeling agent (AuNPs, LNPs, etc.). Although
studies using AuNP as color labels appear similar, studies that
generally result in the use of different target analytes (IgG or IgM)
and better sensitivity are presented. Researchers also developed



Fig. 4. (A) Schematic diagram of the SERS based LFA strip prepared using gap enhancement nano-tags for IgM and IgG detection [76]; (B) Working principle of LFA that can test
SARS-CoV-2 S protein using ACE2 receptor in test line [78]. Reproduced with permission from ref. 76e78, Elsevier Ltd.
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new AuNP production methods to improve analytical performance
in existing COVID-19 LFA assays and reported improvements in test
sensitivity. Thus, similar studies have gained superiority in
analytical performance. New nanoparticles and reporters (Car-
boxylic red latex beads, SiO2@Au@QD nanobeads, LNPs, Gap-
enhancement nanotags, Eu(III) fluorescent microsphere etc.) have
contributed significantly to the sensitivity of the LFA test and
offered new solutions. Continued development will lead to more
sensitive, rapid, and cost-effective SARS-CoV-2 detection and more
effective treatments and vaccines against viral infection (see
Table 2).

Antigen testing is a method of confirming SARS-CoV-2 infection
by examining viral proteins in various sample types. As the COVID-
19 pandemic continues, multiple variants of the SARS-CoV-2 virus
have been found and identified that are more infectious than the
original virus. The emergence of these variations puts the reliability
and accuracy of antigen rapid recognition tests to the test in
different situations. However, there is a lack of information
regarding antigen performance in clinics. The antigen accuracy and
performance of these LFA-based antigen tests reported in clinical
trials should be further evaluated.

With the quick spread of COVID-19, the FDA has begun to issue
Emergency Use Authorizations (EUA) for several COVID-19 diag-
nostic tests [80]. In fact, tests with FDA-EUA status have not
received full FDA approval. Instead, permissions for these tests are
only valid for the duration of the pandemic [193]. Cellex developed
the first rapid antibody blood test (SARS-CoV-2 IgG/IgM Rapid Test)
for SARS-CoV-2 approved by the FDA [81]. The test was developed
to detect patient IgG and IgM antibodies against SARS-CoV-2 re-
sults within 15e20 min. The test can be used on serum, plasma, or
whole blood samples. 128 COVID-19 positive patients and 250
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negative control patients were tested to evaluate the test's clinical
performance. The clinical sensitivity of the test was % 93.8, and the
clinical specificity of the test was % 96. The Cellex assay has pio-
neered other lateral flow immunoassay tests to detect IgG and IgM,
such as the Autobio Diagnostics Anti-SARS-CoV2 Rapid Test [82].
Autobio Diagnostics Anti-SARS-CoV2 Rapid test is advantageous as
it does not rely on visual IgG/IgM detection. Instead, it uses the
micro reader, which provides a qualitative readout to eliminate the
possibility of user bias or misinterpretation. The test's clinical
specificity was reported to be % 97.6 for IgM, % 96.8 for IgG, and %
94.4 for the combination of IgM and IgG. In 2020, Ortho Clinical
Diagnostics developed the VITROS Immunodiagnostic Products
Anti-SARS-CoV-2 Total Reagent Pack/Total Calibrator, one of the
first CLIA tests approved by the FDA for EUA. In the test that detects
total IgG/IgM, clinical sensitivity was reported as % 83 and clinical
specificity as % 100. This test takes approximately 50 min [83].
Roche developed another test similar to the CLIA test. The Elecsys®
_Anti-SARS-CoV-2 Test detects total antibody to N protein, and the
test time takes only 18 min. After PCR validation, clinical sensitivity
was reported as % 100 and clinical specificity as % 99.81 [84]. If a
detailed comparison of FDA-EUA-approved major serological tests
is desired, all tests can be usedwith serum or plasma samples. Tests
developed by both Cellex and Bio-Rad have relatively lower
sensitivity than ELISA tests [85]. The Bio-Rad test also appeared to
have the longest turnaround time, as ELISA tests have longer in-
cubation times than CLIA tests. Premkumar et al. showed that the S
protein is highly sensitive to antibody detection in patients [86].
Therefore, tests that detect total antibodies against the RBD region
of the S protein are particularly important [83,87e89]. There was
pressure to develop rapid diagnostic tests, as the healthcare system
was under severe pressure during the pandemic. Consequently, a



Table 1
LFA-based studies for COVID-19 detection.

Disease Reporter Detection element Assay type Analyte/Real
Sample

Specificity or LOD Assay
time

References

COVID-19 AuNPs IgM/IgG Antibody LFA Serum Sensitivity IgM 88%
Sensitivity IgG 90%

15 min [50]

COVID-19 AuNPs IgM/IgG Antibody LFA Whole Blood Sensitivity IgM 92%
Sensitivity IgG100%

10 min [54]

COVID-19 Carboxylic red latex beads Nucleocapsid
proteins

Half-LFA e 3.03 ng/mL 20 min [77]

COVID-19 IgM/IgG Antibody Fluorescent LFA Serum IgM 100%
IgG 100%

15 min [73]

COVID-19 AuNPs Spike glycoprotein LFA e 5 mg/mL 30 min [75]
COVID-19 SiO2@DQD fluorescent probe IgM/IgG Antibody Fluorescent LFA Serum Sensitivity 97.37%

Specificity 95.54%
15 min [74]

COVID-19 LNPs IgG Antibody LFA Serum e 10 min [52]
COVID-19 AuNPs Total antibody LFA Serum Sensitivity 94.6%

Specificity 100%
20 min [53]

COVID-19 Gap-enhancement nanotags IgM/IgG Antibody SERS-based LFIA e IgM 1 ng/mL
IgG 0.1 ng/mL

15 min [76]

COVID-19 Red cellulose nanobeads S protein LFA Nasal swabs 1.86 � 105 copies/mL 20 min [78]
COVID-19 AuNPs IgM Antibody LFA Whole blood Sensitivity 100%

Specificity 93.3%
15 min [188]

COVID-19 AuNPs IgG Antibody LFA Serum Sensitivity 69.1%
Specificity 100%

15
e20 min

[189]

COVID-19 Eu(III) fluorescent microsphere IgM/IgG Antibody Fluorescent LFA Serum and plasma IgM 98.68%
IgG 98.72%

10 min [190]

COVID-19 AuNPs IgM/IgG Antibody LFA Whole blood Sensitivity 85.29%
Specificity 100%

15 min [191]

COVID-19 AuNPs IgM/IgG Antibody LFA Serum Specificity 97,47% 15 min [192]
COVID-19 Selenium nanoparticle IgM/IgG Antibody LFA Whole blood and

serum
Sensitivity 93.33%
Specificity 97.34%

5 min [193]

COVID-19 Europium (III) chelate
microparticles

Nucleocapsid
proteins

LFA Oropharyngeal
swabs

Sensitivity 100%
Specificity 100%

10 min [194]

COVID-19 CoeFe@hemin-peroxidase
nanoenzyme

S protein LFA Saliva and nasal
swab

0.1 ng/mL 16 min [195]

COVID-19 Gold nanostars IgM Antibody SERS-based LFA e 100 fg/mL e [196]
COVID-19 AuNPs S protein LFA e 61 pg/mL 8 min [197]
COVID-19 AuNPs IgM/IgG Antibody LFA Serum Sensitivity 90% Specificity

96.6%
10
e15 min

[198]

COVID-19 Fluorescence SARS-CoV-2 viral
RNA

Catalytic hairpin
assembly-LFA

Nasal swabs 2000 copies/mL 90 min [199]

COVID-19 Simple split luciferase S protein LFA Serum Sensitivity 98% Specificity
100%

30 min [200]

COVID-19 Carbon dot-based silica spheres Nucleocapsid
proteins

LFA Serum 10 pg mL 20 min [201]
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holistic review and evaluation of all available diagnostic tests for
COVID-19 are required.

4.2. Zika and dengue

Zika virus is a mosquito-borne flavivirus and was first described
in monkeys in Uganda in 1947. It was later identified in humans in
1952 in Uganda and the United Republic of Tanzania [90]. It is silent
in most infected people, usually remains benign, and can last for up
to a week. The disease presents 3e12 days after the bite of the
insect vector, with various symptoms such as fever, headache, skin
rash, fatigue, and muscle and joint pain. When the zika virus infects
pregnant women, it causes their babies to be born with smaller
than normal heads [91].

Dengue fever, transmitted by the same mosquito species, is
much more common and the most dangerous. It causes high fever,
headache, muscle aches, and severe joint pain. Symptoms usually
appear 4e10 days after being bitten. Most people recover within a
week, but sometimes the symptoms are life-threatening because
the disease can damage blood vessels [92].

The important point here is the close relationship between zika
and dengue fever. If someone who has had dengue fever is infected
with zika, the disease is severe. This is because the body's anti-
bodies against dengue respond to the patient with zika [93].
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Scientists have yet to develop a specific drug or vaccine for zika and
dengue virus. Consequently, it is crucial to detect these two in-
fections simultaneously using a fast, reliable, and inexpensive
technology. LFA tests are significant in monitoring disease pro-
gression by assessing antibody abundance and short- and long-
term antibody responses. It allows the use of different targets in a
single device for reliable and specific pathogen detection. LFA is
seen as the most suitable platform to meet these expectations.
Therefore, many LFA studies have been conducted by researchers in
this area.

In 2019, a lateral flow test was developed to detect Dengue-1
RNA using dextrin-capped AuNPs in conjugation. This study first
demonstrated the feasibility of dextrin-capped AuNP as a label for
lateral flow testing. The detection principle is based on the nucleic
acid sandwich reaction. A simple one-step signal amplification
strategy using oligonucleotide-linked gold nanoparticle clusters
has been developed to increase the sensitivity of the nucleic acid
LFA assay. Three DNA probes were used in the biosensor: an AuNPs-
labeled reporter probe (10 nm), a DENV-1-specific capture probe
(dsDNA), and a control probe (cDNA). The probes detect negative-
sense target RNA amplicons from nucleic acid sequence-based
amplification (NASBA). Performing RNA amplification with
isothermal reactions at 41�C without the need for heat cycling with
NASBA makes it advantageous compared to RT-PCR. Moreover, it



Fig. 5. (A) Schematic illustration of the SERS-based LFA for human IgG using thermally
stable Si-AuNPs. The Si-AuNPs are trapped by anti-human IgG antibodies on the test
region, whereas the excess SERS nanoprobes are captured by capture antibodies on the
control region [100]; (B) Reading the proposed fluorescent LFIA test result with a
smartphone and the general principle of the design. a) 3D schematic of the imaging
device showing the internal structure and components, b) _Image of the designed LFA
reader device, c) Detailed schematic representation of fluorescent based LFA for
determination of Zika NS1, d) Strip images of positive and negative results [102].
Reproduced with permission from ref. 100e102, Elsevier Ltd.
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can be applied directly to LFA for detection. As a result of detailed
optimization studies, target Dengue-1 RNA can be successfully
detected in LFA within 20 min [94].

Recently, a new concept of LFA based on surface-enhanced
Raman scattering (SERS) has been developed to address the
shortcomings of conventional AuNP-based LFA [95,96]. SERS is a
method of detecting molecules adsorbed on a rough metal surface
by amplifying Raman scattering. SERS nanotags modified with
AuNPs as signal reporters are an important aspect of the SERS-
based LFA system. Representative SERS nanotags consists of three
components: (i) charged Raman dye molecules to provide a strong
and specific SERS signal, (ii) core based on gold or silver material as
the enhanced substrate, and (iii) surface modified antibodies
[97,98]. Additionally, the SERS-based LFA strip offers remarkable
multi-channel detection capability in one test.

Dengue and zika are mosquito-borne infections with similar
symptoms but quite different outcomes. Sanchez and his team re-
ported an LFA-based system that takes advantage of the high
sensitivity of SERS in a multiplex assay capable of distinguishing
nonstructural protein 1 (NS1) biomarkers of dengue and zika vi-
ruses. The gold nanostar was used as a marker probe. Monoclonal
antibodies against zika or dengue NS1 protein were immobilized at
the test site. The control area was labeled with a goat antibody
capable of binding to the Fc portion of mouse IgG antibodies on the
gold nanostar (GNS). The biomarker NS1 for acute dengue is pre-
sent at elevated ~15 mg/mL levels in patient serum two days after
infection. This high concentration is a great advantage for reading
results in LFA tests. However, NS1 levels for zika are still largely
unknown but are expected to be much lower than Dengue NS1
from the data available to date. Therefore, increased test sensitivity
is required for zika detection. Thus, it can help detect both viruses
early. This study successfully reported a new SERS-based LFA assay
that can distinguish between dengue fever and zika fever with a
lower LOD than that obtained by colorimetric reading. The
compared lanes showed a 15-fold increase in LODs for zika and a
7.2-fold increase in dengue LODs [99].

Jeon and colleagues used silica-encapsulated AuNPs (Si-AuNPs)
in LFA to increase thermal stability and maintain reproducibility in
temperature domains (Fig. 5A). Thermally stable SERS nanotags are
required to identify dengue and zika viruses common in tropical
regions. The researchers performed SERS-LFA using Si-coated
AuNPs as a marker probe on an LFA strip, and the results were
compared with those obtained using AuNPs alone to overcome this
problem. Si-AuNPs were synthesized by a layer-by-layer method.
AuNPs were prepared according to the kinetically controlled seed
growthmethod. First, the surface of AuNPswas labeledwith Raman
reporter molecules (MGITC) to create SERS-active nanoprobes. The
SH-PEG-COOH solution was added dropwise to the MGITC-labeled
AuNPs with vigorous mixing and made ready. Here, the SH-PEG-
COOH solution was used as a coupling agent, in which silica could
be grown directly on particle surfaces. In conventional LFA strips
using AuNPs, sensitivity decreasedwhen the temperature exceeded
45�C, while strips prepared using Si-coated AuNPs retained similar
LOD values regardless of temperature increase. In the light of the
obtained data, it was concluded that this SERS-LFA strip using Si
coated AuNPs can be used as an ideal platform for zika, dengue, HIV,
and malaria endemic to high-temperature regions [100].

In 2019, researchers developed a magneto-enzyme LFA that
combines superparamagnetic nanoparticles as tags and the
streptavidin-biotin signal amplification method to identify Dengue
NS1. This study uses magnetic nanoparticles attached to mono-
clonal antibodies as the detection complex in the magneto-enzyme
LFA developed. When the TMB substrate is introduced, the biotin
biomolecules allow further interaction with Streptavidin and pol-
yhistidine conjugates, resulting in an enhanced signal. Unlike
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previous similar studies, this newly developed assay can detect
Dengue NS1. LOD was detected as low as 0.25 ng/mL for DENV-1
and DENV-3, as low as 0.1 ng/mL for DENV-2 and 1.0 ng/mL for
DENV-4. The LOD obtained for DENV-2 exhibited a 50-fold over the
previously reported best values [101].

Rong et al. developed a smartphone-based fluorescent LFA
platform for high-sensitivity detection of Zika NS1 and Dengue NS1
proteins (Fig. 5B). A plug-in was designed, and 3D printed to con-
nect the smartphone with external optical and electrical compo-
nents. The smartphone attachment was designed using SolidWorks
software. Emitting a high-power UV LED at 365 nm, this device
contains light to excite the QD microspheres deposited in the LFA
strips. This approach allowed the device to be miniaturized and
reduced cost and complexity. Fluorescence-based LFA uses QD
microspheres as tags as they produced extremely bright fluorescent
signals. This assay determined the detection limits of Zika NS1 and
Dengue NS1 at 0.045 ng/mL and 0.15 ng/mL within 20 min [102].
4.3. HIV

The human immune deficiency virus type 1 (HIV-1) is a retro-
virus that affects the body's immune system, rendering it incapable
of resisting infection. HIV is primarily a sexually transmitted
infection. However, it may also be transmitted by blood contact or
transfer. The HIV-1 virus can develop into acquired immune
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deficiency syndrome (AIDS), which causes illnesses and infections
and generally results in death [103]. The morbidity, mortality, and
social disruption caused by the HIV pandemic continue to be
exacerbated by resource shortages in poor areas [104].

Fu et al. reported a SERS-LFA platform for the sensitive deter-
mination of HIV-1 DNA. The researchers suggested that this study is
the first report of a SERS-based HIV-1 DNA LFA biosensor.
Oligonucleotide-linked gold nanoparticle clusters are used to in-
crease the sensitivity of the LFA assay. When reporter molecules are
adsorbed on the AuNP surface, SERS signals are greatly enhanced
due to electromagnetic and chemical amplification effects. AuNPs
were prepared according to the citrate reduction method. A Raman
reporter (MGITC molecules) was adsorbed on the surface of AuNPs
to prepare a Raman active probe. Next, thiolated DNAs were con-
jugated on the surface of MGITC-functionalized AuNPs. The mea-
surement principle of the SERS-based lateral flow test for the
quantification of HIV-1 DNA is shown in Fig. 6A. Under optimum
conditions, SERS-LFA with a LOD of 0.24 pg/mL was approximately
1000 times more sensitive than colorimetric or fluorescent detec-
tion methods [105].

It was desired to improve the sensitivity of nucleic acid detec-
tion by signal amplification to avoid the difficulties associated with
enzymatic amplification of target RNA. Rohrman et al. developed a
quantitative LFA that detects amplified HIV RNA using AuNPs
probes and gold enhancement. The technique uses an AuNP-
labeled nucleotide sequence to detect an amplified 142 bp RNA
sequence.When an RNA sequence is present in a sample, the strand
binds to the probe labeled AuNPs and the nucleotide sequence
found on the NC membrane. The test uses a 20 mL sample and only
needs three steps over 20 min. The LFA test achieved a resolution of
0.5 log10 copies/mL [106].

The use of QDs in LFA strips has become very common due to the
potential to increase the sensitivity and accuracy of the system and
its biocompatibility. In 2018, Deng and colleagues designed highly
reproducible fluorescent LFA strips to detect HIV 1 DNA in serum
(Fig. 6C). Transmission electron microscopy (TEM) images showed
that the QD nano-composite particles had an average diameter of
Fig. 6. (A) Installation image and measuring principle of the SERS-LFA for quantification o
lateral flow assay platformwith 4-sided cassette for multiplex detection of HIV, TP, HCV mark
amplification and positive or negative expression on strips [107]. Reproduced with permiss
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4 ± 1.5 nm with good homogeneity and dispersion. Quantum dots
were combined with DNA based on a one-step hydrothermal pro-
cess. The complex nanocomposite was gradually cooled to room
temperature and purified by centrifugal ultrafiltration. Quantum
dots were combined with DNA based on a one-step hydrothermal
process. The complex nanocomposite was gradually cooled to room
temperature and purified by centrifugal ultrafiltration. Streptavidin
(5 mg/mL) was added into biotinylated t-DNA (50 mM) and c-DNA
(50 mM) and stripped to the test and control lines. The detection
limit of this assay is between 1 pM and 10 nM. The researchers also
predicted that this method could be applied prospectively in clin-
ical applications [107].

LFA was designed to detect HIV-1 p24 antigen using super-
paramagnetic particles as the identifying marker. The lower
detection limit for HIV-1 p24 and % 50 serum added to the test
sample buffer was 30 pg/mL. The test can be completed in 40 min.
This testing process is considered quite lengthy for a traditional LFA.
However, compared to typical LFA readers, the equipment used to
read these tests is economical. It has already received CE certifi-
cation in the Southeast Asian and European markets. A battery-
powered, lower-cost handheld variant is currently in develop-
ment [108].

In another study targeting the detection of HIV p24 protein,
Zhan et al. aimed to develop a thermal contrast amplification (TCA)
LFA to supply ultrasensitive detection of HIV p24 protein. As its
operating principle, the TCA reader device interprets the thermal
signal of the AuNPs in the NCmembranewhen a laser irradiates the
particle at the plasmon resonance wavelength. Various optimiza-
tions were made, such as the effect of laser power, particle size,
shape, and appropriate laser wavelength selection, and 100 nM
spheres with a 100 mW 532 nM laser were reported to provide the
best performance. As a result, a successful TCA-LFA with a LOD of
8 pg/mL was designed [109].

Rong and colleagues presented an integrated fluorescent LFA
strip technology for the multiplex detection of four infectious
(hepatitis B, hepatitis C, Treponema pallidum antibody, and AIDS)
disease markers at point-of-care in 2021. Fluorescent probes
f HIV-1 DNA biomarker [105]; (B) Demonstration of design of integrated fluorescence
ers [110]; (C) The elaboration of a LFA strip and detail schematic of strand displacement
ion from ref. 105-110-107, Elsevier Ltd.



Fig. 7. The sandwich approach for detecting HBsAg utilizing a QB based LFA platform is
shown schematically; (A) The five-component assembly of a traditional LFA, with a test
region and a control region due to positive testing; (B) An immunochromatographic
test with a control line yields a negative result; (C) The reader for fluorescence strips
[117]; (D) Schematic representation of the developed LFA system. The NC membrane
contains three test zones and a control zone. The test regions include the protein probe
to detect anti-HIV, anti-HCV, and anti-HAV antibodies, respectively, while the control
region contains goat anti-human secondary antibodies [125]. Reproduced with
permission from ref. 117e125, Elsevier Ltd.
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containing hundreds of QDs in a single polymermicrospherewith a
diameter of 150 nm and exhibiting an intense sharp red fluores-
cence spectrum were used as colored markers. As seen in Fig. 6B,
the cassette has four sides. Different biomolecules were stripped
onto the test line to detect other analytes on each surface. The
cartridge, which included four test strips, was inserted into a
rotating holder driven by a stepper motor. The centrifugal force
may guide the sample solution fed from a single point into each
reaction chamber with a maximum flow rate of 1 mm/s in the
channel center at 420 revolutions per minute. A specially designed
Si photodiode-based optical signal acquisition and amplification
module consists of a rotating stage and a vertically oriented slide.
The developed method allowed highly sensitive optical scanning of
many strips in 5 s with a wide dynamic range. The disposable
multichannel LFA strip cartridge was devised and manufactured at
a low cost for automated fluid supply. A miniaturized tape reader
device with electrical, mechanical, and optical components and
software was custom-made for as little as $200. In the proposed
assay, the LODswere 0.11 NCU/mL, 0.62 IU/L, 0.14 NCU/mL, and 0.22
IU/mL, respectively, over a 20-min assay time [110].

Detection of HIV-1 RNA, capsid antigen (p24), and anti-HIV
antibodies are used to diagnose HIV-1 infection, which is the cause
of AIDS. Molecular diagnostic analyses of genomic sequences have
provided a highly sensitive and quantitative method for detecting
infectious diseases, pathogens, and genetic variation. For decades,
the simple, hypersensitive detection of sequence-specific DNA has
been the target of many studies and technologies [111]. For this
reason, when LFA-based HIV tests were examined, it was seen that
HIV DNA/RNAwas preferred as the target molecule inmany studies.
During the early, acute phase of infection and the final stage of
AIDS, the HIV-1 p24 antigen level is significantly higher. It is also an
importantmarker of choice for predicting CD4þ [112]. However, it is
also known that high concentrations of biotin prevent the detection
of HIV-1 p24 antigen in serum [113]. This significantly reduces the
specificity of the tests. Since the possible inhibitory effect of biotin
in HIV-1 p24 antigen tests has not been investigated, the reliability
of the tests is doubtful. For this reason, necessary selectivity tests
for biotin selectivity should be performed to eliminate cross-
interactions in developed LFA tests.

4.4. Hepatitis

Hepatitis B is an infectious disease that damages the liver caused
by the hepatitis B virus. Many Hepatitis B patients report no
symptoms during the first infection, but the disease can progress
over time, leading to cirrhosis and liver cancer. Hepatitis A virus
produces acute hepatitis via a fecal-oral infection pathway and can
live in an abiotic environment for a few months. It can withstand
rapid changes in the environment, such as low pH or cold
[114e116]. Even though developing an effective vaccine in the early
1990s, around 1.5 million individuals become sick each year. As a
result, rapid and reliable diagnostic methods are critical for
reducing the risk of infectious diseases.

In a 2015 study, highly luminescent quantum dot beads (QBs)
were used as marker probes in an immunochromatographic
sandwich format for the high-sensitivity quantitative detection of
hepatitis B virus surface antigen (HBsAg) in serum. The QBs were
prepared by applying a microemulsion technique. Goat anti-HBsAg
polyclonal antibodies (G-pAbs) and Donkey anti-mouse polyclonal
antibodies (D-pAbs) on the NC membrane were striped to the test
and control line. When the target analyte HBsAg was included in
the human blood sample, the QB probe on the conjugation pad
binds with HBsAg to form a QB-mAb-HBsAg complex. Subse-
quently, the combination was captured by G-pAbs and D-pAbs on
the NCmembrane to generate fluorescence. It can be seen in Fig. 7A.
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In contrast, when the serum target analyte was not present, the QB
probes were not fixed by the G-pAbs to form a sandwich formation,
resulting in no fluorescent signal in the test region. A commercial
fluorescent strip reader was used to capture fluorescence density
signals on both lines for quantitative assessment of HBsAg levels in
the blood (Fig. 1C). Also, a step motor controller was used to
transport the strip into the reader device, and then a high power
450 nm light-emitting diode was used to activate the QBs on both
lines. The absorption fluorescence of the QBs was focused using a
cylindrical lens and signaled by a photosensitive cell after passing
through an optical slit. As a result, the suggested QB-LFA sensor
provided outstanding performance for the quick determination
amount of serumHBsAg within 15min. Its high sensitivity of 75 pg/
mL outstripped the standard approach [117].

Jiang et al. published a Hepatitis B virus (HBV) diagnostic and
genotyping test based on the LFA platform. They used four
genotype-specific monoclonal antibodies (mAbs 2B2, 16D12, 6H3,
3E6) to distinguish between the HBV kinds (A, B, C, and D). Using an
artificial intelligence system and the multiplex detection module,
they used a smartphone camera to measure fluorescence signals
and calculate the findings [118]. In a previous study, Song and
colleagues similarly reported that multiplex LFA provides multiple
simultaneous diagnoses. They developed a new DNA-independent
HBV genotyping tool based on a one-step fluorescent LFA. In
addition, there are efforts to increase the sensitivity of the HBV LFA
platform. The novel assay can provide HBV genotyping test results
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in 20min [119]. The same team also undertookwork to improve the
sensitivity of the HBV LFA platform. To this end, they made AuNPs
with a well-controlled, restricted size distribution. AuNPs were
conjugatedwith antibodies, and it was reported thatmore sensitive
results were obtained in the LFA biosensor at the end of this
modification [120].

HIV and HCV have similar transmission routes [121]. HIV
infection often causes the progression of liver fibrosis, while HCV
infection is linked to faster onset of AIDS [122]. Co-infected patients
need to be treated with two different anti-viral therapies. Multiplex
diagnosis requires simultaneous detection of HIV and HCV to detect
co-infected individuals easily [123]. In addition, Hepatitis A virus
reasons acute hepatitis by fecal-oral infection. It may thrive in an
abiotic environment for many months while resisting rapid envi-
ronmental changes such as low pH or freezing [124]. For the LFA-
based multiplex diagnosis of three viral intractable diseases (HIV,
hepatitis C, and A), 7 different protein-based 3D probes that display
various viral antigens on their surface were developed. In Fig. 7D,
the arrangement of biomolecules on the strip is visualized in detail.
These probes were much more sensitive than peptide probes, and
the peptide probe-based LFA correctly identified all 20 patient
samples per illness without a false negative signal. In contrast,
peptide probe-based LFA had % 65e90 diagnostic sensitivity. The
researchers suggested that protein-based 3D probes could solve the
problems of probes that generally lower the diagnostic accuracy of
LFA, such as clustering, irregular flow, inactivation, uncontrolled
orientation, and test surface instability [125].

4.5. Influenza

Another well-known example of cross-species transmission is
the influenza virus [126,127]. Different seasonal influenza viruses
are classified as A, B, and C types [128]. Type A influenza is next
separated into some subtypes based on the surface proteins,
including the neuraminidase (N protein) and the hemagglutinin (H
protein), for example, A(H1N1), A(H3N2), A(H5N1), and so on.
Influenza A is a highly contagious virus that causes severe respi-
ratory infections and has re-emerged in 1918, 1957, and 1968 [129].
It's critical to detect the virus early, treat patients appropriately, and
vaccinate high-risk people to avoid a pandemic [130]. Therefore,
the virology, clinical manifestations, laboratory diagnosis, and
treatment of these viral infections have been well examined and
studied extensively [131e133].

Peng et al. developed an immunochromatographic strip for
detecting the H9 subtype of avian influenza viruses in poultry using
two mAbs (4C4 and 4D4) for H9AIV hemagglutinin. Conjugation
was prepared with the classical AuNP protein conjugation pro-
cedure. 4D4 was stripped to the test line and a goat anti-mouse
antibody was used in the control region of the nitrocellulose
membrane. Within 10 min, the results can be read with the naked
eye. The tests yielded no false positive or negative results for any
LFA strips. In conclusion, the H9AIV immunochromatographic strip
has been developed with high specificity, sensitivity, and stability
[134].

A few researchers reported on the LFA test using the fluorescent
(Cy5)-doped silica nanoparticles as a marker for influenza A anti-
gen detection. Cy5 is known to be one of the most fundamental
dyes for labeling in biological research disciplines such as fluores-
cent biosensors, flow cytometry, and microarray analysis [135]. The
absorption and emission wavelengths of Cy5 dyes are in the red
spectral region and cause low background noise. Cy5 dyes are ideal
marker candidates because they eliminate background contami-
nation in LFA tests. It was revealed by Hee et al. that Cy5-doped
silica nanoparticles indicated excellent photostability. Also, it has
been proven that fluorescence-doped silica nanoparticles are more
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sensitive and photostable than organic fluorophores as fluorescent
probes for bioanalysis [136]. Thousands of fluorescent molecules
are present in the silica matrix during production and protect them
from the oxygenated environment. As a result, both dye photo-
stability and probe sensitivity are significantly improved [137].
Within 30 min, LFIA detected recombinant nucleoprotein as low as
250 ng/mL using a 100 mL sample. Compared to a commercial
influenza A test using gold nanoparticles as the reporter, this
technique showed 8 times greater sensitivity. Based on their unique
optical properties and versatility in synthesis and surface modifi-
cation, this study demonstrated that fluorescent doped silica
nanoparticles are good candidates for an LFIA system as fluorescent
probes [138].

In 2019, the first study to insert magnetic SERS tags into a lateral
flow immunoassay strip was published in the Journal Nature
Communications. A sensitive and quantitative SERS-LFIA strip was
designed to rapidly analyze human adenovirus (HAdV) and influ-
enza A H1N1 virus using Fe3O4@AgNPs (150 nm) as magnetic SERS
nanotags. These magnetic SERS substrates can be used to separate
the target analyte from a complex solution with an external mag-
netic field. Owing to the sample enrichment property of Fe3O4

MNPs, excellent SERS activity, and the stability of magnetic NPs, it
has the potential to serve as stable SERS substrates to enhance
Raman signaling [139,140]. The magnetic SERS biosensor is based
on antibody-antigen interaction and consists of three lanes (two
test regions and one control region). In the developed lateral flow
test, the conjugate pad found in traditional LFA platforms was not
used. After the flowwas completed, the virus was captured by virus
detection antibodies immobilized on the test regions (test region 1
for H1N1 and test region 2 for HAdV). Wang et al. show that the
visualization limit of the magnetic SERS strip is 10 times and the
SERS detection limit is 2000 times lower than that of conventional
AuNP biosensors [141].

Wang et al. proposed a two-channel fluorescent immunochro-
matographic assay for ultrasensitive and parallel qualification of
SARS-CoV-2 antigen and influenza A virus in biological samples
(Fig. 8A-B-C). A highly luminescent nanobead was used as a colored
label to ensure the high sensitivity and stability of the LFA test.
High-performing QDs nanobeads were developed through the
adsorption of multilayer dense QDs onto the SiO2 surface (180 nm).
Under optimal conditions, LOD of SARS-CoV-2 antigen and FluA
H1N1 in throat swab samples were 5 pg/mL and 50 pfu/M. Ac-
cording to the research results, the developed LFA test results are
approximately 100 times more susceptible than AuNP-based tests
[142].

4.6. Malaria

A parasitic human disease spread by female Anopheles
mosquitoes, malaria is still a major worldwide problem. The disease
is more prevalent in the tropical and subtropical parts of the globe
[143,144]. The causative agent is a parasitic protozoan of the genus
Plasmodium. Five species (P. falciparum, P. vivax, P. malariae, P.
Ovale, and P. knowlesi) are known to affect humans. There were
228 million cases reported globally, with 405,000 fatalities [145].
Anemia and jaundice may develop in cases where diagnosis and
treatment are delayed. In some types of parasites that cause ma-
laria, if treatment is not startedwithin 24 h, it can progress and lead
to death. The World Health Organization aims to eradicate malaria
by 2030. However, the goal can be achieved when all cases are
correctly diagnosed and treated appropriately [146]. Although
many tests are available today to diagnose malaria, the tests suffer
from many limitations, such as variability in results, lack of quan-
tification, and poor storage stability in the tropics [147]. Therefore,
LFA is a good alternative device.



Fig. 8. (A) Synthesis of silica-QD nanobead probes for detection of SARS-CoV-2 and FluA at the same time, (B) conjugation of silica-QD nanobeads with SARS-CoV-2 NP and FluA, (C)
application of developed beads to LFA-based biosensor and test working principle [142]; (D) Detail illustration of the SERS-LFA. (a) Positive result, the AuAg4�ATP@AgNPs-(gE-mAb)
is captured at both the detector region (test and the control). (b) Negative result, the AuAg4�ATP@AgNPs-(gE-mAb) is captured at the control region. (c) Basic drawing and mea-
surement of the positive reaction on the T line [153]; (E) Operating concept of the SERS-LFA biosensing platform. Y. pestis, F. tularensis, and B. anthracis LFA strips were dipped into
wells of a 96-well ELISA plate containing mixes of SERS nanotags and varying quantities of bacteria in buffer solution. The generated immunocomplexes moved to the test line
through capillary action, where their Raman signals were recorded and evaluated [157]. Reproduced with permission from ref. 142-153-157, Elsevier Ltd.
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Pereira et al. used Triton X-114 micelle aqueous biphasic system
(ATPS) to determine the malaria protein biomarker, Plasmodium
lactate dehydrogenase (pLDH). The group has previously intro-
duced using a micellar ATPS of nonionic Triton X-114 detergent to
concentrate biomarkers in a sample and facilitate their recognition
by LFA. Nevertheless, complete phase separation and achieving the
target intensity using the Triton X-114 system required long hours.
Manual extraction of the high concentrate sample and application
to LFA needed approximately 8 h. Through the proposed process,
they showed for the first time that a micelle ATPS could be directly
applied to a fiberglass paper membrane to outstandingly accelerate
its macroscopic separation from 8 h to about 3 h. They created a 3D
paper-based diagnostic strip that provides a 10-fold increase in
detection limit over LFA. It efficiently processes undiluted human
serum, supsuppliesfast test results with minimum user involve-
ment, and does not require electricity or huge or complex labora-
tory equipment. According to the researchers, integrating a
mycelial ATPS and LFA could improve the use of paper-based
diagnostic assays for malaria and similar illness in countries
where resources are scarce [148].

Microscopy and LFA tests are the main diagnostic devices for
malaria but fail to detect low-intensity parasitemias important for
maintaining malaria transmission. Albert and colleagues integrated
LFA with an isothermal reverse transcription-recombinase poly-
merase amplification to complement existing diagnostic methods.
Recombinase polymerase amplification (RPA) is a versatile
isothermal amplification technology that uses minimally prepared
materials and takes less than 20 min [149]. This method uses
recombinase, single-stranded DNA-binding protein, and DNA po-
lymerase enzyme with chain displacement activity for amplifica-
tion. As in PCR, at least one pair of primers specific to the target site
is needed, and reactions can be carried out at low constant tem-
peratures (37e42 �C). The design of fluorescent-marked probes
particular to the region to be examined can be designed, and
analysis with lateral current tests can be provided to detect the
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products formed after RPA. These characteristics maymake RPA the
ideal alternative for use as a PCR replacement at the point of need,
particularly in low-resource situations. Reliable detection of
asymptomatic low-intensity infections is possible with this tech-
nique, based on the combination of RPAwith LFA tests. Assay time is
10 min, and the lower detection limit was 64 parasites/mL [150].

Multiplex loop-mediated isothermal amplification (mLAMP)
method, like the RPA method, is one of the nucleic acid amplifica-
tion methods that can be fast and economical in the diagnosis of
infectious diseases. In another similar study, researchers identified
the two most common malaria strains by integrating mLAMP and
LFA. Results were visualized on LFA within 60 min for both species.
Compared with conventional PCR, % 100 sensitivity and specificity
have been reported. A LOD of 0.15 pg/mL was obtained. mLAMP-LFA
assays can be a potential tool for early detection in non-laboratory
conditions, with reduced assay time and ease of simple interpre-
tation of results. Also, the specificity of the results is higher as many
oligonucleotides are used in the reaction compared to RPA-LFA
[151]. Another study using the LAMP-LFA technique for rapid ma-
laria diagnosis reported a very low LOD value of 0.01 pg/mL, with
assay time reduced to 42 min [152].

4.7. Other viruses

Pseudorabies virus (PRV) is a pathogen that causes infectious
diseases in pigs and can cause huge financial losses to the farming
industry. Recently, researchers developed a SERS-based LFA strip to
detect PRV, which causes a serious infectious disease among wild
animals. As shown in Fig. 8D, anti-PRV glycoprotein B (gB) mAbs
(0.78 mg/mL) and goat anti-mouse IgG (0.5 mg/mL) were recruited
into the test and control lines, respectively. Unlike conventional LFA
platforms, a colored marker probe and a conjugation pad contain-
ing detector antibodies were not used in the designed system.
Instead, the sample is added to the antibody's liquid labeled with
the marker probe and mixed. After sufficient interaction time, the



Table 2
LFA-based studies for the detection of viral infectious diseases.

Disease Reporter Detection element Assay type Analyte/
Real Sample

Specificity or LOD Assay
time

References

Dengue Dextrin-capped AuNPs Dengue-1 RNA LFA Serum cut-off value of
1.2 � 104 pfu/mL

20 min [94]

Zika and Dengue Gold nanostars Zika NS1,
Dengue NS1

SERS-based LFA Serum Zika NS1 0,72 ng/mL
Dengue NS1 7,67 ng/mL

e [99]

Zika Si-AuNPs Zika NS1 SERS-based LFA e 1.906 mg/mL [100]
Dengue Carboxyl-Adembeads DENV-1,

DENV-2,
DENV-3,
DENV-4

Magneto enzyme LFA e 0.1 ng/mL
1 ng/mL ng/mL
1 ng/mL

25 min [101]

Zika and Dengue Quantum
dot microspheres

ZIKV NS1,
DENV NS1

Fluorescent-LFA e 0.045 ng/mL and 0.15 ng/mL 20 min [102]

Zika Silanized carbon dots Zika NS1 LFA e 10 pg/mL 20 min [202]
Dengue Gold decorated

graphene oxide sheets
Dengue NS1 LFA e 4.9 ng/mL 10 min [203]

AIDS AuNPs HIV-1 DNA Surface modified AuNP by
MGITC as Raman reporter

e 0.24 pg/mL 15 min [105]

AIDS AuNP HIV-1 p24 antigen LFA Serum 30 pg/mL 40 min [108]
AIDS AuNPs HIV-1 RNA LFA e 0.5e13 log10 copies/mL (50

copies of gag RNA)
20 min [106]

AIDS QDs HIV-DNA LFA Serum 0.76 pM 15 min [107]
AIDS,Treponema

pallidum
virus,
Hepatitis B and

Hepatitis C

QDs HIVTreponema pallidum
antibody, hepatitis C
virus antibody,
hepatitis B virus
surface antigen

Fluorescent LFA Serum 0.11 NCU/mL,
0.62 IU/L,
0.14 NCU/mL,
0.22 IU/mL

20 min [110]

AIDS GNS HIV-1 p24 antigen TCA- LFA Serum 8 pg/mL e [109]
AIDS Carbon nanoparticles HIV-1 p24 antigen LFA e 50 pg/mL

Sensitivity 90% Specificity
100%

40 min [204]

AIDS PtNCs HIV-1 p24 antigen LFA Serum 8 pg/mL 20 min [205]
AIDS AuNPs HIV-1 DNA LFA e 0.1 nM 15 min [206]
AIDS AuNPs HIV gp41 antigen LFA e Sensitivity 100%

Specificity 100%
15 min [207]

AIDS UCNPs anti-HIV-1/2 antibodies UCNPs LFS Serum Sensitivity 96.6%
Specificity 98.7%

20
e40 min

[208]

Hepatitis Carboxyl modified
CdSe/ZnS QDs

HbsAg LFA e 75 pg/mL 15 min [117]

Hepatitis B Fluoro-Max
fluorescent
nanoparticles

HBV A
HBV B
HBV C
HBV D

Fluorescent -LFA Serum 2.5 IU/mL,
5 IU/mL,
5 IU/mL,
10 IU/mL

20 min [118]

Hepatitis B Fluoro-Max
fluorescent
nanoparticles

HBV DNA Fluorescent -LFA Serum 2.5e10.0 IU/mL 20 min [119]

AIDS
Hepatitis C and

Hepatitis A

AuNPs HIV, HCV, HAV LFA Serum Sensitivity 100% 30 min [125]

Hepatitis Up-converting
phosphor

Hepatitis B surface
antigen (HbsAg)

LFA e 60 mIU/mL
Sensitivity 99.19%

10 min [209]

Hepatitis ZnSe/CdSe/CdS/Cd
xZn1�xS/ZnS QDs

Hepatitis B surface
antigen

QD-LFIA e 0.05 ng/mL 10 min [210]

Influenza A AuNPs Hemagglutinin LFA e 0.25 HA units 10 min [134]
Influenza A Cy5 doped silica

nanoparticles
Hemagglutinin LFA e 250 ng/mL 30 min [138]

Influenza A and Human
adenovirus

Fe3O4@Ag magnetic
tags

H1N1 and HadV SERS- based LFA e 50 PFU/mL,
10 PFU/mL

30 min [141]

COVID-19 and
Influenza A

QDs Sars-CoV-2 IgG
Antibody and FluA
H1N1 antigens

Fluorescent -LFA Serum IgG 5 pg/mL
FluA 50 pfu/mL

15 min [142]

Influenza B Cy5-loaded silica
nanoparticles

Influenza B virus
protein

Fluorescent -LFA e 0.55 mg 30 min [211]

Influenza A and
Influenza B

Streptavidin-coated
gold colloid

H1N1 and H3N2 Lateral flow dipsticks e H1N1 78.57%
H3N2 87.50%

20 min [212]

Malaria AuNPs pLDH Dipstick LFA Serum 1 ng/mL 20 min [148]
Malaria AuNPs pLDH LFA e 10 ng/mL e [213]
PRV AuAg4�ATP@AgNPs wild-type PRV SERS-based LFA e 5 ng/mL 15 min [153]
Y. pestis, F. Tularensis,

and B. Anthracis
SERS nanotags Y. pestis, F. Tularensis,

and B. Anthracis
SERS- based LFA e 43.4 CFU/mL,

45.8 CFU/mL,
357 CFU/mL

15 min [157]

Ebola AuNPs EBOV Glycoprotein LFA Serum Sensitivity 100% Selectivity
98%

15 min [214]

Tuberculosis AuNPs Tuberculosis antigen LFA Serum Specificity 95%
Sensitivity 40%

25 min [215]
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mixture is loaded onto the sample pad; then the flow is allowed.
The result can be read in the test line after the stream. AuAg@Ag
SERS nanotags were captured in both test and control sites in the
presence of a sample containing wild-type PRV. In contrast, SERS
nanotags were captured only in the control region for a sample
without the target PRV virus. The linear detection range was
41e650 ng/mL, while the LOD was reported to be 5 ng/mL [153].

PRV contains at least 11 glycoproteins, gB, gC, gD, gE, gG, gH, gI,
gK, gL, gM, and gN, each having various physiological activities
[154]. Pigs infected with PRV are differentiated from those vacci-
nated using tests that detect antibodies to gE [155]. Hui et al.
developed a new lateral flow immunoassay by conjugating PRV gE
monoclonal antibodies (PRV gE-mAb) with EuNPs. EuNPs-PRV gE
probe in the conjugation pad, PRV gE-mAb in the test line, and
chicken IgY in the control line were immobilized. In the case of a
positive serum administration, specific epitopes of the gE protein
on the EuNPs-PRV probe in the conjugation pad were blocked. In
this case, binding to PRV gE-mAb on the T line was inhibited,
resulting in a low or negligible fluorescent signal. When a negative
sample was applied, EuNPs-PRV probes could bind the target
antibody on the T line, resulting in a high fluorescent signal. At
15 min, images were captured using a fluorescent camera, and
fluorescence intensity data were collected using a fluorescence
reader. This approach showed % 96.1 concordance with the most
popular gE-ELISA kit [156].

The Ebola virus causes a febrile illness that causes life-
threatening bleeding and results in death in % 50 to % 90 of cases.
This virus is an RNA virus from the filoviruses family [157]. Hu et al.
developed a new LFA test for the detection of the Ebola virus
glycoprotein. A novel multifunctional nanosphere (RNs@Au) con-
taining hundreds of quantum dots and dozens of Au nanoparticles
was used as a reporter. The antibody and streptavidin were
simultaneously modified on RNs@Au to label the target biomole-
cule (Ebola virus glycoprotein) and act as signal enhancers. The test
can detect 2 ng/mL glycoprotein visually in 20 min, while it can
quantitatively detect 0.18 ng/mL. RNs@Au is considered a successful
study as it can provide both a colorimetric signal and a fluorescent
signal to meet the requirements of different clinical conditions
[158].

5. Discussion

Infectious diseases such asmalaria, HIV, COVID-19, zika, dengue,
hepatitis, and influenza account for more than a quarter of all fa-
talities globally every year (about 57 million) [159,160]. Many or-
ganisms that cause infectious diseases, especially RNA viruses,
mutate quickly. Therefore, it is almost impossible to develop
effective treatment and vaccine strategies. Due to the lack of a
vaccine and limited treatment options for COVID-19, fast di-
agnostics must be developed and validated as soon as possible. It is
essential to test target analytes as quickly as possible in a format
that can predict them in the early diagnosis of diseases. Test
methods such as RT-PCR, ELISA, or microfluidic system-based as-
says are not widely available in developing countries. Since these
tests require equipment/devices and skilled personnel, they are
only available in private clinical facilities [161,162]. As a result, these
technologies are not suitable for POC use. Therefore, it is essential
to decrease recognition time and develop a POC detection system
outside of the clinical research laboratory. Compared to other
commonly used diagnostic methods, LFA is pretty simple and cost-
effective, with the added benefit of quick diagnosis at home.
Moreover, the platform provides detection in a short time
(10e15 min). Because of these characteristics, LFAs have become
commonplace in various settings, including public and private
clinics, hospitals, laboratories, and homes. The most important
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advantage is that it eliminates the obligation of patients in the risk
group to go to the hospital during the pandemic process and re-
duces the burden on healthcare workers.

The sensitivity and specificity of LFAs have been significantly
improved. Most LFAs are developed by targeting only one
biomarker at a time. On the other hand, the most desired iteration
of LFA is being able to detect many biomarkers simultaneously
[163]. Given the complex nature of human diseases, coinfection
states, and overlapping symptoms, the demand for multiplex sys-
tems that can identify multiple markers simultaneously has been
increasing in recent years. When literature data is evaluated sta-
tistically, simultaneous diagnosis of infectious diseases with mul-
tiple biomarkers is limited due to inherent limitations in the design
of conventional membrane-based LFAs. The optimum test condi-
tion for one diseasemay not be optimal for another or may have the
risk of cross-reactivity. We propose that combining alternative
biomolecules such as recombinant antibodies, aptamers, and
engineered protein scaffolds in a single LFA assay may be suitable
for designing high-specification multiplex LFAs while avoiding any
potential cross-reactivity in the assays.

The immune response usually takes a long time to mature
in vivo, followed by dynamic variations of the antibody response
[164]. During this duration, a few specific immunoglobulins,
including IgG, IgA, and IgM, emerge and reach peak values at
different times [165,166]. Thus, theoretically, one or all immuno-
globulins could be labeled to diagnose infectious diseases. Studies
on the variability of serological response to infection have found
that personal immunoglobulin testing is useless for monitoring the
process of infectious disease. However, when the literature data is
examined statistically, studies on the detection of IgM and IgG
show intensity. IgM antibodies can indicate imminent exposure to
infection, while IgG antibodies point out prolonged exposure and
are often a precursor to immunity [167]. Additionally, the IgA
response is relatively limited. Almost all of the COVID-19 rapid
diagnostic tests in the market and literature offer simultaneously
determined amounts of IgM and IgG antibodies. In these studies,
the use of a blocking agent during conjugation and blocking the NC
membranewas generally recommended to prevent cross-reactions.

Appropriate antibody/antigen labeling methods on the LFA
platform are required to obtain sensitive and specific signal read-
ings. In LFA devices, nanoparticles are commonly utilized as label or
probe molecules. Although AuNPs are the most widely used nano-
particle for labeling, other nanoparticles have also been used.
Colored or fluorescent nanoparticles with a diameter of 20e500 nm
are appropriate because theirmodest size does not obstruct the flow
or the flow direction. Recently, progress in fluorescent labeling has
provided a better way to replace the traditional colloidal gold assay.
The fluorescent label is quantitative and can be prepared in multi-
plex with different dyes. Some of the novel technologies for
enhanced sensitivity and quantitative analysis include quantumdots
[168], upconverting phosphorus technology [169], carbon nano-
particles, selenium nanoparticles [170], lanthanide-doped nano-
particles [171], and SERS reporters [172,173]. Magnetic NPs are
highly attractive probes for the enrichment of target analytes. These
desirable agents provide highly stable signals to sensitive strips, but
expensive readout devices are required to read the results. For this
reason, it may be considered in future studies to integrate more
affordable devices into LFA systems. As described above, LFA tests
provide an easily accessible and user-friendly instrument. Although
many methods have been developed that provide technical prog-
ress, SERS-based detection methods provide a highly sensitive
detection tool because they can provide analytical results beyond
qualitative measurement. Because it monitors the characteristic
Raman peak density of SERS nanotags collected in the test line,
SERS-LFA outperforms colloidal gold. Thus, the combination of LFA
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with SERS detection tools makes them a prevalent diagnostic
method for the accurate and rapid diagnosis of viral infectious dis-
eases. Nevertheless, it is limited in providing diagnoses at home.
From this perspective, it is essential to learn more about SERS-LFA
platforms' current situation and make measuring instruments
portable. Also, more research needs to be done on more consistent
and reproducible SERS nanotags. As a result of research, it has been
seen that conventional LFA biosensors using AuNPs are thermally
unsteady in temperature regions and can cause false effects
[174,175]. As a result, the use of AuNPs in diagnosing diseases
commonly seen in tropical areas (dengue and zika) has been
restricted. Various silica or polymer-coated SERS nano-tags have
recently been developed to address this issue [176,177]. However,
the reproducibility in the test region of SERS nano-tags is chal-
lenging to obtain, thus hampering the application of SERS-LFA in
quantitative analysis. Therefore, more reproducible and stable per-
forming SERS nanotags must be continually improved to make
SERS-LFA durable for in vitro diagnostic. Because of its popularity
and benefits, the SERS approach is now progressing toward down-
sizing and cost reduction. The effective creation and deployment of
portable Raman spectrometers for the LFA of different biomarkers
were recently proven [178,179]. Due to their miniaturization and
cost reduction, SERS-based readers are a viable and possible tool for
producing quick and quantitative on-site LFA testing due to their
miniaturization and cost reduction.

LFA analysis consists of four main components; the sample pad,
conjugate pad, NC membrane, and absorbent pad. In their LFA
studies to date, researchers have generally not sought to improve
these four main components to increase the specificity of the test
line and obtain strong signals. He refrained frommaking changes to
these four main elements. In particular, studies should be carried
out to improve the structure of the NC membrane, the nature of
which has not yet been fully elucidated. Control line is actively used
in lateral flow tests to understand whether many diseases are
passed, whether there is a virus infection and the disease's course.
Research on alternative methods and biomolecules should be
focused on, aiming to eliminate the high cost of the high concen-
tration of antibodies used in this region.

Due to the complexity of antigen-antibody interactions that
occur in a complex matrix, immunoassays are susceptible to
interference [180]. Such intervention leads to misinterpretation of
immunoassay results, leading to unnecessary investigations or
administration of inappropriate therapy. The use of high concen-
trations of biotin as a nutritional supplement to improve hair, skin,
and nail quality has increased in recent years. However, high con-
centrations of biotin have been found to interfere with detecting
HIV-1 p24 antigen in serum and plasma. However, the examination
of biotin interference in any LFA test developed so far has been seen
as a major shortcoming. Where additional biotin supplementation
cannot be ruled out, it is important to consider these potential
sources of false test results [181]. Similarly, Dengue NS1 can be
cited as an example. Because false-positive results for this dengue
biomarker have been reported in patients with acute zika infection,
caution should be exercised when interpreting dengue NS1 results
[182]. A group of researchers has shown that the combined use of
Dengue NS1 and antibodies (IgM and IgG) improves diagnosis rates
for dengue fever [183,184]. Even if these and similar solution sug-
gestions are applied, more optimizations should be made for cross-
reaction in immunoassay tests. Laboratory professionals should not
ignore or underestimate immunoassay weaknesses. They should
engage in a two-way, open, and persistent dialogue with clinicians
to quickly identify questionable outcomes before making further
diagnoses or treatment decisions [185].

CRISPR and CRISPR-related (Cas) genes have been utilized in
various practices, including diagnostics biosensing, and were
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awarded the 2020 Nobel Prize in Chemistry. CRISPR-based di-
agnostics tool can identify the attomolar levels of viral nucleic
acids. They are more sensitive than RT-PCR-based approaches that
only detect femtomolar concentrations [186]. LF CRISPR-based
biosensing allows fast and sensitive identification of nucleic acids
extracted from these diverse samples. In a study reported by re-
searchers in 2020, they designed the LFA strip and combined this
technique with the CRISPR-Cas system to make it cost-effective for
on-site diagnosis [187]. According to the researchers, Cas-LFA can
accomplish quite a low detection limit with % 100 specificity in less
than an hour, indicating a promising option for future POC testing.
Nevertheless, more research is needed to improve the CRISPR-Cas
identification step and assay time.

As a result of the literature review, many kit studies have been
carried out to diagnose infectious diseases, and most of them have
been introduced to the market. This detection method does not
need any reading instrument as it relies solely on visual detection.
However, it suffers from “limits of quantitative analysis” and “low
sensitivity” limitations. Many researchers have tried to solve these
problems. Diverse optical strip readers and associated detection
tags have advanced the analytes' quantification capability and
sensitivity. Smartphones have become a necessary personal gadget
in today's world. Smartphones may help with contact tracing, pa-
tient isolation, disease control, and surveillance monitoring during
a pandemic. Smartphones have been utilized as viral infectious
disease surveillance tools to identify people who have come into
contact with a patient.

6. Conclusion and future prospects

This review article has collected and discussed the history,
mechanism, and recent developments of various LFA techniques
to diagnose infectious diseases (HIV, COVID-19, hepatitis, zika,
dengue, malaria, and influenza). There have been a lot of pan-
demics and epidemics caused by various infectious diseases
worldwide. Not all of them could produce epidemics on a scale
that would affect several continents of the world at the same time.
However, a new SARS-CoV-2 has recently resulted in a continuing
global epidemic. Given the very high person-to-person trans-
mission rate of the virus, many countries have taken extraordinary
measures (isolation, quarantine, and social distancing) to reduce
the spread of the disease. However, these efforts fall short. LFA-
based diagnostic devices provide a very suitable platform in this
regard. While the LFA platform holds great promise for infectious
disease diagnosis, several challenges need to be addressed to
facilitate LFA's performance in controlling epidemics. Although
gold nanoparticles and latexmicrobeads are the primary tags used
in LFA platforms, they sometimes fail to provide the required
sensitivity. Technologies such as catalytic enhancement and SERS-
based recognition are being used to achieve higher sensitivity and
detect more pathogens to overcome this obstacle. However, stable
and efficient new labels should be developed, and more inter-
disciplinary studies on detection techniques are needed. In addi-
tion, the use of portable, electronic reader instruments gives
quantitative results in a much shorter time than traditional
methods. However, these electronic devices should be reduced in
size and made portable by the user. In this way, the detection
method to be presented will promise the diagnosis of many dis-
eases, especially cancer diagnosis. Finally, under the guidance of
the authorities and regulatory agencies, it can be ensured that the
studies in the laboratories meet the industry, allowing the LFA
diagnostic tests to be used to diagnose infectious diseases in
resource-constrained environments to become more accessible.
In summary, we emphasize the need to continue to enhance quick
diagnostic tests.
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