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A B S T R A C T   

The global corona virus disease 2019 (COVID-19) has been announced a pandemic outbreak, and has threatened 
human life and health seriously. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), as its causative 
pathogen, is widely detected in the screening of COVID-19 patients, infected people and contaminated sub-
stances. Lateral flow assay (LFA) is a popular point-of-care detection method, possesses advantages of quick 
response, simple operation mode, portable device, and low cost. Based on the above advantages, LFA has been 
widely developed for detecting SARS-CoV-2. In this review, we summarized the articles about the sandwich 
mode LFA detecting SARS-CoV-2, classified according to the target detection objects indicating genes, nucleo-
capsid protein, spike protein, and specific antibodies of SARS-CoV-2. In each part, LFA is further classified and 
summarized according to different signal detection types. Additionally, the properties of the targets were 
introduced to clarify their detection significance. The review is expected to provide a helpful guide for LFA 
sensitization and marker selection of SARS-CoV-2.   

1. Introduction 

The corona Virus Disease 2019 (COVID-19) outbreak began in 2019, 
and its virus was denoted as severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) [1]. Due to high infectivity and wide trans-
mission routes, it was declared a pandemic in March 2020. About 553 
million confirmed cases and over 6.3 million deaths were reported 
worldwide, according to the World Health Organization (WHO) report 
on July 13, 2022. Each country has invested a great deal of manpower 
and resources in the development of COVID-19 vaccines, prevention and 
treatment strategies, making a great contribution to preventing the 
spread of the epidemic and treating patients. SARS-CoV-2 virus is 
composed of single-stranded ribonucleic acids (RNA) and four structural 
proteins, including the spike (S), membrane (M), envelope (E) and 
nucleocapsid (N) proteins [2,3]. A schematic is shown in Fig. 1. Among 
them, the genes from RNA, S protein, N protein, and specific antibodies 
(including neutralizing antibodies, IgG, IgM, and IgA etc.) are selected as 
markers for detecting SARS-CoV-2. However, the E and M proteins are 
difficult to extract, detect, and identify due to being relatively short and 
tightly membrane-bound, which results few methods detecting them 
[4]. 

As we all know, controlling the source of infection and protecting the 
susceptible population are the two important measures to prevent in-
fectious diseases. The premise of both measures is to identify whether a 
person has been infected with the virus. Nevertheless, the large number 
of screening groups, inconspicuous symptoms in the initial infection, 
and asymptomatic patients make screening more difficult. Currently, 
three different types of diagnostic strategies are being used to diagnose 
COVID-19, including chest computed tomography (CT) scan, reverse 
transcription-polymerase chain reaction (RT-PCR) assay, and lateral 
flow assay (LFA) [5]. CT requires large and expensive equipment, and 
professional technicians, which is not convenient for primary screening 
of large numbers. RT-PCR requires specially trained technicians to 
operate machines for several hours [6]. 

LFA, also called simply strip test or immunochromatographic assay, 
possesses the advantages of simple usage patterns, short time- 
consumption, good long-term stability and low cost, thus it is a widely 
used point-of-care testing detection method [7,8]. Typically, the LFA 
consists of a sample pad (onto which the sample to be tested is loaded), 
conjugate pad (containing the labeled bio-recognition molecule to the 
target), nitrocellulose (NC) membrane (immobilizing the capture and 
control molecule), and absorbent pad (providing the capillary force) [9]. 
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During detection, the sample solution is moved through the membrane 
towards the absorbent pad by capillary force; the labeled 
bio-recognition molecules are captured on the test (T) line after binding 
to the target analytes, which can achieve significant color changes [10]. 
Responses can also be converted into fluorescence, Raman, chem-
iluminescence (CL) and magnetic signals to achieve qualitative and 
quantitative assays [7]. 

Based on the above advantages, a large number of LFA for SARS-CoV- 
2 detection have been reported. Pérez-López and Mir [11] reviewed the 
research on commercialized diagnostic technologies to combat 
SARS-CoV-2 indicating genosensors and immunosensors, and intro-
duced the advantages of various detection methods. Ernst et al. [12] 
summarized against SARS-CoV-2 serology assay platforms, helping 
people to know more about antibodies detection. The reviews [13–16] 
were involved a variety of detection methods, such as computed to-
mography scan, nucleic acid amplification test, LFA, ELISA, played a 
guiding role in the subsequent research on SARS-CoV-2 detection. 
However, these reviews only take LFA as a part, which cannot fully 
interpret the advantages and research progress of LFA for SARS-CoV-2. 
Zhou et al. [17] reviewed LFA for SARS-CoV-2 nucleic acids, antigen, 
antibody, and elaborated its advantages and disadvantages, which has 
greatly facilitated the review on LFA for SARS-CoV-2. With the devel-
opment of materials science and more attention to LFA, a large number 
of new LFA for SARS-CoV-2 researches have emerged. It is very neces-
sary to review the research on LFA for SARS-CoV-2 detection. 

Herein, we focus on reviewing the recent progress in the application 
of sandwich mode LFA for detecting genes, N protein, S protein, and 
antibodies of SARS-CoV-2. This review introduces the properties of the 
targets to clarify their detection significance, and classifies the research 
on LFA according to the targets to summarize the current situation. 
Furthermore, strategies of sensitization are reviewed in order to provide 
some reference value for sensitization of LFA for SARS-CoV-2. The 
typical studies with characteristics in each classification are also intro-
duced. Among of them, LFAs for SARS-CoV-2 genes were summarized 
according to gene processing techniques, which complemented the 
contents of Castrejón-Jiménez et al. [18] review. At the end of the re-
view, the challenges and future research directions of LFA for 
SARS-CoV-2 were predicted. 

2. Signal output and amplification strategies of LFA 

Gold nanoparticles (Au NPs) possess advantages of simple prepara-
tion method, uniform particle size, and good stability, widely applied in 
biosensor, especially Au NPs colloidal solutions [19]. Au NPs colloidal 

solutions emerge red color owing to localized surface plasmon reso-
nance [20]. Additionally, Au NPs can bind antibodies by gold ammonia 
bond or electrostatic adsorption [21,22]. Based on the above advan-
tages, they have been regarded as the ideal material for colorimetric LFA 
via naked-eye detection. Due to simple production, low cost, good 
semi-quantitative performance, and simple naked eye detection mode, 
colloidal gold LFA has been achieved mass commercial production. In 
order to realize quantitative detection and signal sensitization, fluores-
cence, surface enhanced Raman scattering (SERS), CL, and magnetic 
LFA have been invented. 

2.1. Signal output types 

2.1.1. Colorimetric LFA 
Colorimetric LFA usually uses measurement of color changes to 

determine the amount of analytes in samples [23]. Generally, most of 
the nanomaterials with dark color, uniform size, and the ability to bind 
antibodies antibody, can be used for colorimetric LFA. In view of 
colloidal Au NPs excellent characteristics, they are the most widely used 
material for constructing colorimetric LFA. Colorimetric LFA possesses 
notable advantages including simple instruments, high portability, 
simple operation, and fast detection by naked eyes, especially in rapid 
and on-site detection [24]. Nonetheless, the mode of naked eye detec-
tion limits it to semi-quantitative or qualitative detection. Color recog-
nition software has employed to quantify the content of analysts via the 
color of the immune complex on T lines, such as grayscale, RGB, and 
HSV [25]. 

2.1.2. Fluorescent LFA 
Fluorescent technique with simplification, high sensitivity, and 

strong operability is among the most popular optical sensing strategy 
[26]. Detection of fluorescence emission pattern is more sensitive than 
light absorption [27]. Additionally, a uniform background is achieved 
owing to the efficient blocking of the excitation light [28]. Thus, fluo-
rescence system has higher sensitivity than observation system, and 
promises lower limits of detection. Smartphone-based fluorescence 
reader, integrating the smartphone with electrical components or 
external optical, reduces complexity and realizes miniaturization [29]. 

2.1.3. SERS LFA 
SERS is a promising technique, displays the advantages of rapidity, 

convenience, extraordinary sensitivity, and nondestructive [30,31]. 
Moreover, the fluorescence quenching and photobleaching are avoided 
via the long-wavelength excitation effectively [32]. Typically, SERS 
nanotags consist of the enhanced substrate (Au/Ag nanoparticles), 
Raman dye molecules, and specific antibodies [33]. Raman dye mole-
cules including 5,5′-dithiobis(2-nitrobenzoicacid) (DTNB), 4,4′-dipyr-
idyl (44DP), phthalazine (PHTH), 1,2-bis(4-pyridyl)-ethylene (12BE), 
and, 2,2′-dipyridyl (22DP) provide strong and specific SERS signal [34, 
35]. SERS signal originating from the rotation and vibration of dye 
molecule is more stable and single nanotag may be detected [36]. SERS 
based LFA possesses the advantage of simplicity, portability, speediness, 
and high sensitivity [37]. 

2.1.4. Magnetic LFA 
Giant magnetoimpedance (GMI) effect caused by the skin effect is a 

large change in the impedance of the alternating current in a soft 
magnetic material during an external magnetic field applied [38]. GMI 
sensors possess advantages of low cost, higher sensitivity, low power 
consumption, repeatability, resistance to mechanical vibration, and 
simple convenience [39]. Compared with colorimetric method, the 
magnetic signal has good anti-interference from sample matrix [40]. 
Therefore, GMI based LFA shows great potential. 

Fig. 1. The structural schematic of SARS-CoV-2 virus, RNA, and spe-
cific antibodies. 
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2.2. Signal amplification strategies 

2.2.1. Material-based signal amplification 
There is no doubt that the rapid development of nanotechnology and 

materials science has laid a strong foundation for the development and 
innovation of LFA. Improving material properties to amplifying LFA 
signal is an effective signal amplification strategy, which attracted much 
attention from researchers [41]. The strategies for improving the per-
formances of material used in LFA can be broadly divided into three 
types. The characteristics such as the proportion of crystal plane, Fermi 
level, color, etc. can be adjusted by the strategy of changing the 
morphology, size and crystal form of the material to obtain the material 
with the best performance. Two or more kinds of materials are combined 
to produce high performance composite materials with synergistic ef-
fects of each component. Finally, increasing the proportion of active 
ingredients in loaded materials makes them more efficient. 

2.2.2. Chemical enhancement LFA 
Nanozyme is nanomaterial with enzyme-like activity, expresses 

many advantages of strong catalytic activities, low cost, sustainability, 
stability, and robustness [42–44]. Peroxidase-like catalyzes decompo-
sition of hydrogen peroxide (H2O2), which can oxidate 3,3′,5,5′-tetra-
methylbenzidine (TMB) to color, and catalyze luminol oxidation to 
produce intensified CL [45,46]. Those chromogenic with high efficiency 
oxidation produce chromogenic products even on trace amounts of 
targets [47]. Introducing the nanoenzyme chromogenic reaction into 
LFA can expand detection range and reduce the detection limit. 

2.2.3. Nucleic acid amplification improving LFA 
In addition to the above two methods, increasing the content of the 

substance to be measured in the detection sample is also a strategy to 
improve the detection signal intensity when other conditions are un-
changed [48]. It is difficult to increase the concentration of protein 
target such as antigen and antibody in the detection sample. Nucleic acid 
can be amplified by RT-PCR, recombinase polymerase amplification 
(RPA), and reverse transcription loop-mediated isothermal amplifica-
tion (RT-LAMP) etc. to increase the target detection gene fragment in the 
sample [49–51]. The amplified sample has a higher content of target, 
which can play a role in amplifying the sensor signal. 

3. LFA for SARS-CoV-2 

This section is divided into four subsections: LFA for the detection of 
genes, N protein and S protein of SARS-CoV-2 virus, and specific anti-
bodies produced by host cells with SARS-CoV-2 infection. The properties 
of the four kinds of targets are introduced. Moreover, recently developed 
LFAs are classified and summarized, according to detection methods. We 
hope that this section can not only facilitate the understanding of the 
research development, but also provide guidance for the selection of 
target for SARS-CoV-2 and provide ideas for the future study of LFA 
sensitization. 

3.1. LFA for RNA of SARS-CoV-2 detection 

The genome of SARS-CoV-2 is a single-stranded positive RNA, its 
length is about 30 kilobases, including a 5′ cap structure and a 3′ poly(A) 
tail [52,53]. The open reading frames (ORFs) called ORF1a and ORF1b 
occupy two-thirds of the length the RNA genome of SARS-CoV-2 at the 5′

end, and encode polyproteins (PP1ab and PP1a) [54,55]. Polyproteins 
are precursors for 16 non-structural proteins and perform a fundamental 
role in viral transcription, replication, and immune response modulation 
[56]. The remaining genome encodes four important structural proteins 
(S, E, M, and N genes) and nine accessory proteins (ORF3a-10) [57]. 
These structural proteins as an important part of the SARS-CoV-2 virus 
and play a significance role in viral entry into the host cell [58]. 
Accessory proteins are involved in virulence and pathogenesis [58]. 

Detection of RNA has the advantage of accurate identification. However, 
the low content requires amplification prior to be detection, necessi-
tating RT-PCR, RPA, and RT-LAMP, etc. Moreover, the clustered regu-
larly interspaced short palindromic repeats associated protein 
(CRISP/Cas), is an attractive gene detection tool, and when combined 
with nucleic acid amplification methods has been employed in genetic 
diagnosis. Here, we review the sandwich type LFA detecting genes of 
SARS-CoV-2 by different strategies of amplification. 

3.1.1. FLA combined with RT-PCR 
RT-PCR is one of the most common methods for gene amplification 

[59]. In brief, the RNA is reverse transcribed into cDNA by reverse 
transcriptase and the cDNA template amplified. It can greatly improve 
the sensitivity of RNA detection. Dighe et al. [60] reported a gold 
nanoparticle FLA combined with RT-PCR for detection of the N genes of 
SARS-CoV-2. They found that cysteamine capped Au NPs as signal 
source increased the visibility of the T line. The assay can detect 0.02 
copies/μL of SARS-CoV-2 genomic RNA, and its specificity and accuracy 
were 99.99%. Kim’s group [61] first reported a fluorescence lateral flow 
strip membrane assay to detect SARS-CoV-2 by targeting more than one 
gene. This method can simultaneously detect RdRp, ORF3a, and N genes 
using the Cy5-labeled PCR product from the single-tube RT-PCR in 30 
min. The detection limit was 10 copies/test for each gene. Moreover, 
Wang et al. [62] developed red or green color magnetic-quantum dot 
nanobeads (QBs)-based fluorescent LFA for discriminating D614G and 
N501Y gene segments from wild-type (WT) or mutated (M) SARS-CoV-2. 
The tetra-primer amplification refractory mutation system (ARMS) 
combined with PCR was used to amplify the gene segments. The T1 and 
T2 line can capture D614G and N501Y. The D614G and N501Y of WT 
bind green QBs, and M bind red QBs. The schematic and detection di-
agram is shown in Fig. 2. The assay can be completed in less than 2 h, 
and the LOD was 33.53 copies/μL for M D614G. The LFA also can detect 
the N and ORF1ab genes of SARS-CoV-2, simultaneously. The LODs for 
the N and ORF1ab genes (on red and green channel) were 1.90 copies/μL 
and 6.07 copies/μL, respectively. The detection mode of LFA with 
double T lines can achieve dual signal or dual target detection at the 
same time, can greatly save the cost and test time, compared with the 
single T-line. 

3.1.2. FLA combined with RPA 
RPA is promising isothermal molecular amplification tool with 

operation simplicity and short detection time [63]. Recombinase is used 
to assist primer annealing for strand elongation during amplification 
resulting in a lower temperature being needed for than RT-PCR [64]. 
Farrera-Soler et al. [65] combined RPA with a nucleic acid-templated 
nucleophilic aromatic substitution to achieve a dual readout with fluo-
rescence microtiter plate or colloidal gold LFA. The LFA can detect the 
ORF1b (nucleotides 15,418–15,554) of the SARS-CoV-2 genome 250 pM 
being visible by the naked eye. In contrast to RPA, quantitative RPA 
(qRPA) is a competitive amplification with a known concentration of 
reference molecules. The qRPA combined with a triple-line lateral flow 
assay for N genes of SARS-CoV-2 based on Au NP-labeled anti-FAM 
antibodies was reported by Springer’s group [66]. The input concen-
tration was inferred by the ratio of target and reference amplicons. The 
biotinylated probe hybridized with the target sequence, and the digox-
igenin labeled probe hybridized with the reference sequence. Results 
were captured by a streptavidin band (T line) and an anti-digoxigenin 
band (reference line) on LFA, respectively. The analysis process is rep-
resented graphically in Fig. 3. This construction mode enriches LFA for 
nucleic acid and is conducive to the diversity of its development. And its 
sensitivity and specificity was 95% and 97% for 58 samples. Moreover, 
Li’s team [67] reported duplex reverse transcription-RPA (RT-PRA) in-
tegrated colorimetric LFA to detect ORF1ab and N genes. T1 and T2 lines 
were utilized to capture amplification product from each. The assay with 
the accuracy of 100% clearly distinguished 10 copies/test of the ORF1ab 
and N gene templates from a blank control. 
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Fig. 2. Schematic of dual-color QBs-based fluorescent LFA: Tetra-primer ARMS-PCR (A); Dual-color QBs-based fluorescent LFA (B); Signal readout (C); Interpretation of the representative test results of lateral flow strips 
(D) [62]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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3.1.3. FLA combined with RT-LAMP 
RT-LAMP is based on isothermal nucleic acid amplification, and re-

alizes a one-step gene amplification [68]. It has short run-times, low 
cost, good robustness, strong resistance, and simple operator, operation 
and has attracted particular attention for bioassays [69,70]. Zhang et al. 
[71] used RT-LAMP to amplify the ORF1ab and N genes and employed 
Au NPs LFA to visualize amplification results with the accuracy of 
97.2%. The method produced clear signals with a concentration of 
ORF1ab or N genes of not lower than 2 copies/μL. Furthermore, Li’s 
team [72] developed a four-channel microfluidic device to combine 
RT-LAMP with commercial Au NPs LFA for M or N genes of SARS-CoV-2. 
The microfluidic channel had two zones (indicating amplification and 
incubation) and three pressure-vent pores. The whole assay comprised 
injecting the sample lysis into A pores, heating injecting the hCG-Ps via B 
pores, incubating, pushing to puncture, and detection by naked eye. The 
schematic of the assay is shown in Fig. 4. The device was about the size 
of a hand, and showed sensitivity as low as 0.5 copies/μL. The portable 
device achieved gene amplification and detection, greatly reducing the 
use of instrumentation and promoting the development of portable and 
commercial of LFA based on gene amplification. A multiplex RT-LAMP 
coupled with dye streptavidin coated polymer nanoparticles LFA for 
detecting ORF1ab and N genes simultaneously was devised by Wang’s 
group [73]. The assay can be completed within 1 h, and had a limit of 
detection of 12 copies/reaction. Banerjee et al. [74] developed a plat-
form technology combined RT-LAMP, hybridization technique and Au 
NPs LFA for RdRp, or N, or E genes. The limit of detection was suggested 
to be 100 copies/μL. 

3.1.4. FLA combined with other amplification strategy 
Zhuang et al. [75] designed a pair of adjacent amplification primers 

for target gene, and the enhanced reverse transcription primers also 
were templates during isothermal amplification, named as enhanced 
strand exchange amplification (ESEA). They introduced a fluorescence 
LFA combined with ESEA to detect the RdRp or N genes, respectively. 
The assay fluorescent microspheres were used as signal source, and 
could be completed within 1 h. The sensitivity of the method was 90 
copies/μL and 70 copies/μL for the RdRP and N genes respectively. 
Catalytic hairpin assembly (CHA) is a nonenzymatic nucleic acid 
isothermal amplification versatile tool. Due to low background, high 
efficiency, and easy operation, it is widely employed for developing 
biosensors [76,77]. Fan’s team [78] developed a method based on a 
CHA reaction coupled with LFA for ORF1ab or N genes, the fluorescent 
signal from Alexa Fluor 647. The method showed a minimum detectable 
concentration of 10 aM for ORF1ab or N genes. 

3.1.5. FLA combined with CRISPR-Cas 
CRISP/Cas is a gene editor triggered by specific target recognition. 

Due to high base resolution, economy, and isothermal signal 

amplification, it is considered the tool of choice for genome editing [79]. 
Developing a system of CRISPR/Cas combined with LFA may realize 
field detection with low cost and high sensitivity [80]. The following 
typical reports are selected for review and the remaining studies can be 
found in Table 1. 

Yi’s group [81] reported a quantum dot microsphere fluorescent LFA 
combined with reverse transcription, isothermal amplification, and 
CRISPR/Cas13a for the S gene of SARS-CoV-2. It showed the detection 
limit of 1 copy/mL. Multi-genomic tests have been extensively studied to 
reduce the false-negative of single genomic tests [61]. Zhu et al. [82] 
developed a LFA based on reverse transcription multiple cross 
displacement amplification combined with CRISPR/Cas12a-based 
detection for the ORF1ab or N genes of SARS-CoV-2 with the accuracy 
of 100%. Au NPs were used to develop color for LFA, and the sensitivity 
was as low as 7 copies/test. Additionally, the whole test took less than 1 
h. Hou et al. [83] also reported LFA based on CRISPR/Cas13a for 
ORF1ab or S genes. Interestingly, they developed a fluorescent analyzer 
with a 3D-printed microfluidic chip to address aerosol contamination 
issues. A schematic illustration for detecting ORF1ab or S genes of 
SARS-CoV-2 is presented in Fig. 5. The analyzer possessed advantages of 
portability, automation, high-throughput, and high accuracy. The LOD 
for ORF1ab and S genes was 20 fM and 2 fM, respectively. Moreover, a 
fluorescent analyzer with a 3D-printed microfluidic chip was developed 
with LOD for ORF1ab and S genes of 4.16 fM and 0.68 fM, respectively. 
The two detection methods complement each other, and the accuracy of 
sensor can be improved by comparing the results of the two detection 
methods in the overlapping detection range. 

Zhou et al. [84] published a method for simultaneous detection of 
ORF1ab and E genes via CRISPR/Cas9-mediated LFA combined with 
multiplex reverse transcription-recombinase polymerase amplification 
(RT-RPA). Au NP-DNA probes, streptavidin, anti-digoxin antibodies, and 
probes conjugated with streptavidin were pre-embedded on conjugate 
pad, T1, T2, and C line, respectively. The whole detection including 
sample collection, RNA extraction, multiplex RT-RPA reaction, 
CRISPR-Cas9 reaction, and the lateral flow assay took less than 1 h. A 
schematic of amplification and detection results is shown in Fig. 6. The 
assay had a sensitivity of 100 copies/reaction (25 μL), 100% negative 
and 97.14% positive predictive agreement for 64 clinical samples. 

In order to facilitate quick view, the literatures reviewed are sum-
marized in Table 1. We find that CRISPR is an emerging gene processing 
method, which has been widely used in LFA for SARS-CoV-2 gene 
detection after combining with gene amplification technology. Among 
the LFA for gene detection, colorimetric LFA occupies an important 
place, and the number of studies far exceeds that of fluorescent LFA. 
Additionally, the maximum detection range of colorimetric LFA can 
span 7 orders of magnitude. There are still many studies on LFA for gene 
detection based on Au NPs, and its LOD can reach 2 copies/reaction. The 
ORF occupying the longest nucleic acid chain and the N gene encoding 

Fig. 3. Target and reference amplicons detected via hybridization probes and visualized on LFA [66].  
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the nuclear protein are the main detection objects. The broadest 
detection range of the LFA based on quantum dot microspheres can span 
6 orders of magnitude. Nucleic acid is the most representative substance 
of virus, and nucleic acid amplification technology can continuously 
improve the concentration of target detection, which gives the LFA of 
nucleic acid detection a high credibility. Nucleic acid amplification re-
quires specialized equipment and professional operation to complete the 
screening of large numbers of people using long time, which limits the 

application of its outdoor, rapid, and self-detection models. 

3.2. LFA for SARS-CoV-2 N protein detection 

N protein is a structural protein of molecular weight about 40 kDa 
[88,89]. N protein binds to the viral genome, producing helical ribo-
nucleoprotein complexes to promote the correct folding of the 
hammerhead ribozyme avoiding unproductive RNA conformations 

Fig. 4. The schematic of the assay, structure of the microfluidic chip, and different units of the portable device [72].  
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Table 1 
LFA for RNA of SARS-CoV-2.  

Manipulate genes 
technology 

Detection 
method 

Target genes Signal material Detection range LOD Specificity 
(%) 

Reference 

RT-PCR Colorimetry N Cysteamine capped Au 
NPs 

0.001–67,250 copies/μL 0.02 copies/μL 99.99 [60] 

Fluorescence RdRp, ORF3a, and 
N 

Cy5 10–1000 copies/reaction 10 copies/ 
reaction 

– [61] 

Fluorescence N and ORF1ab Red or green color 
magnetic-QBs 

50–500,000 copies/reaction 9.50 and 30.35 
copies/reaction 

– [62] a 

RPA Colorimetry ORF1b Au NPs – 20 copies/ 
reaction 

– [65] a 

Colorimetry N Au NPs – – 97 [66] 
Colorimetry ORF1ab and N Red carboxyl modified 

latex microspheres 
10–100,000,000 copies/reaction 10 copies/ 

reaction 
– [67] 

RT-LAMP Colorimetry ORF1ab and N Au NPs – 50 copies/ 
reaction 

100 [71] 

Colorimetry M or N Au NPs – 2 copies/reaction  [72] 
Colorimetry ORF1ab and N Dye streptavidin coated 

polymer nanoparticles 
0.012–12,000 copies/reaction 12 copies/ 

reaction 
100 [73] 

Colorimetry RdRp, N, or E Au NPs – 1000 copies/ 
reaction 

100 [74] a 

ESEA Fluorescence RdRp or N Fluorescent microspheres 270–270,000 or 210–210,000 
copies/reaction 

270 or 210 
copies/reaction 

– [75] a 

CHA Fluorescence ORF1ab or N Alexa Fluor 647 2–2,000,000 copies/μL 2 copies/μL – [78] 
CRISPR/Cas9 Colorimetry ORF1ab and E Au NPs – 100 copies/ 

reaction 
– [84] 

CRISPR/dCas9 Colorimetry ORF1b or N Au NPs 100–10,000 copies/reaction 100 copies/ 
reaction 

– [85] 

CRISPR/Cas12a Colorimetry ORF1ab or N Au NPs 7–70,000 copies/reaction 7 copies/reaction – [82] 
Fluorescence N501Y, D614G, or 

69/70 deletion 
Tecan’s Spark 20 M 1200–120,000, 1200–12,000, or 

120–12,000 copies/reaction 
120, 120, or 12 
copies/reaction 

– [86] a 

CRISPR/Cas12b Colorimetry ORF1ab or N Au NPs 10–1,000,000 copies/reaction 10 copies/ 
reaction 

100 [87] 

CRISPR/Cas13a Fluorescence S Quantum dot 
microspheres 

– – 100 [81] 

Colorimetry ORF 1 ab or S Au NPs 0.02–200 pM or 0.002–20 pM 20 or 2 fM – [83]  

a The concentration was converted via the volume of gene template added before amplification. 

Fig. 5. Schematic illustration for detecting SARS-CoV-2 strategy [83].  

F. Pei et al.                                                                                                                                                                                                                                       



Talanta253(2023)124051

8

Fig. 6. Schematic of the CRISPR/Cas9-mediated triple-line LFA [84].  
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[90]. As the only viral structural protein in the replicase-transcriptase 
complex, it is also plays a pivotal role in RNA synthesis with compo-
nents of the replicase [91–93]. Additionally, it can regulate cellular 
processes, for instance actin reorganization, cell cycle progression, and 
the immune response [94]. The diversity of N protein amino acid 
sequence fluctuates far less over time and geography [95]. Although it 
exists within the viral particle, the N protein is highly immunogenic and 
will be abundantly expressed in patients with SARS-CoV-2 infection [96, 
97]. Thus, N protein is considered a suitable target for antigen testing 
[98], and can be used for COVID-19 diagnosis, according to the WHO 
[99]. 

At present, there has been little research into LFAs for detecting the N 
protein of SARS-CoV-2, and the main methods include colorimetric, 
fluorescent, simulated enzyme chromogenic and photothermal 
enhancement. Hyun-Kyung Oh et al. [100] developed a colorimetric 
lateral flow platform based on plasmon color-preserved Au NPs clusters 
to detect SARS-CoV-2 nucleocapsid protein. The Au NP clusters were 
formed by mixing streptavidin-coated Au NP (d = 40 nm) core with 
satellite Au NPs (d = 40 nm) covered by biotinylated antibodies. A 
schematic of signal materials and detection results are shown in Fig. 7. 
The distance between the Au NPs composed of nanoclusters is about 15 
nm resulting in the avoidance of plasmon coupling and increasing the 
overall light absorption. Its detection range was from 30 pg/mL to 1000 
ng/mL, and its LOD was 38 pg/mL, 23.8 times that of single 15 nm Au 
NPs. This is a great innovation of the traditional colloidal gold colori-
metric LFA, which greatly improves the sensitivity of detection and re-
duces the LOD. It also provides a new idea for the sensitization study of 
colorimetric LFA. Zhao et al. [101] also fabricated a colorimetric LFA to 
detect the N protein of SARS-CoV-2 based on red latex microspheres as 
the signal source, with LOD of 25 ng/mL and the specificity of 97.93. 

Ding’s group [102] used the red emission of carbon dots enriched in 
silica spheres to develop a fluorescent LFA for SARS-CoV-2 N protein. 
Under the fluorescence microscope, the limit of detection was as low as 
10 pg/mL. Wang et al. [103] reported the development of a dual-target 
fluorescent LFA comprising two test lines, to detect the N and S proteins 
simultaneously based on magnetic quantum dot with a 
triple-CdSe/ZnS-MPA QDs shell (MagTQD). The schematic diagram of 
the MagTQD preparation and detection process is shown in Fig. 8. Due to 
the high fluorescence performance of MagTQD, its limit of detection for 
N and S protein was 0.5 pg/mL. Compared with other studies, this study 
has a lower LOD and a wider detection range, which has greatly 
encouraged LFA researchers to invest in the research of quantum dots 
enhanced fluorescent LFA. We believe that with the further research, 
more quantum dots will be used to sensitize fluorescent LFA and achieve 
good performance. Additionally, Xie et al. [104] fabricated a magnet-
ic/fluorescent dual-modal LFA for SARS-CoV-2 N protein based on a 

composite of Fe3O4 core with CdSe/ZnS QDs shells. The detection ranges 
were 0.5–1000 ng/mL or 0.05–500 ng/mL, LODs were 0.235 or 0.012 
ng/mL for magnetic signal or fluorescent signal, respectively. This study 
proves that the fluorescence LFA based on quantum dots has high 
sensitivity, and the proposed strategy of double detection signals helps 
to improve the accuracy of detection. Aggregation-Induced Emission 
(AIE) results in the fluorescence of molecules in a solid or aggregated 
state, overcoming quenching due to aggregation, and has attracted wide 
attention [105]. Zhang et al. [106] developed an AIE luminogens based 
lateral flow test strip for detection of N or RBD protein from 
SARS-CoV-2, based on the AIE fluorescence molecule synthesized by 
Knoevenagel condensation. The LODs were 7.2 and 6.9 ng/mL for N and 
receptor-binding domain (RBD) protein and anti-interference capacity 
was higher than that of the test strip based on Au NPs or fluorescein 
isothiocyanate. 

A half-strip LFA does not have sample or conjugate pads, by contrast 
with LFA. It is a helpful first step in LFA development. Benjamin D. Grant 
et al. [107] presented a half-strip LFA to detect SARS-CoV-2 N protein 
based on 400 nm carboxylic red and blue latex beads.The LOD was 0.65 
ng/mL for the Genemedi N protein measured by a commercial optical 
LFA reader. Furthermore, Bradbury et al. [108] fabricated a nanozyme 
signal enhancement LFA for the SARS-CoV-2 N protein based on 
platinum-coated gold nanozymes (Au@Pt NZs). A novel device 
composed of LFA test strip, dehydrated signal enhancement reagents, 
and a casing with stored liquid, was developed to standardize of test 
results. A schematic showing the detection process is vividly illustrated 
in Fig. 9. Due to TMB as substrate enhancing the LFA signal, the LOD has 
been increased by ten-fold to 0.1 ng/mL. In addition, a casing made by 
3D printing was used to enhance reagent storage and delivery for LFA. 
The device simplifies the sensitization process, which is conducive to the 
standardization of detection of enzyme sensitization LFA. Photothermal 
detection (PTD) of nanoparticles is also used in LFA. Chang’s research 
team [109] developed a portable LFA reader based on PTD. A low-power 
green laser and a single-element infrared sensor were employed as the 
heating source and detector to increase the portability of the LFA reader. 
The reader can detect of SARS-CoV-2 N protein captured by immune 
colored latex beads on LFIA strips with a LOD of 0.13 ng/mL. Although 
the LOD is not as low as with fluorescence, these studies provide a new 
idea for enhancing sensitivity of traditional colloidal gold LFA. 

3.3. LFA for SARS-CoV-2 S protein detection 

The S protein of SARS-CoV-2 virus is a large heavily-glycosylated 
transmembrane protein consisting of 1273 amino acids [115]. It exists 
as a trimer on the surface of virus, and plays an important role in pre-
venting antibody recognition and facilitating immune evasion [116]. 

Fig. 7. The colorimetric LFA for SARS-CoV-2 N protein based on Au NPs (15 nm and 40 nm) and Au NP clusters (40–15 and 40-40 clusters), respectively (A); Their T 
line fitting curve (B) [100]. 
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Fig. 8. Schematic of MagTQD preparation and detection process [103].  

Fig. 9. Schematic of LFA and enhancement step [108].  

F. Pei et al.                                                                                                                                                                                                                                       



Talanta 253 (2023) 124051

11

The S protein is comprised of two subunits of N-terminal S1 and C-ter-
minal S2 [117]. The N-terminal domain (NTD) and RBD are on the S1 
subunit. They have the vital functions of recognizing sialic acid carbo-
hydrate and binding to the angiotensin-converting enzyme 2 (ACE2) of 
the host cell, respectively [118,119]. The S2 subunit plays the part of 
changing conformation and inserting fusion peptide into the target cell 
membrane, resulting in viral entry [120]. The structural SARS-CoV-2 S 
protein is immunogenic, and can also be used for COVID-19 diagnosis, 
according to the WHO [99]. 

Han et al. [110] designed a colorimetric and fluorescent 
dual-functional LFA for sensitive detection of the S1 protein of 
SARS-CoV-2. Au NPs and carboxylate CdSe/ZnS quantum dots loaded on 
functional silica spheres (SiO2@Au/QDs) provided colorimetric and 
fluorescent dual-signals. A schematic of material preparation and results 
of LFA fluorescence detection are shown in Fig. 10. The LODs were 1 and 
0.033 ng/mL via colorimetry and fluorescence, respectively. Other re-
searches focus on reducing the use of antibodies and designing new 
sandwich structures to capture and detect S protein. GiKim’s team [114] 
developed a LFA based on angiotensin-converting enzyme 2 capturing 
SARS-CoV-2 S protein, in which red cellulose nanobeads were the signal 
source probed by a portable analyzer. The detection range was 5 ng/mL 
~500 ng/mL. Baker et al. [111] found that α,N-acetyl neuraminic acid 
with affinity for the spike glycoprotein acted as a ligand. Based on this 
foundation, they designed glyco-Au NPs LFA to detect SARS-COV-2 S 
protein with a LOD of 5 μg/mL. Glycans conjugated on an Au NP 
modified with α-terminal thiol, by displacement of an ω-terminal pen-
tafluorophenyl group, were called glyco-Au NPs. Kim et al. [112] uti-
lized glycopolymers as primary capture and antibodies labeled with Au 
NPs as signal source to develop a LFA for detecting SARS-CoV-2 with a 
LOD of 3.13 μg/mL. A graphical illustration of virus interaction with 
glycosaminoglycans and LFA is shown in Fig. 11. Glycopolymers played 
an important role in binding the spike glycoprotein of SARS-CoV-2. 
Compared to current LFAs, this technology using one antibody low-
ered the cost, about 10-fold. Compared to the above study, an 
antibody-free LFA for detecting SARS-CoV-2 was fabricated by Pun’s 
group [113]. Two DNA aptamers 1 (SNAP1) and 4 (SNAP4) were used to 
bind the SARS-CoV-2 S protein N-terminal domain, and SNAP4 conju-
gated Au NPs for colorimetric assay. The assay detects 250 pM 
SARS-CoV-2 S protein and UV-inactivated SARS-CoV-2 virus at 106 

copies/mL. 

The LFAs for N and S protein were summarized in Table 2 for scan-
ning. N protein is more representative protein with stable structure and 
low mutation probability, which results in more researches about LFA 
for N protein, confirmed in Table 2. The number of studies on the 
detection of N protein by colorimetric and fluorescent LFA is compara-
ble. In addition to colloidal gold, colored microspheres are also favored 
by researchers as signal markers for colorimetric LFA. The lowest 
detection limit of colorimetric LFA can reach 38 ng/mL. Quantum dots 
are commonly used in fluorescent LFA. The MagTQD-based LFA showed 
the best performance for simultaneous detection of N and S proteins, and 
the detection limit was as low as 0.5 pg/mL. It is believed that this will 
greatly encourage researchers to devote themselves to the research of 
fluorescent LFA sensitized by quantum dots. Without additional ampli-
fication greatly reduces the time required for field testing, which is most 
easily promoted as a means for rapid self-screening of large numbers of 
people. 

3.4. LFA for antibodies for SARS-CoV-2 detection 

The innate and adaptive immune response is triggered first in the 
event of the SARS-CoV-2 invasion. The phagocytosis of virus by mac-
rophages is accelerated to slow viral spread [121]. T lymphocytes are 
activated that stimulate antibody and pro-inflammatory cytokine pro-
duction from B and T cells, respectively [122]. NAs, IgM, IgG, and IgA 
against SARS-CoV-2 are produced in abundance. IgA antibody appears 
first after the infection in mouth, airway, tears, saliva, and breast milk 
[123]. It is significant for mucosal immunity [124], but is dominant only 
in the early stages of infection, thereafter decaying quickly [125]. Spe-
cific IgM antibody is found in the blood four days after SARS-CoV-2 
infection, with a peak at about twenty days [126] and clears patho-
gens in the earliest stages. Detection of IgM can indicate a person 
suffering an acute infection or recently recovered [127]. IgG, as a main 
type of antibody, accounts for three-quarters of total blood immuno-
globulin and appears shortly after IgM [121,128]. It can enter tissues to 
fight infection. NAs are a subset of antibodies, produced by B lympho-
cytes [129]. They can bind to S protein, or rather RBD of SARS-CoV-2 
[130]. NAs may be IgG, IgM, IgA, etc. but not all IgG and IgM are 
NAs. Moreover, vaccination against SARS-CoV-2 also causes an immune 
response, and produces the corresponding antibodies [126]. 

Fig. 10. Schematic of material preparation and results of fluorescence LFA (A) [110].  
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3.4.1. Colorimetric LFA 
Wen et al. [131] designed a colloidal gold LFA for SARS-CoV-2 IgG 

with sensitivity of 69.1%. Jiao’s team [132] also developed a colloidal 
gold LFA for SARS-CoV-2 IgM with sensitivity and specificity of 100% 
and 93.3%. Additionally, Zhou et al. [133] fabricated a gold 
nanoparticle-based LFA sensitized by polyethyleneimine-assisted copper 
in-situ growth. This assay not only had a low LOD of 50 fg/mL for HIV-1 
capsid p24 antigen, but also showed a good performance in detecting 
SARS-CoV-2 antibody. These research efforts have played a certain role 
in promoting the development of LFA. Jabin’s group [134] developed a 
LFA for anti-SARS-CoV-2 IgG based on silver NPs-Prot-S stabilized by 
calix [4]arene (Ag NPs-X4-Prot-S) and Au NPs-citrate-Rabbit IgG. The 
synthesis of Ag NPs-X4-Prot-S and LFA detection is displayed in Fig. 12. 
When the sample contained anti-SARS-CoV-2 IgG, the IgG-binding 
proteins at the T line captured the Ag NPs-X4-Prot-S-antibody com-
plexes, generating yellow color; red color was generated due to Au 
NPs-citrate-Rabbit IgG captured by anti-Rabbit IgG on the C line. It 
showed low LODs of 5 ng/mL and a sensitivity of 73% for 
Anti-SARS-CoV-2 IgG in buffer. The strategy of stabilizing silver can 
broaden the application of silver nanoparticles, which is conducive to 
promoting the application of new materials in colorimetric LFA. 

Diani et al. [135] performed an analysis of COVID-19 IgG/IgM in 
blood rapid test colloidal gold LFIA (Menarini, Florence, Italy). Inter-
estingly, the assay showed higher sensitivity of 91.49% after 10 days 
from symptom onset. Black et al. [136] used a commercial colloidal gold 
FLA of Biolidics 2019-nCoV IgG/IgM Detection Kit to detect 
anti-SARS-CoV-2 IgM and IgG. Its clinical sensitivity was 92%. These 
studies indicate good performance and utility for clinical detection. 
Thus, improving its sensitization has great significance. Li et al. [137] 
developed a triple-line colloidal gold LFA for simultaneously detecting 
SARS-CoV-2 IgM and IgG in human blood. It had a sensitivity and 
specificity of 88.66% and 90.63%, respectively. Coincidentally, Zeng 

Fig. 11. Schematic of graphical illustration of virus interaction with glycosaminoglycans (A) and LFA (B) [112].  

Table 2 
LFA for N and S protein of SARS-CoV-2.  

Target 
protein 

Detection 
method 

Signal 
material 

Detection 
range (ng/ 
mL) 

LOD 
(ng/ 
mL) 

Reference 

N Colorimetry Au NP 
clusters 

0.030–1000 0.038 [100] 

Colorimetry Red latex 
microspheres 

25–5000 25 [101] 

Colorimetry Red and blue 
latex beads 

– 0.65 [107] 

Photothermal Colored latex 
beads 

0.2–100 0.13 [109] 

Nanozyme 
signal 
enhancement 

Au@Pt NZs 0.1–1000 0.1 [108] 

Fluorescence Carbon dots 0.010–1000 0.010 [102] 
Fluorescent 
or magnetic 

A composite 
of Fe3O4 core 
with CdSe/ 
ZnS QDs 
shells 

0.05–500 or 
0.5–1000 

0.012 
or 
0.235 

[104] 

N or 
RBD 

Fluorescence AIE 
fluorescence 
molecule 

1–20,000 7.2 or 
6.9 

[106] 

N and 
S 

Fluorescence MagTQD 0.001–1000 0.0005 [103] 

S Colorimetry 
and 
fluorescence 

SiO2@Au/ 
QDs 

1–1000 and 
0.1–1000 

1 and 
0.033 

[110] 

Colorimetry Glyco-Au 
NPs 

– 5000 [111] 

Colorimetry Au NPs 3130–50,000 3130 [112] 
Colorimetry Au NPs – 45 [113] a 

S1 Colorimetry Red cellulose 
nanobeads 

50–1000 50 [114]  

a The relative molecular weight of S protein was calculated as 190 kDa. 
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Fig. 12. Schematic of the synthesis of AgNPs-X4-Prot-S (A) and LFA detection (B) [134].  

Fig. 13. Schematic of the LFA and the amplifier conjugate [140].  
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et al. [138] also reported a similar colloidal gold LFA that had a positive 
rate of 85.29% combining IgG-IgM. Additionally, Liu et al. [139] used a 
similar colloidal gold LFA for IgM and IgG. Alhabbab et al. [140] 
developed a LFA to detect IgM or IgG antibodies based on the signal 
amplification platform of a complex. The complex was an Au NP con-
jugated antibody integrating five Au NPs conjugated by SARS-CoV-2 N 
proteins. Its structure is shown in Fig. 13. It has a sensitivity of 94% or 
96% and seen visually LOD of 0.55 or 0.4 by optical density for 
SARS-CoV-2 N protein IgM and IgG antibodies, respectively. Wang et al. 
[141] fabricated a triple-line FLA for detecting SARS-CoV-2 IgM and IgG 
based on selenium nanoparticles. The assay had a LOD of 20 ng/mL and 
5 ng/mL read by the naked eye and a sensitivity and specificity of 
93.33% and 97.34%, respectively. 

3.4.2. Fluorescent LFA 
Chen et al. [142] designed a fluorescent LFA for anti-SARS-CoV-2 IgG 

based on lanthanide (Eu)-doped polysterene nanoparticles. Due to limits 
of anti-SARS-CoV-2 IgG, this assay can only be tested 
semi-quantitatively. Significantly, ratiometric fluorescent analysis was 
first applied to fluorescent LFAs by Duan’s group [143]. This LFA for 
NAb employed carboxyl-functionalized Europium chelate nanoparticles 
(Eu NPs) as the signal source. The Eu NP conjugated chicken IgY anti-
gens (IgY-EuNPs) as a standardized reference were captured by 
anti-chicken IgY (anti-IgY) on the C line. The signals of T1 and T2 lines 
from the Eu NPs conjugated SARS CoV-2 RBD (RBD-EuNPs) appeared as 
two reverse response signals. Its detection schematic is exhibited in 

Fig. 14. The linearity range was 12.5–1000 IU/mL and LOD was 7.6 
IU/mL. This strategy opens a new idea for the research on LFA. 

Wang et al. [144] applied silica-core@CdSe/ZnS QDs shell nano-
composites to develop a fluorescent FLA for simultaneous detection of 
SARS-CoV-2-specific IgM and IgG. Its sensitivity and specificity reached 
97.37% and 95.54%. Jia et al. [145] prepared silica enriched and 
encapsulated CdSe/CdS/ZnS QDs composites, aimed at developing to a 
fluorescent FLA for detecting SARS-CoV-2 IgG, IgM, or IgA, respectively. 
The assay showed low LODs for SARS-CoV-2 IgG (0.10 ng/mL), IgM 
(0.04 ng/mL), or IgA (0.06 ng/mL), with sensitivity and specificity 
reaching 100%, and the accuracy of 97.15%. The AIE nanoparticles were 
also utilized in fluorescent FLA for SARS-CoV-2 antibodies. Chen et al. 
[146] used 4,8-bis(4-(2,2-bis(4(octyloxy)phenyl)-1-phenylvinyl) 
phenyl)benzo[1,2-c:4,5-c′]bis [1,2,5]thiadiazole as the fluorescent unit 
to prepared AIE nanoparticles. They developed a fluorescent LFA based 
on AIE nanoparticles for simultaneous detection of IgM and IgG with 
100% specificity and accuracy, respectively. The synthesis of AIE 
nanoparticles and LFA for IgM and IgG is represented in Fig. 15. The 
LODs were 0.236 μg/mL and 0.125 μg/mL for IgM and IgG. 

Wang et al. [147] synthesized fluorescent polymeric nanoparticle 
based AIE luminogens and used them to fabricate a triple-line fluores-
cent FLA for detecting SARS-CoV-2 IgM and IgG. Li’s team [148] re-
ported a triple-line fluorescent FLA for simultaneous detection of 
SARS-CoV-2 IgM and NAb based on polystyrene-coated quantum dot 
nanoparticles. It displayed a sensitivity of 90.0% and 82.9% for IgM and 
Nab. Compared with IgM or IgG, total antibodies are considered as the 

Fig. 14. Schematic of the LFA (A) and detection results (B, C) [143].  
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more sensitive and earlier serological marker, and recommended as a 
diagnostic standard for COVID-19 by the WHO. Zhou et al. [149] used 
octadecylamine coated CdSe/ZnS QDs as signal source to design a 
fluorescent FLA for SARS-CoV-2 total antibodies. The assay displayed 
high sensitivity, specificity, and accuracy of 97.1%, 100%, and 95%. 
Similarly, Xu’s group [150] reported a colloidal gold LFA for 

SARS-CoV-2 total antibodies with a specificity of 100%. 

3.4.3. CL, SERS, and magnetic LFA 
Roda et al. [151] developed a dual-signal of colorimetric and CL LFA 

to determine SARS-CoV-2 IgA. The colorimetric and CL signal originated 
from Au NPs and luminol/H2O2 catalyzed via horseradish peroxidase, 

Fig. 15. Schematic of the AIE nanoparticle-labeled LFA [146].  
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respectively. The assay showed sufficient sensitivity and reproducibility 
for the semi-quantification of IgA. Liu et al. [152] fabricated a 
SERS-based LFA for anti-SARS-CoV-2 IgM/IgG based on signal materials 
with core-shell structure labeled with dual layers of Raman dye easily 
recorded by a portable Raman instrument. The tag was a SiO2 core 
multilayered shell of Au-seed NPs labeled with DTNB and Ag NPs 
labeled with DTNB (Dual-layers DTNB-modified SiO2@Ag), displayed a 
good SERS signal and stability. A schematic of the LFA is vividly pre-
sented in Fig. 16. The LODs were 1.28 × 107-fold dilution by the IUPAC 
standard method, 800 times lower than that of the visualization results. 
The assay exhibited 100% accuracy and specificity for anti-SARS-CoV-2 
IgM/IgG, and provided an efficient supplementary means. Chen’s group 
[153] designed a triple-line SERS-based LFA for simultaneous detection 
of SARS-CoV-2 IgM and IgG. Au NPs modified with 4-nitrobenzenethiol 
acted as signal source. It possessed high specificity and accuracy 
(100%), and LODs were 1 ng/mL and 0.1 ng/mL for IgM and IgG, 
respectively. Srivastav et al. [154] developed a SERS-based LFA for 
SARS-CoV-2-specific IgM/IgG based on Au nanostars labeled with 
NIR-797-isothiocyanate. The assay had a low LOD of 100 fg/mL seven 
orders of magnitude lower than the detection by naked-eye. In addition, 
a giant magnetoresistance based LFA for IgM and IgG simultaneously 
based on superparamagnetic nanoparticles was reported Guo’s team 
[155]. The superparamagnetic nanoparticles had an average diameter of 

68 nm with good dispersibility and magnetic properties and were syn-
thesized by a simple and time-effective co-precipitation method. 
Quantitative ranges of 10–250 ng/mL and 5–250 ng/mL for IgM and IgG 
were shown with LODs of 10 ng/mL and 5 ng/mL, respectively. These 
detection methods enrich LFAs and promote the research of multi-signal 
detection, and provide multiple directions for the subsequent develop-
ment of LFA. 

The above reports on antibodies detection by LFA are summarized in 
Table 3. Because antibodies appear relatively late in infected people, 
LFA testing for antibodies is generally used as a post-cure observation. 
According to the above reports, although the quantitative detection of 
colorimetric LFA is difficult, its sensitivity and specificity can meet the 
detection requirements without the need for expensive and specialized 
instruments. Importantly, the simple operation and output mode (visible 
to the naked eye) has facilitated its use in a large number of screening, 
outdoor and self-testing applications. Compared with the colorimetric 
method, the fluorescence and Raman output modes can realize the 
quantitative detection of LFA, and achieve a lower detection limit. 
However, its materials used as signal markers are more complex than the 
preparation of colloidal gold, and the detection equipment is more 
expensive, which is generally used in laboratory testing. 

Fig. 16. Schematic of the preparation of the signal material (A), S protein-modified signal material SERS tags (B), and SERS-LFIA strip (C) [152].  
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4. Conclusions and future perspectives 

The diagnosis of SARS-CoV-2 at an early stage identifies SARS-CoV- 
2-infected persons which is conducive to controlling the spread and 
resurgence of COVID-19. In this aspect, LFA detection plays a crucial 
part in targeting SARS-CoV-2 specific biomarkers, for instance genes, N 
protein, S protein, and antibodies. Due to their fast, portable, low cost, 
and user friendly natures, various LFA platforms have sprung up. This 
review provided an overview of the sandwich mode LFA techniques for 
SARS-CoV-2 diagnosis. We classify research according to the target 
(genes, N protein, S protein, and antibodies) and different signal 
detection types. Furthermore, the properties of the targets were intro-
duced to clarify their detection significance. Reviewed all the study, 
colloidal gold colorimetric LFA studies occupied the largest number in 
nucleic acid, protein, antibody detection. The application of Dye strep-
tavidin coated polymer nanoparticles, red cellulose nanobeads and other 
materials has also promoted the development of colorimetric LFA. 
Fluorescence and Raman can detect the accumulation of material on the 
T line that is not visible to the naked eye, greatly improving the sensi-
tivity of detection. Quantum dots are the main materials applied to the 
sensitization of fluorescent LFA and also shows attractive performance. 
LFA sensitization using novel materials has always played an important 
role in research. In addition to material sensitization strategy, gene 
amplification is also an important sensitization method for LFA detect-
ing nucleic acid. In the LFA for protein detection, there are also many 
studies on using different capture methods to efficiently identify target 
detection proteins. 

Although LFA research is extensive and commercial products for 
SARS-CoV-2 detection are also manufactured, challenges remain. I) The 

detection limit of fluorescence and Raman LFA can reach the level of pg/ 
mL [103], but further sensitization to achieve high signal response 
changes caused by small concentration of target substances is still the 
goal of researchers. II) Generally speaking, the limited information ob-
tained by the analysis in complex samples via single target and single 
signal detection mode is insufficient [10]. III) Laboratory self-made 
portable testing equipment without unified standardization is not 
conducive to mass production and popularization. IV）The mutation of 
SARS-CoV-2 protein and nucleic acid makes it difficult to achieve the 
ideal detection effect of LFA constructed with pre-mutation specific 
antibody and aptamer. In view of the challenges, we propose the 
following four strategies. I) The preparation of label materials with high 
response signal, and high-resolution instrumentation to sensitize LFAs. 
II) Development of multiplexed type, multi-line type, and multi-signal 
type for multi-signal synchronous detection reduces the false positives 
[156]. III) Improving standardization and universality enhance the 
versatility of homemade portable devices and the comparability of test 
results between different homemade devices. IV) Simultaneous detec-
tion of multiple markers and timely selection of new immune targets in 
developing LFAs reduce false negatives caused by mutations. 

The preparation of magnetic fluorescent materials, magnetic nano- 
enzyme materials and other composite materials has greatly promoted 
the development of dual signal detection mode of LFA [157]. The 
commercialization of micro/nanomaterials such as gold nanoparticles, 
magnetic microspheres and quantum dots has promoted the mass 
commercial production of LFA. Research on smartphone platform is 
promoting the LFA towards intelligent and digital detection, which will 
greatly facilitate the statistics of screening results and the management 
of health records [158,159]. The emergence of wearable LFA reduces 

Table 3 
LFA for N and S protein of SARS-CoV-2.  

Detection 
method 

Target Signal source Detection range LOD Sensitivity 
(%) 

Specificity 
(%) 

Reference 

Colorimetry IgG Au NPs – – 69.1  [131] 
IgM Au NPs – – 100 93.3 [132] 
Antibody Polyethyleneimine-assisted copper 

growing on Au NPs 
– – 89.9 – [133] 

IgG Ag NPs-X4-Prot-S – 5 ng/mL 73 100 [134] 
IgG/IgM Au NPs – – 91.49 100 [135] 
IgG/IgM Au NPs – – 92 100/92 [136] 
IgM and IgG Au NPs – – 88.66 90.63 [137] 
IgG and IgM Au NPs – – 85.29 100 [138] 
IgM and IgG Au NPs – – – – [139] 
IgM or IgG A complex formed by six Au NPs 0.55–1 or 0.4–1 optical 

density 
0.55 or 0.4 optical 
density 

94 or 96 93 or 98 [140] 

IgM and IgG Selenium nanoparticles 20–200 and 5–200 ng/mL 20 and 5 ng/mL 93.33 97.34 [141] 
Fluorescence Anti-SARV-CoV- 

2 IgG 
Eu-doped polysterene 
nanoparticles 

– – – – [142] 

NAb Eu NPs 12.5–1000 IU/mL 7.6 IU/mL – – [143] 
IgM and IgG silica-core@CdSe/ZnS QDs shell 

nanocomposites 
0.1–0.000001 dilution 0.0000001 

dilution 
97.37 95.54 [144] 

IgG, IgM, or IgA CdSe/CdS/ZnS QDs 0.10–1,000, 0.04–1,000, or 
0.06–1000 ng/mL 

0.10, 0.04, or 
0.06 ng/mL 

– 100 [145] 

IgM and IgG AIE nanoparticles 313–5,000, 156–5000 ng/mL 236 and 125 ng/ 
mL 

78 and 95 – [146] 

IgM and IgG Polymeric nanoparticles – – – – [147] 
IgM and NAb polystyrene-coated Quantum dot 

nanoparticles 
– – 90.0 and 

82.9 
100 [148] 

Total antibodies octadecylamine coated CdSe/ZnS 
QDs 

– – 97.1 100 [149] 

Total antibodies Au NPs – – – 100 [150] 
Colorimetry 

and CL 
IgA Au NPs and luminol/H2O2 

horseradish peroxidase 
– – – – [151] 

SERS anti-SARS-CoV-2 
IgM/IgG 

Dual-layers DTNB-modified 
SiO2@Ag 

1000–12,800,000-fold 
dilution 

12,800,000-fold 
dilution 

– 100 [152] 

IgM and IgG Au NPs modified with 4-nitroben-
zenethiol acted 

1–1,000, 0.1–1000 ng/mL 1 and 0.1 ng/mL – – [153] 

IgM/IgG Au nanostars labeled with NIR- 
797-isothiocyanate 

0.0001–1000 ng/mL 0.0001 pg/mL – – [154] 

Magnetic IgM and IgG Superparamagnetic nanoparticles 10–250 and 5–250 ng/mL 10 and 5 ng/mL – – [155]  
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the sampling limitations [160]. Those techniques or materials greatly 
boost the research in LFA of COVID-19 detection. It is believed that with 
the development of science and technology, LFAs with high sensitivity, 
high accuracy, and universality for detecting SARS-CoV-2 will promote 
victory in the battle against COVID-19. 
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