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Abstract
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-caused COVID-19 pandemic has transmitted to humans 
in practically all parts of the world, producing socio-economic turmoil. There is an urgent need for precise, fast, and afford-
able diagnostic testing to be widely available for detecting SARS-CoV-2 and its mutations in various phases of the disease. 
Early diagnosis with great precision has been achieved using real-time polymerase chain reaction (RT-PCR) and similar other 
molecular methods, but theseapproaches are costly and involve rigorous processes that are not easily obtainable. Conversely, 
immunoassays that detect a small number of antibodies have been employed for quick, low-cost tests, but their efficiency 
in diagnosing infected people has been restricted. The use of biosensors in the detection of SARS-CoV-2 is vital for the 
COVID-19 pandemic’s control. This review gives an overview of COVID-19 diagnostic approaches that are currently being 
developed as well as nanomaterial-based biosensor technologies, to aid future technological advancement and innovation. 
These approaches can be integrated into point-of-care (POC) devices to quickly identify a large number of infected patients 
and asymptomatic carriers. The ongoing research endeavors and developments in complementary technologies will play a 
significant role in curbing the spread of the COVID-19 pandemic and fill the knowledge gaps in current diagnostic accuracy 
and capacity.

Keywords  SARS-CoV-2 infections · COVID-19 · Molecularassays · Immunoassays · Biosensors · Detection

Introduction

Chinese doctors first noticed a pneumonia disease caused 
by a new type of coronavirus in Wuhan city, China, in 
December 2019 [1]. The causative agent, later recognized 
as severe acute respiratory syndrome-related coronavirus 
(SARS-CoV-2), and the disease it causes is now designated 
as COVID-19 [2]. According to World Health Organization 
[3], more than 281 million COVID-19 cases have been 
registered worldwide since its occurrence till December 
29, 2021, with more than 5.4 million deaths. The USA has 
the world’s top number of registered incidences and deaths. 
After the USA, India, Brazil, the UK, and Russia have the 

most cases. After the USA, the biggest numbers of deaths are 
in Brazil, India, Mexico, and Russia [Figure 1].

After the initial incidence of COVID-19, most coun-
tries were completely unprepared for its spread. Various 
forms of social separation and shutdowns in many loca-
tions have drastically affected the living standards of bil-
lions of people around the world. As a result of business 
closures and travel restrictions, the global economy has 
been significantly affected. Thus, many healthcare systems 
faced significant transmission before adequate testing was 
in place to allow isolation and tracking [4]. The ease of 
global access of precise and quick testing methodologies is 
critical for deciphering the complicated patterns of SARS-
CoV-2 infection and immunity. To that purpose, academic 
institutions, research centers, and businesses globally have 
been working diligently to advance and manufacture vital 
diagnostic kits. Vaccines to prevent COVID-19 infec-
tion are currently available, and research is underway to 
develop therapeutics to treat and manage future epidemics 
of SARS-CoV-2 infection [5]. However, the difficulty of 
containing the COVID-19 pandemic has been exacerbated 
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by the introduction of many SARS-CoV-2 variations, 
including B.1.1.7 (Alpha), B.1.351 (Beta), P1 (Gamma), 
and B.1.617.2 (Delta), and recently omicron SARS-
CoV-2 (B.1.1.529), a new COVID-19 variant, which have 
enhanced spread and resistance to vaccines and treatments 
posing concerns to the society [6]. Therefore, diagnos-
tics and biosecurity play a significant role in limiting the 
COVID-19 infection. Centralized laboratories provide 
specific and sensitive assays, for example, virus isolation, 
high-throughput polymerase chain reaction (PCR), and 
enzyme-linked immunosorbent assays (ELISAs); but they 
are expensive and subject to complex instrumentation that 
require well-trained operators. For COVID-19 asympto-
matic infections, there are no detectable clinical manifesta-
tions, for example, pyrexia [7]. At this point, screening of 
individuals in crowded locations and in-time isolation of 
infected people cannot be performed with the utilization 
of infrared thermography. The reverse transcription poly-
merase chain reaction (RT-PCR) assay targeting the RNA 
of SARS-CoV-2 is presently the gold standard diagnostic 
approach for COVID-19 detection [8, 9]. Loop-mediated 
isothermal amplification (LAMP) techniques, for example, 
reverse transcription LAMP (RT-LAMP), are also increas-
ing in popularity [10]. However, given the failure of many 
nations to implement extensive testing during the COVID-
19 pandemic, further efforts and resource implementations 
in disease diagnostics research and innovative technology 
development are needed for rapid and detection of SARS-
C0V-2 and its mutations [11]. Here, we review various 
molecular, immunological, and biosensor approaches 
for detection of SARS-CoV-2 infection with some com-
mercially developed POC tests. These assays and tests 
will assist researchers to develop accurate, simple, fast, 

and inexpensive diagnostic techniques for monitoring of 
COVID-19. It is anticipated that this will allow research-
ers to track present and future infectious diseases, putting 
humanity in a better position to tackle disease outbreaks 
in the future.

The sources of SARS‑CoV‑2

In the 1960s, human coronaviruses (HCoVs) isolated 
from upper respiratory infections were described as 
HCoV-229E and HCoV-OC43 [12]. Next, in the early 
2000s, HCoV-NL63 and HCoV-HKU1 and in 2002, a 
SARS-CoV syndrome emerged in southern China [13]. 
A Middle East respiratory syndrome-related coronavirus 
(MERS-CoV) syndrome was observed in Saudi Arabia 
in 2012 [14], followed by COVID-19. The detail about 
emergence of coronaviruses was described by other 
authors [15, 16]. In the past, all human epidemics of 
coronaviruses and betacoronaviruses were caused by 
direct contact with bats, rodents, or mice and indirect 
transmission by human host such as birds and animals 
located adjacent to humans. Human coronaviruses have 
animal origins, as shown in Figure 2 COVID-19 source. 
It was rumored at first that SARS-CoV-2 originated as a 
result of human modification of an original coronavirus. 
However, to a considerable extent, our understanding of 
the animal source of SARS-CoV-2 is presently insufficient 
[17]. The virus’s reservoir carriers have yet to be identified. 
It is unclear whether SARS-CoV-2 was transmitted to 
humans via an intermediary host and, if so, which animals 
might have served as that intermediate host. The presence 
of coronavirus sequence strains RaTG13, RmYN02, 

Fig. 1   WHO reports weekly COVID-19 cases and deaths by region [4]
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and pangolin coronaviruses in animals suggests that a 
variety of coronaviruses comparable to SARS-CoV-2 are 
spreading [17]. Furthermore, whereas mutations have been 
implicated in the evolution of various sarbecoviruses, 
including SARS-CoV, it cannot be ruled out that viral RNA 
recombination among related coronaviruses played a role 
in the creation of SARS-CoV-2. However, according to the 
authors, it is not possible to confirm the origins of SARS-
CoV-2 or refute the other theories at this point in time [18].

Targets for molecular detection

SARS-CoV-2 is a positive-sense, single-stranded RNA 
enveloped virus and the size of its genomic RNA is ~30 
kb in length [19, 20]. The surface of virion is lipid bilayer 
hijacked from the host cell and the virus is mostly spheri-
cal in shape, approximately 50–200 nm in diameter [21]. 
The SARS-CoV-2 genome includes 5′ and 3′ untrans-
lated regions (UTRs), six open reading frames (ORFs), 
including ORF1a/b, which encompasses 16 non-structural 
proteins (nsp) associated to the replication-transcription 
complex, four structural proteins, spike (S), envelope (E), 
membrane (M), and nucleocapsid (N), and several other 
non-structural, special structural, and/or ancillary ORFs 
(ORF3a/b, 6, 7a, 7b, 8, and 10) [22] [Figure 3 SARS-
CoV-2 structure and genome]. The genes of both structural 
proteins and species-specific ancillary genes of non-struc-
tural proteins such as ORF1a and ORF1b, RNA-dependent 
RNA polymerase (RdRp), and hemagglutinin-esterase 
(HE) needed for viral replication are used as molecular 

targets. For instance, the CDC in the USA proposes two 
nucleocapsid protein targets (N1 and N2) [23] whereas the 
WHO advises an E gene assay and subsequently by a vali-
dation assay utilizing RdRp gene as a preferred diagnostic 
test [24]. On the other hand, China CDC targeted ORF1ab, 
N, and nCoC_IP2 for RNA detection. In addition different 
countries (Germany, France, Japan, Hong Kong, Thailand) 
recommended different ways of selecting targeted genes 
of interests for detecting SARS-CoV-2 (Table 1 Primer 
and probe [25–27]). A few of these molecular targets have 
been employed in nucleic acid diagnostics by researchers 
from various nations. Minimally, two molecular targets 
for SARS-CoV-2 diagnostics should be added to elimi-
nate any cross-reaction with other common coronaviruses 
and possible variations in genes of SARS-CoV-2. Thus 
far, there has been no hint that any of the sequence areas 
included in clinical diagnostic test gives a distinct benefit. 
Nonetheless, to limit the consequences of changes in the 
gene sequences, the optimal concept would incorporate a 
minimal conserved area and one unique area with a posi-
tive and a negative control, particularly when the virus 
spreads among fresh regions.

Targets for protein detection

The process of coronavirus infection and assembly is 
critical for selecting the most appropriate detection 
methods and laboratory testing. The structural S protein 
performs a crucial role in virus assembly, fusion, 
invasion, and replication [28]. For viral replication, 

Fig. 2   The origins of human 
coronaviruses in animals.  
Adapted from Rabi et al., 
licensed CC BY 4.0 (2020) [15].
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the M and E proteins are required. The M protein is in 
charge of nutrition transmembrane transport and envelope 
construction, whereas the N and E proteins, as well as 
a number of auxiliary proteins, impede the host immune 
response or serve other unknown activities. The S and 
N proteins are among the most efficient antigen markers 
for COVID-19 disease diagnostics [16]. Furthermore, 
resemblances between SARS-CoV, MERS-CoV, and 
SARS-CoV-2 allow for the potential of use or modification 
of current diagnostic approaches and effective therapeutic 
for COVID-19. SARS-CoV-2, conversely, has a varied 
gene location and the potential for further diversity in 
the genomic region owing to the virus’s pandemic-range 
transmission [16].

The S gene determines the S proteins, which are split 
into two functional subunits: aminoterminal (S1) and 
carboxyterminal (S2) [21]. At the S1-S2 barrier, there is 

a beneficial furin cleavage that can promote infection of 
the host cell. The S1 domain comprises the six-amino-acid 
spike protein receptor binding domain (RBD), while the S2 
domain is responsible for fusion [21]. Human angiotensin-
converting enzyme 2 (ACE2) is present on respiratory, 
renal, and gastrointestinal cells, and SARS-CoV and 
SARS-CoV-2 bind to it for the onset of infection [21]. This 
ACE2, the SARS-CoV-2 receptor, can be matched with 
commercially available antibodies to detect SARS-CoV-2 
S1 protein [29]. Furthermore, Serine 477 (S477) in the 
S protein has been the most often exchanged amino acid 
residue in the RBDs of SARS-CoV-2 mutants. As a result, 
S477 and its two most common mutations (S477G and 
S477N) are important to investigate and detection [30].

Prior investigations on numerous SARS-CoV-2 
genome sequences showed about 4% genomic mutation 
of the entire 220 strains tested [31], implying that distinct 

Fig. 3   The overall structure of SARS-CoV-2 is seen in this diagram. 
A The viral surface proteins such as spike protein (S), small enve-
lope protein (E), and membrane protein (M) are embedded in a lipid 
bilayer envelope generated from the host cell. Inside the viral enve-
lope is single-stranded positive-sense viral RNA coupled with the 

nucleocapsid protein (N) (above). B The RNA genome includes 5′ 
and 3′ untranslated regions (UTRs), a 5′ methylated cap (ME), and a 
3′ poly-A tail. The genes that code for non-structural proteins (Nsp) 
and spike (S), membrane (M), envelope (E), and nucleocapsid (NC) 
proteins are shown in the diagram (below).
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Table 1   Comparison of RT-PCR tests/primers, probes by various countries for SARS-CoV-2 diagnostics [25–27]

Country Target gene(s) Forward primer 5′–3′ Reverse primer 5′–3′ Probe 5′–3′ Amplicon size References

USA (CDC) N1 GAC​CCC​AAA​ATC​
AGC​GAA​AT

TCT​GGT​TAC​TGC​
CAGTT GAA​
TCT​G

FAM-ACC​CCG​CAT​
TAC​GTT​TGG​TG 
GACC-BHQ1

71 bp [25]

N2 TTA​CAA​ACA​TTG​
GCCG CAAA​

GCG​CGA​CAT​TCC​
GAA​GAA​

FAM-ACA​ATT​TGC​
CCC​CAG​CGC​TT 
CAG-BHQ1

67 bp [25]

N3
(Removed on 

03/15/20)

GGG​AGC​CTT​GAA​
TAC​ACC​AAAA​

TGT​AGC​ACG​ATT​
GCA​GCA​TTG​

FAM-AYC​ACA​TTG​
GCA​CCC​GCA​AT 
CCTG-BHQ1

72 bp [25]

China (CDC) N GGG​GAA​CTT​CTC​
CTG​CTA​GAAT​

CAG​ACA​TTT​TGC​
TCT​CAA​GCTG​

FAM-TTG​CTG​CTG​
CTT​GAC​AGA​TT 
-TAMRA

99 bp [25, 26, 27]

Orf1ab CCC​TGT​GGG​TTT​
TACA CTTAA​

ACG​ATT​GTG​CAT​
CAGCT GA

FAM-CCG​TCT​GCG​
GTA​TGT​GGA​A 
AGG​TTA​TGG-
BHQ1

119 bp [25, 27]

RdRp/nCoV_IP2 ATG​AGC​TTA​GTC​
CTGT TG

CTC​CCT​TTG​TTG​
TGTTG T

Hex-AGA​TGT​CTT​
GTG​CTG​CCG​G 
TA-BHQ1

108 bp [25, 26]

E TTC​TTG​CTT​TCG​
TGG​TAT​TC

CAC​GTT​AAC​AAT​
ATT​GCA​GC

FAM-GTT​ACA​CTA​
GCC​ATC​CTT​ACT​
GCG​CTT​CGA​
-BHQ1

- [26]

France (Institut 
Pasteur)

RdRp gene /nCoV_
IP4

GGT​AAC​TGG​TAT​
GATT TCG​

CTG​GTC​AAG​GTT​
AAT​ATA​GG

FAM-TCA​TAC​AAA​
CCA​CGC​CAG​
G-BHQ1

107 bp [25]

E gene/E_Sa rbeco ACA​GGT​ACG​TTA​
ATA​GTT​AAT​AGC​
GT

ATA​TTG​CAG​CAG​
TAC​GCA​CACA​

FAMACA​CTA​GCC​
ATC​CTT​ACT​GCG​
CTT​CG-BHQ1

125 bp [25]

RdRp gene /nCoV_
IP2

ATG​AGC​TTA​GTC​
CTG​TTG​

CTC​CCT​TTG​TTG​
TGTTG T

Hex- AGA​TGT​CTT​
GTG​CTG​CCG​G 
TA-BHQ1

108 [25]

Hong Kong N TAA​TCA​GAC​AAG​
GAA​CTG​ATTA​

CGA​AGG​TGT​GAC​
TTC​CAT​G

FAM-GCA​AAT​TGT​
GCA​ATT​TGC​GG-
TAMRA

110 [43]

Orf1bnsp14 TGG​GGY​TTT​ACR​
GGT​AAC​CT

AAC​RCG​CTT​AAC​
AAA​GCA​CTC​

FAM-TAG​TTG​TGA​
TGC​WAT​CAT​G 
ACTAG-TAMRA

132 bp [43]

Japan (NIID) N AAA​TTT​TGG​GGA​
CCA​GGA​AC

TGG​CAG​CTG​TGT​
AGG​TCA​AC

FAM-ATG​TCG​CGC​
ATT​GGC​ATG​
GA-BHQ

155 bp [43]

Thailand N CGT​TTG​GTG​GAC​
CCT​CAG​AT

CCC​CAC​TGC​GTT​
CTC​CAT​T

FAM-CAA​CTG​GCA​
GTA​ACCA-BQH1

57 bp [43]

Germany (Charité) RdRp GTG​ARA​TGG​TCA​
TGT​GTG​GCGG​

CAR​ATG​
TTAAASACA​CTA​
TTA​GCA​TA

P1: FAM-CCA​
GGT​GGW​ACR​
TCATCMGGT​
GAT​GC-BBQ,

P2: FAM-CAG​GTG​
GAA​CCT​CAT​
CAG​GAG​ATG​
C-BBQ

100 bp [43, 45-]

E ACA​GGT​ACG​TTA​
ATA​GTT​AAT​AGC​
GT

ATA​TTG​CAG​CAG​
TAC​GCA​CACA​

FAM-ACA​CTA​GCC​
ATC​CTT​ACT​GC 
GCT​TCG​-BBQ

113 bp [43]

N CAC​ATT​GGC​ACC​
CGC​AAT​C

GAG​GAA​CGA​GAA​
GAG​GCT​TG

FAM-ACT​TCC​TCA​
AGG​AAC​AAC​
ATT​GCC​A-BBQ

128 bp [43]
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strains overlap, which could pose a difficult role for many 
diagnostic approaches. The coronavirus exhibits S pro-
tein immunogens to detect the COVID-19 causal virus 
[32]. The immune system’s production of immune globu-
lins improves the detection method. As a result, immune 
globulins are critical for detecting COVID-19 and maybe 
treating it [33]. Antibody detection is based on the pro-
teins immunoglobulin M (IgM) and (IgG) and (IgA) [34]. 
Apart from antibodies, there might be other proteins and 
cellular markers in infected patients’ respiratory, blood, 
and fecal samples [35] that might be confused with other 
illnesses. Therefore, various approaches must be employed 
to detect the impacts of SARS-CoV-2, initially to establish 
the diagnosis, followed by detecting the viral nucleic acid, 
particular viral proteins, or virions of the SARS-CoV-2 
virus [16]. In-depth understanding of the morphology 
and biochemical properties of SARS-CoV-2 infection will 
facilitate the development of novel diagnostics for detec-
tion of COVID-19.

Diagnosis of SARS‑CoV‑2

SARS-CoV-2 presents a distinctive biological feature that 
poses a number of obstacles to world healthcare structures 
and has resulted in a weak reaction to the infectious dis-
ease’s containment. Numerous innovative and improved 
diagnostic techniques have been produced making them 
accessible at a range of settings due to the research and 
advancement attempts of clinical laboratories and univer-
sity researchers. SARS-CoV-2 can now be detected using 
a number of different diagnostic procedures [36]. Despite 
the fact that these approaches are robust and sensitive, 
their sensitivities have been modified by the selected diag-
nostic method, burden of the virus, and person-specific 
immune reaction. Because of the virus’s extended incu-
bation time, one of the most difficult aspects of diagnos-
ing COVID-19 is the necessity to use several detection 
strategies. It is important to distinguish between certain 
time points for SARS-CoV-2 detection, performing genetic 
components any time point after infection, and antibodies 
must be detected using serological methods at distinct time 
points after infection. Along the course of illness, Figure 4 
depicts a graphical time frame regarding the suitable diag-
nostic approaches.

SARS-CoV-2 has been detected using a range of 
analytical approaches [36]. Figure 5 summarizes some 
key diagnostic approaches for detecting SARS-CoV-2. 
Nucleic acid is quantified using molecular methods and 
genosensors, and infected patients’ immunoresponse 
is quantified through protein detection (antigen and 
antibody) using immunoassays and immunosensors 

[36]. Immunoassays are price-efficient, sensitive, fast, 
and selective. However, they need time-consuming 
washing processes that are difficult to automate [37]. 
Contrasting to immunological tests, genetic content-
related approaches usually display higher sensitivity 
and selectivity [37]. Nucleic acids detection, on the other 
hand, frequently necessitates rigorous procedures and 
technically talented workers [37], making consequently 
bulk testing in a pandemic event impractical. As a result, 
issues must be resolved in both methods of detection in 
order to develop an efficient diagnosis, as this will be 
described more in this review study.

Molecular detection methods

Nucleic acid detection methods have developed rapidly and 
become a revolutionary technology for molecular diagnostics. 
The identification of RNA from the SARS-CoV-2 virus, the 
pandemic’s causative infectious agent, is used to provide 
a molecular diagnosis of COVID-19. The initial genome 
sequence of SARS-CoV-2 was determined with metagenomic 
RNA sequencing, an impartial and high-throughput technique 
for sequencing numerous genomes [38, 39]. Subsequently, 
the sequence was added to the GenBank sequence repository 
portal that allows scientists to design primers and probes for 
nucleic acid-based SARS-CoV-2 diagnostics [38].

Specimen collection handling and storage

Improper specimen collection, storage, and transport are 
likely to produce false test results for COVID-19. For 
SARS-CoV-2, the Centers for Disease Control and Pre-
vention (CDC, USA) suggests testing lower respiratory 
tract specimens, if accessible (https://​www.​cdc.​gov/​coron​
avirus/​2019-​ncov/​hcp/​infec​tion-​contr​ol-​recom​menda​tions.​
html). In addition, sputum, oropharyngeal, or nasopharyn-
geal swab/wash can be collected using sets that are avail-
able commercially that varies from one supplier to the next 
[40]. Nasopharyngeal specimens may miss early infection; 
a deeper specimen may need to be obtained by bronchos-
copy [41]. These procedures require legitimate biosafety 
precautions, well-trained staff, and may not be accessible 
in many parts of the world. Saliva and serum are potential 
sources of biomarkers for testing, monitoring, and preven-
tion control in SARS-CoV-2 infections [42, 43]. However, 
only 15% infected individuals hospitalized with pneumo-
nia showed detectable RNA in serum. Personal protective 
equipment, such as N95 masks or face masks, eye protec-
tion, gloves, and a gown are recommended during speci-
men collection. Specimens should be stored at 2–8 °C for 
up to 72 h or at −70 °C or below for delayed use (https://​
www.​cdc.​gov/​coron​avirus/​2019-​ncov/​lab/​guide​lines-​clini​
cal-​speci​mens.​html).
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Extraction and purification

Performance of the COVID-19 molecular diagnostic 
assays is dependent upon the amount and quality of tem-
plate RNA purified from specimens. Several commercial 
vendors offer RNA extraction kits and procedures that 
have been qualified and validated for recovery and purity 
of RNA for use [44].

Standard PCR assay

The PCR test for COVID-19 is a molecular one that looks 
for genetic information of SARS-CoV-2, the virus that 

causes COVID-19, in the upper respiratory tract. Research-
ers employ PCR technology to convert small amounts of 
RNA from specimens into DNA, which is then repeated 
until SARS-CoV-2 is detected if it exists. Due to its enor-
mous versatility, high sensitivity, and high sequence speci-
ficity, the PCR assay has become a routine practice for 
identifying coronaviruses [45]. Usually, coronavirus RNA 
is converted into cDNA by reverse transcription. Next, 
PCR is performed followed by amplicon analysis through 
conventional detection methods or instruments such as 
gel electrophoresis and sequencing methods for detect-
ing coronaviruses [46]. Since it was approved for use in 
February 2020, the PCR test has been the reliable standard 

Fig. 4   The most studied detection approaches along the trajectory 
of infection for SARS-CoV-2. The figure depicts the dynamic range 
of SARS-CoV-2 infectivity, viral RNA, and host immunoglobulins 
(IgM and IgG), as well as COVID-19, time kinetics. Upon hitting a 
measurable level in blood, antibodies undergo seroconversion. Note: 
The amounts of each antibody shown in this chart are for illustration 

purposes only and do not represent actual values. This is an exem-
plary design, and it should be noted that there are variations in the 
literature, particularly for the slope tails. We chose to preserve the 
excellence and quality until more data was gathered and a consensus 
is reached on the time courses.
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for diagnosing COVID-19 (https://​www.​eurof​insus.​com/​
safer-​work/​resou​rces/​blogs/​blog-​what-​makes-​covid-​19-​
pcr-​testi​ng-​the-​gold-​stand​ard/). However, these methods 
are tedious and expensive to use in clinical settings.

Real‑time PCR (qPCR) as a reference test

Nucleic acid-based real-time reverse transcriptase-PCR 
(RT-PCR) assay is advantageous for early diagnosis of 
coronavirus infection [47]. In general, the assay design 
process requires two principal steps: (a) sequence align-
ment, primer, and probe design, and (b) assay optimiza-
tion and testing. In January 2020, the China CDC dis-
closed publicly the genetic sequence of the SARS-CoV-2 
[38]. This empowered countries to design primers for 
RT-PCR tests that have become the reference test for the 
diagnosis of COVID-19. A number of SARS-related viral 
genome sequences were aligned and analyzed to design 
a set of primers and probes [48]. The RT-PCR assay can 
be structured as a two-target framework, where one uni-
versal primer set can detect various coronaviruses includ-
ing SARS-CoV-2 and a second primer set only recog-
nizes SARS-CoV-2. One of the existing problems of the 

qRT-PCR process is the use of a fluorescent tag attach-
ing to the primary signals generated by amplified DNA. 
This system not only adds to the equipment’s cost but 
also adds to its interpretations. Developing countries and 
outside laboratory settings with little resources are less 
interested in this technology. The efficacy of commer-
cialized RT-PCR kits has not been rigorously controlled. 
For clinical sample analysis, the presence of safe and 
stable outside positive controls could be avoided in real-
time RT-PCR assays [49]. For now, the quickly mutating 
nature of SARS-CoV-2 necessitates an accurate detec-
tion of genetically diverse coronaviruses [50]. Multiplex 
real-time RT-PCR assays can be used to detect corona-
virus accurately with great sensitivity avoiding the risk 
of false-negative results [47]. For assay optimization, 
controls need to be carefully chosen to guarantee the 
quality of the test and to distinguish experimental errors. 
Real-time RT-PCR cycle threshold (Ct) values represent 
the number of amplification cycles required for the target 
gene to exceed a threshold level [51]. The Ct values are 
inversely related to viral load and can provide an indirect 
method for measuring the copy number of viral RNA in 
the sample; however, the utilization of Ct values as an 

Fig. 5   An overview of the most important detection approaches with their major characteristics
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intermediary of viral load is impacted by the test itself 
and components inside the sample matrix that can influ-
ence amplification competency [52]. It has recently been 
proposed that the viral load of SARS-CoV-2 might be a 
significant factor in deciding both disease intensity and 
probability of transmission [53, 54]. There are some con-
straints to RT-qPCR, for instance, sample quality must be 
adequate, and qualified personnel are necessary. Further-
more, in the primary phases of the disease, RT-PCR tests 
may miss detecting SARS-CoV-2. False negatives have 
been reported in participants for up to 2 weeks, according 
to some publications [55]. The variability in viral infec-
tivity, and the volume of virus in patient populations, 
could be the cause. Differences can arise as a result of 
the disease’s progression. It is also likely that the sample 
site is not appropriate, the virus-containing specimens 
are not collected, or that the detection procedure is not 
consistent. These flaws restrict the utility of RT-PCR 
tests in a variety of situations. Despite these drawbacks, 
RT-PCR is still the gold standard for verifying COVID-
19 diagnosis. Since the outbreak of the pandemic, numer-
ous efforts have been made to produce handheld PCR 
devices [56, 57]. CovidNudge, a lab-on-a-chip device, 
can conduct sample preparation and real-time RT-PCR 
in remote locations. The Cove Nudge test, which is now 
being used in the UK, costs roughly 10 pounds for sin-
gle test (equal to USD 13.80), which is almost ten times 
less than the average cost of a traditional RT-PCR test 
in the country (around 100 pounds). The potential issues 
presented by existing RT-PCR devices can be minimized 
with the refining and optimization of PCR chip and bio-
sensor construction. In another study, microchip-based 
RT-qPCR was developed for detection of SARS-CoV-2 
from nasopharyngeal swab RNA extracts and the limit of 
detection was 1 viral copy per reaction [58]. The micro-
chip kit reduces reaction volumes by tenfold, resulting 
in decreased reagent use and shorter assay times while 
meeting the gold standard in sensitivity of relatively 
high procedures. However, the lack of acceptable high-
quality DNA extraction procedures that can allow users 
to avoid the need for laboratory equipment is an obstacle 
in field deployable real-time PCR systems. These con-
straints, taken together, hinder microchip PCR methods 
from becoming a realistic portable system of choice for 
COVID-19 diagnosis in the field.

Other nucleic acid‑based diagnostic techniques 
for SARS‑CoV‑2

Digital PCR

The digital PCR (dPCR) method can be used to quan-
tify a minimal amount of viral load, track the virus in the 

environment, and assess the efficacy of anti-SARS-CoV-2 
medications [59] and detect viral mutations [60]. Digital 
PCR empowers the total measurement of target nucleic 
acids. Digital droplet PCR (ddPCR) divides the sample 
into several droplets, each of which acts as a separate PCR 
reactor, and includes a couple of no target sequences [61]. 
Amplification-positive segments are measured and quanti-
fied after PCR. ddPCR is the most commonly utilized par-
titioning process, accessible to the commercial units. The 
partitioning process includes microwell plates, capillaries, 
oil emulsion, and miniaturized channels [62]. SARS-CoV-2 
virus loads can be quantified more accurately and precisely 
using ddPCR [63]. The sensitivity of ddPCR (around 10−2 
copy/mL) is greater than that of traditional PCR, allowing 
it to detect a very low amount of virus. For instance, when 
comparing pharyngeal swab specimens from COVID-19 
recovering patients, ddPCR identified viral RNA (Chinese 
CDC sequences) in 9 of 14 (64.2%) RT-PCR negative speci-
mens [63]. Vasudevan and colleagues developed ddPCR to 
quantify SARS-CoV-2 viral load from crude lysate without 
nucleic acid purification. The limit of detection was 10 cop-
ies per reaction [64]. The viral loads of samples taken from 
various parts of the same patient were also contrasted: the 
load was maximum in pharyngeal specimens, and lowest in 
fecal samples and in serum samples [65].

The main benefit of employing dPCR is its high sensi-
tivity and high-throughput screening, both of which are 
essential for COVID-19 detection. However, there are a few 
issues that must be addressed before dPCR can be employed 
in regular diagnostics. The dPCR, like other PCR testing, 
necessitates the use of costly equipment, reagents, and 
expert knowledge to run the process. The manufacture of 
dPCR chips is a time-consuming process with many phases. 
Furthermore, like with other POC testing, certain regula-
tions and procedures must be followed to ensure the quality 
of dPCR system results.

Isothermal amplification

Nucleic acid-based assays using isothermal amplification are 
being adapted as an alternative to instrumentation-based lab-
oratory-dependent assays for POC SARS-CoV-2 detection 
[66]. Isothermal amplification methods use a single tempera-
ture and do not require thermal cycling. These techniques 
include LAMP [67], recombinase polymerase amplification 
(RPA) [68], transcription-mediated amplification (TMA) or 
nucleic acid sequence-based amplification (NASBA) [69, 
70], and rolling circle amplification (RCA) [71] and have 
been used for pathogens detection. The RT-NASBA assay 
was developed for detection of SARS-CoV [72] and the sen-
sitivity was equivalent to real-time RT-PCR assay. Recently, 
Jones and colleagues developed an RT-LAMP assay for 
SARS-CoV-2 and SARS-CoV-2 variant RNA amplification 
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detection directly from nasopharyngeal swab samples taken 
from patients. The advantage of this method was there was 
no requirement to isolate the RNA from the specimen [73]. 
The RCA assay was used to detect SARS-CoV both in liq-
uid and solid phases [74]. The assay was rapid, more sensi-
tive, and inexpensive than conventional PCR assay. These 
isothermal amplification assays could be integrated with 
inexpensive portable devices for detection of COVID-19. 
These technologies run at a constant temperature throughout 
the operation, avoiding the need for thermocyclers. These 
approaches also allow for real-time amplification measure-
ments, and amplicons can be recognized by monitoring 
fluorescence or inspecting for color change by naked eye. 
Gel electrophoresis is no longer necessary because of this 
capacity. Because of their minimal power needs and ease, 
isothermal amplification technologies could be more utilized 
than standard PCR. This enables them to be incorporated 
into easy, inexpensive portable platforms. Isothermal ampli-
fication techniques range in terms of total quantity of prim-
ers and enzymes employed, the temperature at which the 
amplification takes place, and the sorts of templates used. 
Table 2 [75–87] summarizes the several isothermal ampli-
fication platforms established for detecting SARS-CoV-2 in 
both laboratory and clinical samples.

CRISPR/Cas system

There are other nucleic acid-based tests that could be 
utilized for SARS-CoV-2 detection. The CRISPR/Cas 
method is an efficient genome editing platform that was 
recently applied to pathogen detection [88, 89]. The 
CRISPR-associated enzyme Cas13a has recently been 
adapted for developing SHERLOCK detection technology 
for RNA sensing [90]. Virus-derived RNA targets are 
reversely transcribed to complementary DNA (cDNA) 
followed by isothermal amplification in which the amplicons 
are transcribed back into RNA. Next, the CRISPR/Cas13a 
complex containing a designed guide RNA binds with 
the isothermally amplified RNA product and Cas13a is 
activated [91]. Cas13a subsequently cleaves surrounding 
fluorophore-quencher dual-labelled probes producing a 
fluorescent signal. The SHERLOCK technology based on 
CRISPR/Cas13a integrated with isothermal amplification 
for SARS-CoV-2 detection has been reported [92], 
evaluated in clinical settings [93], and authorized by the US 
FDA for urgent COVID-19 applications [94]. Subsequently, 
this strategy was validated into a simplified STOPCovid test 
using nasopharyngeal swabs from COVID-19 patients [94]. 
This test is equivalent to RT-qPCR-based SARS-CoV-2 
tests and has a limit of detection of 100 copies of viral 
genome. Recently, a CRISPR-based diagnostic assay was 
developed for SARS-CoV-2 mutation detection that can be 
used in analyzing nasopharyngeal specimens without RNA 

purification. The authors further reported that an engineered 
AsCas12a enzyme makes it possible for detection of 
wildtype and mutated SARS-CoV-2 that can be amplified 
using LAMP assay [95]. An inexpensive, modular heater 
could be developed that is fit and suitable for a disposable, 
single-use test to be used in the POC settings [94].

Immunoassay‑based diagnostic methods

An immunoassay is a diagnostic test that can measure cur-
rent or previous viral infection utilizing antigen-antibody 
interactions, either by utilizing monoclonal antibodies 
to detect viral antigens in clinical samples or by utilizing 
cloned viral antigens to recognize patient antibodies directed 
against the virus. These antibodies are present in patients 
who have recovered from SARS-CoV-2 infection and exist 
in blood, tissues, and other biomarkers throughout the body 
[96]. A COVID-19 disease biomarker can be measured in 
different kinds of immunoassays [96]. Although the outcome 
is similar, the method and technology behind the test may 
differ entirely. One of the most significant differences is that 
although most immunoassays employ labels, others do not. 
A number of labels such as enzymes, radioactive isotopes, 
fluorogenic reporters, DNA reporters, chemical probes, and 
nanomaterials are used in labelled immunoassays to modify 
or detect the antibodies and antigen analytes. The two very 
common enzyme probes used in immunoassays are horse-
radish peroxidase (HRP) and alkaline phosphatase (AP) or 
glucose oxidase (GO) and are referred to as enzyme immu-
noassays (EIAs) [96–98], ELISAs [96–98], and enzyme-
multiplied immunoassay technique (EMIT) [96–98]. Radio-
immunoassays (RIAs) [96, 97, 99] use radioactive isotopes 
to label antigen or antibody. Fluoroimmunoassays (FIAs) 
[100] are similar to RIAs, except instead of a radioisotope, 
the label is a fluorophore (e.g., Rhodamin and phycoeryth-
rin). Protein microarrays are a type of immunoassay in 
which fluorogenic reporters are frequently used [101]. A 
relatively innovative method to immunoassays encompasses 
integrating real-time quantitative polymerase chain reaction 
(RT-qPCR) with conventional immunoassay methods named 
as real-time immunoquantitative PCR (iqPCR) [102, 103]. 
DNA reporters are used as label in these assays. Other label-
based immunoassays are particle counting immunoassays 
(PACIAs) [104], liposome immunoassays (LIAs) [97, 105], 
flow-injecting immunoassays (FIIs) [106], chemilumines-
cence immunoassays (CLIAs) [107], and lateral flow or 
immunochromatographic immunoassays [108]. Label-free 
immunoassays use detection methods that do not rely on 
labeling or modification. The main features of these different 
immunoassays are summarized in Table 3 immunoassays. 
Each approach has its own set of benefits and downsides, 
so we may pick and choose the most suitable method to 
optimize our test for COVID-19 diagnostics.
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It is also important to emphasize that there is a drive to 
advance label-free immunoassays right now. Physical prin-
ciples such as beneficial and harmful light intervention, 
resonance circumstances, and how variations in efficient 
reflection coefficient affect these parameters underpin these 
ingenious technologies. In label-free assays, antigen-anti-
body interaction can be detected with no requirement of a 
light-emitting label. As a result, the sensitivity of the test can 
be enhanced while the operational time is reduced.

Test importance based on antigen detection

Rapid antigen testing identifies fragments of virus outer sur-
face proteins as a marker for detection of an active COVID-
19 infection. This test could allow additional information 
before or at the time of sampling for molecular testing [109]. 
When a HCoV clinical samples contain an adequate amount 
of antigen, it will bind to specific antibodies fixed to a device 
that will allow visualization. The antigens distinguished are 
expressed only when the viral infection is effectively repli-
cating; thus, such tests are best used to detect acute or early 
infection. The infection starting time, the quality of speci-
men collection, and processing, elevated viral load in a sam-
ple, may increase the diagnostic sensitivity of rapid antigen 
tests [110]. Present methods for influenza and respiratory 
syncytial virus experience the effect of imperfect sensitiv-
ity to preclude the diagnosis of infection [111]. The same 
difficulty would presumably persist for SARS-CoV-2, and 
the tests would require execution with clear guidance and 
comprehensive oversight. There are eleven commercially 
available SARS-CoV-2 antigen quick diagnostic assays 
were developed for analytical sensitivity testing in order to 
identify the SARS-CoV-2 variants of concern alpha, beta, 
gamma, and zeta [112]. Although analytical testing with cul-
tured virus can be used as a surrogate for clinical validity, it 
is not a substitute for clinical examinations. Despite minor 
variations in sensitivity, the authors [112] demonstrated 
that Ag-RDTs are still successful in detecting variants of 
concern.

Even though the sensitivity of these assays is lower than 
that of RT-PCR, they can reliably detect elevated viral loads 
correlated with the accumulation of infectious viral parti-
cles, rendering them valuable public health measures [113]. 
Monoclonal antibodies against the nucleocapsid protein of 
SARS-CoV-2 have been created, which may provide the 
foundation for a fast POC antigen detection test [114].

Test importance based on antibody detection

Antibody testing detects antibodies against the virus in 
subjects who have been infected with the virus in the past. 
Serological tests, utilizing ELISA, detect the presence of 
antibodies (such as immunoglobulins IgA, IgM, and IgG) Ta
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from clinical specimens [115]. Antibodies are generated 
over days to weeks after infection exposure and allow 
the virus to be readily detectable [116]. A recent study 
reported that both IgM and IgG antibodies were recog-
nized 5 days after incidence of SARS-CoV-2 [117]. An 
antibody test can be performed to facilitate the diagnosis 
of SARS-CoV-2 infections, where molecular assays were 
not satisfactory, and specimens were collected improp-
erly. In the case of some patients, antibody response was 
developed only in the second week after exhibiting symp-
toms [118]. Certain factors such as age, nutritional status, 
onset and severity of infection, some medications, and 
immunosuppression may affect the production of anti-
bodies [118]. Cross-reactivity of SARS-CoV-2 antibodies 
to other non–SARS-CoV-2 HCoV proteins may generate 
false-positive results [118]. Plasma samples of COVID-
19 patients were tested against the (S) protein of SARS-
CoV-2 and SARS-CoV and showed a high frequency of 
cross-reactivity among them [119]. An antibody test does 
not need to be rapid for patients already hospitalized with 
complications, since they would not need to use a screen-
ing test. However, an antibody test could be suitable as 
supplementary diagnostic tools for patients under medical 
care with late complication stages of the infection, when 
RT-PCR may be negative since viral shedding decreases 
10 days after onset of symptoms [120]. Currently, sero-
logical tests for detection of SARS-CoV-2 are under 
development [35, 117]. Recently, IgG and IgM from 
human serum of COVID-19 patients were detected using 
an ELISA assay [117] using the Rp3 nucleocapsid antigen 
protein from SARS-CoV-2. The Rp3 has a 90% amino 
acid sequence similarity to other SARS-related viruses. 
Testing against SARS-CoV-2 through ELISA could be 
feasible, as more data on the infection becomes avail-
able. A POC serology test could reveal the presence or 
absence of patient antibodies against the viral infections 
in patients’ blood. This information allows medical staff 
to take necessary steps for proper treatment and mitiga-
tion of COVID-19 SARS-CoV-2 infections.

Technology advancements for SARS‑CoV‑2 
diagnostics

In the next section, we will review recent technology devel-
opments for the diagnosis of SARS-CoV-2 infections.

Microarray methods

The microarray technology measures the nucleic acid 
expression level of a large number of genes simultaneously 
using hybridization probes [121, 122]. The technique could 
be adapted to use for detection of SARS-CoV-2. A PCR 

assay integrated with microarray technology was devel-
oped for detection of SARS coronavirus [123]. However, 
SARS-CoV can rapidly mutate, leading to the development 
of a microarray to detect single nucleotide polymorphisms 
(SNPs) characteristic of the (S) gene of SARS-CoV and gen-
erating 100% accuracy in sample detection [124]. A non-
fluorescence oligonucleotide array was developed for detec-
tion of coronavirus at the genus level that produced equal 
sensitivity with that of individual RT-PCR assay [125]. The 
quantitative sensitivity and specificity of RT-qPCR tests for 
COVID-19 are higher under optimal conditions. When the 
sampling pool is expanded using asymptomatic people, the 
sensitivity drops and false negatives occur. Furthermore, RT-
qPCR has a longer turnaround time because the majority of 
the time is spent extracting RNA from swab samples [126]. 
Damin and colleagues [126] developed a microarray-based 
assay coupled with hybridization probes for SARS-CoV-2 
RNA detection with high sensitivity from nasopharyngeal 
swab samples. This technology also includes a RNAGEM 
that offers a viable alternative to commercially available 
RNA extraction kits. This microarray technology has the 
potential to be used in the field deployable platform with 
multiplexing capability for detection of other viral and bac-
terial diseases. A portable and POC diagnostic platform 
based on the microarray chip, the Mobile Analysis Platform 
(MAP), was developed for detection of influenza (flu) A/B, 
RSV, and MERS coronavirus [127]. The total turnaround 
time of the MAP device including automated sample pro-
cessing, PCR amplification, and detection was 110 min. The 
clinical outcomes of MAP were 97% for flu A, 100% for 
flu B, and 100% for respiratory syncytial infection (RSV). 
The approximate limit of detection (LOD) of the MAP was 
30 copies/assay for RSV and 1500 copies/assay for MERS 
coronavirus. A recent study reported that SARS-CoV-2 
infection mutated into at least 30 different strains [128]. 
These mutations are capable of changing its pathogenicity. 
The microarray technology could help to detect SARS-CoV 
intra- and inter-species transmission with the novel emer-
gence of SARS-CoV-2 strains.

Microfluidic methods

The microfluidic devices concerned with the precise 
control and manipulation of fluids within microscopic 
channels [129]. These devices comprise a small-sized 
chip with micrometer-sized channels and reaction 
chambers. The scalability and quality of microf lu-
idics largely depends on the fabrication process of 
the device. These chips can be fabricated with inor-
ganic, organic polymer, and paper. Inorganic materi-
als include silicon, glass, and ceramic [121]. Polymers 
include polydimethylsiloxane (PDMS), poly (methyl 
methacrylate) (PMMA), polypropylene (PP), polyimide 
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(PI), hydrogel, polystyrene (PS), polyethylene tereph-
thalate (PET), and polycarbonate (PC) [130]. Paper is 
a f lexible cellulose and polyethersulfone membrane 
material that can detect several biotargets [131]. 
The key advantages of utilizing paper microf luidics 
incorporate scaling down, small sample volume, fast 
detection times, and portability [132]. A lateral f low 
device (LFD) is a paper-based biosensor developing 
lateral flow immunoassay (LFIA) tests and lateral flow 
nucleic acid tests, respectively, that produce a colori-
metric signal output [133]. A commercial lateral f low 
assay incorporated with a paper-like membrane strip is 
coated with two borderlines, one with gold nanoparti-
cle-antibody conjugates and one that captures antibod-
ies in the other [133]. The clinical sample is transferred 
to the membrane and proteins are passed across the 
strip by capillary force. Next, the antigens attach to the 
gold nanoparticle functionalized antibody and the com-
plex moves along through the membrane. When they 
get to the other borderline, the complex is immobilized 
by the capture antibodies, and a colored line appears 
[134]. The LFIA test is simple and rapid and poten-
tially be used as a POC test. In most cases, the LFIA 
test strips determine the appearance of patient anti-
bodies (IgG, IgM, or IgA) generated by SARS-CoV-2 
antigens using human serum, whole blood, or a drop 
of blood from finger prick (Figure 5 LIFA antibody 
detection) (Figure 6).

Nucleic acid-based testing can be integrated into lateral 
flow methods for POC detection of SARS-CoV-2. Micro-
chip, digital array chip, and paper-based microfluidic biosen-
sors for fast diagnosis of COVID-19 could be advanced as 
a result of developments in POC testing to identify antibod-
ies, antigens, or nucleic acids in raw samples which include 
saliva, sputum, and blood [135]. They have a number of 
benefits, including being cost-effective, sensitive, specific, 
easy to use, fast and efficient, instrument-free, and accessible 
to target consumers (ASSURED) [135]. The findings can be 
retrieved quickly and easily, allowing for quick judgment and 
reducing the chances of human-to-human disease exposure. 
With the ongoing COVID-19 pandemic, a better overview of 
the existing microfluidic-based detection techniques can aid 
physicians and scientists in incorporating innovative, fast, 
and suitable clinical detection methods that mitigate soci-
etal expenditures, speed the examination process, improve 
diagnostic performance, and ultimately halt the pandemic 
globally [136].

COVID‑19 detection with nanomaterial‑enhanced 
biosensors: new horizons

Nanomaterials and nanotechnology are used to make ultra-
sensitive biosensors for detecting nucleic acids, and proteins. 

A biosensor has many features that produce detection very 
efficient. These characteristics include measurable approach, 
distinctive functionality, good selectivity, rapid response 
times, portability, miniaturization, and precision. Various 
nanomaterial-advanced biosensors are devices wherein the 
transducer [137] has been transformed to encapsulate the 
intended bioreceptor components of pathogens (includ-
ing viruses) derived from biological samples [138]. They 
transform the biological reaction into transducers, such 
as optical-, electrochemical-, and mass-based microme-
chanical (piezoelectric, magnetic, magneto-optical, and 
magnetoelastic) signals read-out, and detect it rapidly and 
correctly [139]. Nucleic acids (DNA, RNA, and PNA mol-
ecules), DNA probes, enzymes, organelles, proteins, aptam-
ers, exosomes, entire cells, biomimetics, microorganisms, 
phages, and tissues are examples of bioreceptors [138]. In 
the current COVID-19 pandemic that has compromised the 
health of the world’s people and economies, nanomaterial-
enhanced biosensors could be an effective device for speedy, 
efficient, portable, mass manufacturing compatibility and a 
more promising diagnostic alternative to conventional diag-
nostic methods [140]. Electrochemical and optical biosen-
sors have sparked a lot of interest among diagnostic users 
because of their ease of detection, downsizing, sensor size 
flexibility, and sensitive parameter controllability [140].

Electrochemical biosensors

An electrochemical biosensor incorporates the sensitivity of 
electroanalytical strategies and the specificity of biorecog-
nition components to detect chemical and biological ana-
lytes [141]. In 2019, Layqah and Eissa used carbon array 
electrodes coated with gold nanoparticles to develop vol-
tammetric immunosensors for detection of the MERS-CoV 
[142]. These sensors, on the other hand, were technical in 
character, necessitating the use of high-quality analytical 
reagents and components. Moreover, in order to achieve 
superior sensitivity, extra labeling and signal amplifica-
tion were needed, which could result in increased expen-
ditures during future downsizing. Alafeef and coworkers 
(2020) advanced a fast, inexpensive, simple, and quantita-
tive paper-assisted electrochemical sensor chip to allow the 
digital detection of SARS-CoV-2 RNA targeting N gene. 
The authors use gold nanoparticles (AuNPs), coated with 
extremely specific antisense probes (ssDNA) attached on a 
paper-based graphene electrochemical framework produc-
ing an electronic impulse amplification. This system has the 
ability to create a simple and quick handheld device [143]. 
Carbon electrode arrays modified with nanostructured gold 
nanoparticles were developed for multiplexed detection of 
coronavirus targeting spike protein S1 [142]. The LOD was 
0.4 and 1.0 pg/mL for HCoV and MERS-CoV, respectively. 
The method was single step, sensitive, and accurate. Using 
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a universal electrochemical biosensing, a multilevel analyte 
(DNA, RNA, protein) could be detected in a single platform 
[144]. This technology could be refined and implemented 
for rapid use in identifying SARS-CoV-2. Biosensors with 
two-dimensional nanomaterials like graphene or black phos-
phorus are being developed for POC diagnostics and could 
be utilized for COVID-19 testing [145]. For instance, in a 
recent work, a smart antibody sensor based on gold nano-
architecture-aided laser-scribed graphene biosensor elec-
trodes for SARS-CoV-2 detection with an estimated LOD 
of 2.9 ng/mL was recently implemented [146]. Screen-print-
ing is used to make graphene-assisted electrodes because 
of being inexpensive, easy fabrication, and increased effi-
ciency. In addition to graphene, biosensors based on black 
phosphorus (BP) or phosphorene could be investigated for 

COVID-19 diagnosis [147]. Black phosphorus has outstand-
ing electrochemical capabilities that improve test sensitivity 
and selectivity because of its intrinsic redox characteristics.

Optical biosensors

Novel photonic technologies have become promising for 
a broad array of applications in numerous disciplines for 
disease detection in recent decades. Various factors can 
be employed in diagnostics, such as energy, polarization, 
absorption, fluorescence, light scattering, amplitude, decay 
time, and/or phase. The surface plasmon resonance, local-
ized surface plasmon resonance, and fiber optics in bio-
sensing applications have gotten a lot of interest because 
of their great sensitivity, and enforcement, as well as rapid 

Fig. 6   A quick look at the fast diagnostic serological test. Colorimetric lateral flow immunoassay (LFIA).  Reproduced with permission from 
Ghaffari, A. et al. Copyright MDPI (2020), Diagnostics [108]
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reaction [148, 149]. These approaches and criteria could 
be combined with nanomaterials to determine if fluores-
cence, luminescence, or colorimetric detection is the best 
option for SARS-COV-2 virus detection. A nanophotonic 
LIGHT technology was developed for fluorescence-based 
rapid detection of E. coli from urine samples [150]. This 
technology works in three ways: (1) selective enrichment 
filtering of E. coli from urine samples, (2) photothermal 
cell lysis, and (3) ultrafast photonic PCR on a chip. The 
end-point detection was 103 CFU/mL in 10 min. A lens to 
focus the excitation light LEDs requires minimal power 
consumption and is extremely low in cost compared with 
laser sources, making them an ideal PCR heating source 
for isothermal amplification developing POC testing. The 
refinement of LIGHT technology integrated with an inex-
pensive paper method could be an effective solution for 
the prevention and identification of emergencies related 
to health and biosafety as well as the clinical manage-
ment of community-acquired SARS-CoV-2 infections. A 
quantum dot-based lateral flow immunochromatographic 
strips (QD-LFICSs) immunoassay integrated with a port-
able 3D-printed optical read-out platform was developed 
for detection of monoclonal antibodies of avian influenza 
virus (AIV) H7N9 [151]. The LOD was 0.0268 hemag-
glutination units (HAU) that was compared with a real-
time PCR assay and was more sensitive than conventional 
colloidal gold ICSs. The LFA provides cost-effective POC 
tests that may be more practical for primary care physi-
cians than a lot of the other methods. Chen and colleagues 
devised a multiplex reverse transcription loop-mediated 
isothermal amplification coupled with a nanoparticle-
based lateral flow biosensor targeting RdRp and N genes 
[152]. This could be developed for widespread use for 
other infectious disease pathogens. Contrasted with serol-
ogy tests that distinguish the presence of target antibod-
ies, antigen-assisted lateral flow assays (LFAs) are less 
sensitive than RT-PCR yet may move toward the clini-
cal sensitivity of RT-PCR with additional development 
and advancement. For instance, Standard Diagnostics as 
of lately commercialized an antigen-detecting LFA (list 
number 09COV30D) with a self-announced by and large 
sensitivity of 84% and specificity of 100% contrasted with 
RT-PCR [153]. While this is an amazing beginning, fur-
ther exploration is expected to enhance this sensitivity 
and advancement of reasonable fast antigen LFA. A rapid, 
novel automated chemiluminescent immunoassay (CLIA)-
based commercial product MAGLUMI™ 2000 Plus was 
developed to study the kinetics of IgM and IgG antibodies 
when COVID-19 patients produce low viral load in the 
late stage [154]. Both IgM and IgG rapidly increased after 
the onset of fever. IgG requires at least 12 days to attain 
100% sensitivity, while the highest positive rate achieved 
for IgM was 88% throughout the study period. However, 

chemiluminescent immunoassay tests for IgM and IgG 
antibodies detect an immune response too late to do any 
good in minimizing transmission. An SPR-based biosensor 
integrated with a gold substrate was developed for detec-
tion of SARS-CoV surface antigen [155]. The LOD of 200 
ng/mL was detected within 10 min. The SARS-CoV-2 can 
be detected using CANNARY biosensor technology. This 
technique uses a cell-based immunosensor that integrates 
capture of the SARS-COV-2 with signal amplification to 
produce a result in 3–5 min (www.​paths​ensors.​com/​psi-​
sars-​cov-2-​biose​nsor/). Subsequently, a quick, efficient, and 
cost-effective interferometric optical biosensor test capable 
of detecting immunoglobulins in serum and saliva samples 
was developed [156]. We expect that developing real-time, 
inexpensive, label-free nanophotonic biosensors will open 
up new possibilities for detecting COVID-19 in a timely 
and effective manner [157].

Other biosensors

The combined electromechanical properties of piezoelectric 
materials make them ideal for use as sensors and actuators 
in smart buildings and devices for COVID-19 diagnostics 
[158]. Piezoelectric materials have also emerged as key 
nanomaterials that may be integrated with living tissue 
employed in diagnostics that are compact bioelectronic and 
biochemical devices. Magnetic and magnetostrictive materi-
als, on the other hand, may transform magnetic power into 
mechanical power or the other way around, and they are 
utilized to make sensors and actuators [158]. Additional 
material-based biosensors, namely textile-based, film-
based, or carbon-based biosensors, have also been proposed 
for COVID-19 application [159]. They are being created 
to enhance the efficiency and detection sensitivity of cur-
rent biosensors, allowing the users additional viable options. 
Simple manufacturing procedures and enhanced assay effec-
tiveness have been established for textile-based biosensors 
including thread-based, fabric-based, or cloth-based biosen-
sors. Polysiloxanes with variable hydrophobicity were used 
into thread-based biosensors in one study to defer fluid flow 
in lateral flow assays and increase detection sensitivity [160, 
161]. Apart from textile-based biosensors, film-based bio-
sensors have been created to detect infectious microorgan-
isms from raw samples. For example, a thin polyester film 
base, a sample compartment, a lid, a reaction compartment, 
and a waste chamber have all been incorporated in a film-
based biosensor [162].

Biosensors with nanomaterial enhancements can open 
up new possibilities, such as more effective, convenient, 
and safe uses. Costs, environmental sensitivity, the need 
for large devices, and regulatory difficulties should all be 
addressed before the product is released to the market [163]. 
Table 4 shows the methodology, their principles, the samples 
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required, the cost, the benefits, and drawbacks of biosensor 
technologies over traditional methods for detecting SARS-
COV-2. Table 5 summarizes various nanomaterial-enhanced 
biosensors and their features for SARS-CoV-2 virus detec-
tion. Although numerous approaches for detecting SARS-
CoV-2 virus can be used, the pandemic transmission of 
COVID-19 necessitates the development of POC [Figure 7].

Benefits and limitations of nucleic acids, 
antigens, and antibody tests POC devices

Because of its great specificity and capacity to swiftly create 
myriad of copies of a single RNA or DNA sample, RT-PCR 
is the preferred technique for detecting the SARS-CoV-2 
virus. However, because of the range and precision in tem-
peratures required for the amplification of nucleic acids in 
the sample, it is challenging to convert this technique to a 
portable device. Similarly, the typical RT-PCR procedure 
uses kits available in the market today for RNA extraction 
and purification. The kit extracts and filters RNA from the 
viral sample, and based on the amount of fluid utilized 
after purification, it may also concentrate it, which helps to 
improve assay sensitivity.

To speed up the process of diagnostics in vitro access-
ing the global commercial market, the USA used an Emer-
gency Use Authorization (EUA) to allow urgent use of 
such devices for detection of SARS-CoV-2 or diagnosis 
of COVID-19 [170]. Some instances of EUA-approved 

RT-PCR-based POC devices that have been successful 
include Accula SARS-CoV-2 Test (Mesa Biotech Inc.), 
cobas SARS-CoV-2 and Influenza A/B Nucleic Acid Test 
(Roche Molecular Systems, Inc.), The Xpert Xpress SARS-
CoV-2, Xpert Xpress SARS-CoV-2/Flu/RSV, and Xpert 
Xpress SARS-CoV-2 DoD (all from Cepheid), Visby Med-
ical COVID-19 Point-of-Care Test (Visby Medical, Inc.), 
and BioFire Respiratory Panel 2.1-EZ (BioFire Diagnostics, 
LLC) [171]. These EUA-authorized tests can be used at the 
POC (i.e., in patient care environments operating under a 
CLIA Certificate of Waiver, Certificate of Compliance, or 
Certificate of Accreditation).

The elimination of the viral purification phase and the 
reduction in instrumentation complexity are the two main 
advantages of using isothermal amplification-based tech-
niques for SARS-CoV-2 virus detection [79]. Abbott Diag-
nostics Scarborough, Inc. released the ID NOW COVID-
19 test, which uses RT-LAMP, shortly after the pandemic 
began. This was the first time an isothermal method had been 
approved by the EUA for COVID-19 testing [79]. Another 
EUA-authorized test (Cue COVID-19 Test, Cue Health) uses 
isothermal amplification in a single-use cartridge to detect 
the virus from direct nasal swabs in 20 min using an electro-
chemical detection approach with a limit of detection of 20 
genome copies per sample [172]. Cue COVID-19 molecular 
diagnostic test was approved in March 2021 for nonprescrip-
tion, over-the-counter usage, and healthcare practitioners 
without CLIA certification [172]. Lucira COVID-19 All-
in-One single-use Test Kit [173] features a handheld bat-
tery-powered instrument that performs an RT-LAMP assay 

Table 5   Different biosensor approaches based on nanomaterials and their features for SARS-CoV-2 detection

SARS-CoV-2

Samples Nanomaterials Transducer Bioreceptor LOD Ref.

Human nasopharyngeal 
swabs

Two-electrode screen-
printed carbon electrode

Electrochemistry-pulse 
voltammetry

DNA/cDNA/RNA 1 copy/μL [84]

Human nasal swab or 
saliva

Graphene-ssDNA-AuNP Digital electrochemical–
Ramon spectrum

RNA 6.9 copies/μL [143]

Upper respiratory Plasmonic chip Optical fluorescence-
LSPR

cDNA/nucleic acid 0.220 pM [164]

Human nasopharyngeal 
swab, culture

Graphene sheet Electrochemical-FET S1 spike protein antigen LOD: 1.6 × 101 pfu/mL 
in culture medium 2.42 
× 102 copies/mL in 
clinical samples

[165]

Culture Membrane-engineered 
vero cells (vero/anti-S1)

Bioelectric recognition 
assay (BERA)

SARS-CoV-2 S1 spike 
protein antigen

1 fg/mL [166]

Human serum/naso-
pharyngeal swab

Gold nanorods SPR Antibody 111.11 deg/RIU [167]

Human oropharyngeal 
and nasopharyngeal 
swab

Magnetic γ Fe2O3 nano-
particles

Colorimetric-3,3′,5,5′-
tetramethylbenzidine 
(TMB)

S protein of SARS-CoV-2 4.98 ng·mL−1 [168]

Human saliva Screen-printed gold 
electrode

Electrochemical-colori-
metric

Spike antigen of SARS-
CoV-2

1 pg/mL [169]

2922 Dhar B. C.
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for COVID-19 detection. This device was first approved by 
the FDA (USA) for COVID-19 testing at home using self-
collected nasal swabs.

The N protein is the target of the majority of antigen tests 
now available. The utilization of the S protein, on the other 

hand, may be more particular because it shares less sequence 
homology with prior SARS-CoV and MERS viruses [174]. 
Antigens that have worked well in POC devices that have 
been authorized by the EUA include the CareStart COVID-
19 Antigen test (Access Bio, Inc.), LumiraDx SARS-CoV-2 

Fig. 7   Point-of-care (POC) for COVID-19. Reprinted with permission from Choi, J. et al. Development of point-of-care biosensors for COVID-
19. Front Chem 8: 517. Copyright (2019) Frontiers in Chemistry [159].
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Ag Test (LumiraDx UK Ltd.), BinaxNOW COVID-19 Ag 
Card marketed by Abbott Diagnostics Scarborough, Inc., 
Becton, Dickinson and Company, LLC marketed BD Veritor 
System for Rapid Detection of SARS-CoV-2, Clip COVID 
Rapid Antigen Test (Luminostics, Inc.), QuickVue SARS 
Antigen Test, Sofia 2 SARS Antigen FIA, Sofia 2 Flu + 
SARS Antigen FIA (all three from Quidel Corporation), and 
Status COVID-19/Flu (Princeton BioMeditech Corp.) [171]. 
The N protein antigen from SARS-CoV-2 can be detected 
qualitatively using any of these approaches. As a result, they 
all have an extraction buffer to rupture the viral proteins in 
the sample and release the viral nucleoproteins inside [171]. 
These technologies are allowed to be used at the POC and 
hands-on efforts are required.

The Ellume COVID-19 Home Test (Ellume Limited) 
was approved as the first antigen test to be licensed for non-
prescription home testing by the EUA in December 2021 
[175]. The EUA-authorized BinaxNOW COVID-19 Ag Card 
Home Test is another antigen test for home use marketed 
by Abbott Diagnostics Scarborough, Inc. that required pre-
scription for use [176]. However, the BinaxNOW group also 
achieved approval for self-testing nonprescription home use 
for different aged people [177, 178]. Two additional home 
use antigen-testing devices have been added to the move 
[179, 180]. It is presently unclear if patients who cured from 
SARS-CoV-2 infection gained antibodies that can prevent 
them from re-infection, as some recognized and suspicious 
cases have been reported to have been exposed to the virus 
again [181]. The time of SARS-CoV-2 infection exposure, 
as well as the nature of the specimen taken for antibody test-
ing from people who have recently been exposed to SARS-
CoV-2 infection, could result in antibody positive to spread 
the infection [182].

Several serology tests, including EUA submissions pend-
ing, have recently been approved by EUA. However, only 
a few have been approved as POC devices, such as lateral 
flow immunoassay-based tests were developed for IgG/IgM 
antibody screening for COVID-19 and was marketed by 
Fa-StepTM, Assure Tech. (Hangzhou, China), RightSignTM, 
Biotest Biotech (Hangzhou, China), RapCoVTM, Advaite, 
Inc. (Malvern, PA, USA), MidaSpotTM Nirmidas Biotech, 
Inc. (PALO ALTO, CA, USA), and SiennaTM-Clarity COVI-
BLOCK™ (Örninkatu, Salo, Finland) [171].

Surveillance and epidemiology 
of SARS‑CoV‑2

Here, we describe some emerging diagnostic technologies 
that can be adapted for detecting COVID-19. However, 
the containment of SARS-CoV-2 likely involves many 
complex challenges as the asymptomatic individuals are 
still capable of transmitting the virus [183]. Therefore, 

curbing SARS-CoV-2 transmission needs extensive 
surveillance, sharing epidemiological data, and patient 
monitoring. Cell phones can be utilized for this purpose as 
they possess connectivity, hardware to expedite electronic 
reporting, epidemiological databasing, and POC tests 
[184]. One possibility is voluntary digital tracing of 
COVID-19 by protecting personal privacy and developing 
an application programming interface (APIs) [185]. 
Flexible and wearable microfluidic sensor devices could 
be used to monitor health and online pathogen detection 
[186]. This wearable technology could be developed 
for detection and monitoring of SARS-CoV. Using cell 
phone photography, the test results could be sent to a 
physician for immediate precision telemedicine care. A 
strategy relating international genomic surveillance and 
prompt evaluation of the genetic changes of new variants 
is needed to get ready for the pandemic’s succeeding 
stage, which will facilitate the growth and upgrading 
of diagnostics, vaccines, drug discovery, and non-
pharmaceutical interference [187].

Artificial intelligence‑based COVID‑19 
disease management

In the battle against COVID-19, artificial intelligence (AI) 
can be incredibly useful. In contrast to the SARS-CoV-1 
outbreak in 2003, AI has contributed a more significant 
job including predicting and tracking of vulnerable areas 
of COVID-19 outbreak, contact tracing, advance diagnosis, 
protein structure prediction, development of therapeutics, 
and vaccines [188]. Man-made intelligence-empowered 
advances, like the AI robot, smart toilet, and cell phone, 
could offer important help for following, diagnostics, and 
therapeutics. As a nonsurgical system that can capture 
and analyze urine and stool samples, the smart toilet 
could be an effective technique for diagnosing COVID-19 
where the nasopharyngeal test yielded a negative result 
[189]. For health tracking, scanners, force and movement 
detectors, and urine test strips have been used [190]. 
Diagnostics and service robots with AI centers can be 
utilized for collecting clinical samples and gathering tests 
from COVID-19 patients in jam-packed public spots, like 
customs, air terminals, ports, rail route stations, and so 
on [191]. The robot can work in hazardous conditions, 
consequently decreasing the pressure from clinical 
experts and medical care staff. With the steady progress 
of AI innovations, more intelligent and more impressive 
automated frameworks under control with the capability 
to sanitize, convey prescription drugs and food, monitor 
temperature and fundamental signs, diagnose, and help 
dissemination control will become tools to battle against 
potential viral epidemic outbreaks [191].
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Outlook

Despite massive attempts and significant progress made 
by people from around the world to combat the pandemic, 
COVID-19 has become unrestricted and poses a risk to 
human societal structure. Both from human and viral per-
spectives, the causes are complex. However, two compo-
nents are likely to have a larger role in the scenario: virus 
mutations and the presence of symptomless individuals.

Detecting emerging SARS‑CoV‑2 mutated variants

The SARS-CoV-2 virus has been constantly evolving dur-
ing the recent worldwide pandemic. However, certain newly 
discovered variations have acquired much more mutations 
in a short period of time, generating alarm all across the 
world [192]. Mutations in SARS-CoV-2 present a profound 
influence on the need to swiftly pinpoint alterations in the 
vial genomic sequences that cause virus spread, posing a 
considerable difficulty for virus detection. Numerous param-
eters determine the effect of variants on a test’s effectiveness, 
along with the variation’s sequence, fundamental design 
distinctions in every test, and the incidence of the mutants 
in the individuals of many geographic locations [193]. The 
molecular qRT-PCR tests with a point mutation can result in 
false-negative results in detection [194]. As a result, mutated 
variants can limit the amplification sensitivity. Due to the 
possibility of selected mutations in SARS-CoV-2, specific 
locus of targeted genes must be avoided when designing oli-
gos. Therefore, generating degenerate oligos is a viable solu-
tion to the SARS-CoV-2 mutation issue. In accordance with 
WHO’s revised guidelines on variant identifiers, dynamic 
strains can be documented as B.1.1.7 (Alpha), B1.351 
(Beta), P.1 (Gamma), B.1.617.2 (Delta), B.1.617.1 (Kappa), 
P.2 (Zeta), and B.1.1.529 (Omicron) influencing viral spread, 
disease intensity, diagnostics, and vaccination effective-
ness posing threat to the society [195]. Screening GISAID 
information revealed an upsurge of S protein amino acid 
mutations in various geographic locations [196]. Certain 
major mutations in the spike protein of B.1.1.7 (e.g., dele-
tion 69–70, 144 and substitution K417N, K417T, E484K, 
N501Y, A570D, D614G, P681H, T716I, S982A, D1118H, 
and many others) have gotten a lot of attention in the scien-
tific community and variant of concerns (VOC) are closely 
monitored [31, 197]. The analysis of sequencing materials 
sent to GenBank and GISAID revealed that mutations in the 
ORF1ab gene were most common in Germany and China 
[198, 199]. Another report revealed that the COVID-19 
diagnostic primers suggested by the US CDC have showed 
mutations in all targets, while RT-PCR setups for the N gene 
included in Japan, Thailand, and China demonstrated numer-
ous mutations in multiple groups, indicating the N gene may 

not be a consistent site. Therefore, the RT-PCR assay setup 
should be improved routinely to detect new alpha, beta, 
gamma, and delta variants [200, 201]. Over 30 mutations 
were found in the S gene of the most diverse SARS-CoV-2 
omicron variant, raising threats about disease control and 
prevention [193]. Therefore, more accurate, simple-to-use, 
and uncomplicated detection procedures for SARS-CoV-2 
mutations are urgently needed. Existing methods for deter-
mining possible mutations of SARS-CoV-2 include next-
generation sequencing (NGS), metagenomic NGS, RT-
qPCR, CRISPR/Cas, and RT-LAMP. Conventional detection 
techniques, on the other hand, are frequently difficult, rigor-
ous, and have low sensitivity. SARS-CoV-2 and its mutation 
can be detected with effective biosensors such as surface 
plasmon resonance (SPR), local surface plasmon resonance 
(LSPR), and surface-enhanced Raman spectroscopy (SERS) 
using electrochemistry, piezoelectricity, fluorescence, and 
electrochemiluminescence signal reading.

Mutations in the SARS-CoV-2 virus can cause a 
shift in viral proteins, which can affect the results of an 
antigen or serology test. Antibody screening techniques 
frequently use antibodies (IgM and IgG) that uniquely 
attach to both the S and N proteins. Using thermally 
deactivate omicron samples, Abbott BinaxNOW and 
Quidel QuickVue antigen tests showed the omicron 
variant with similar accuracy as other variations [193]. 
These findings are not a substitute for ongoing clini-
cal trials employing specimens infected with live virus, 
and they do not preclude the chance that the omicron 
variation has an effect on test efficiency. Although a 
study found that thus far discovered SARS-CoV-2 spike 
mutations have no effect on antibody testing [202], 
we choose to use kits that have antibody directed for 
the less often mutant N protein if at all possible. To 
address new variations and mutations, a number of pub-
lic health organizations, university researchers, research 
institutions, and private enterprises are collaborating. 
To follow this dangerous infection more extensively, 
more genetic monitoring investigations employing 
focused genetic tests or whole viral genome sequenc-
ing approaches should be conducted. Different detec-
tion methods for identification of SARS-CoV-2 mutated 
variants are listed in Table 6.

Detecting infected people who are symptomless

SARS-CoV-2 identif icat ion is  complicated by 
asymptomatic cases. Sometimes asymptomatic cases may 
still have virus particles in the upper respiratory system 
that are beneath the point of confinement of nucleic acid 
detection, and particular anti-SARS-CoV-2 IgG and 
IgM antibodies that are not detectable. Therefore, “false 
negative” findings are prone to be found in asymptomatic 
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cases. As a result, developing effective strong testing for 
detecting asymptomatic case is more critical. Furthermore, 
efficient assessment services are primarily dependent on 
screening intensity and response rapidity, with improved 
test sensitivity coming in subsequently [213]. Even if 
the sensitivity of RT-qPCR is poor, it is possible that it 
will still create a pivotal impact. Another suggestion is 
to use an integration of RT-qPCR tests that are correctly 
scheduled with several repeats. For instance, once weekly 

(days 0 and 7) and on day 14th during the isolation phase 
and serological antibody testing for anti-SARS-CoV-2 
IgM and IgG could be performed for the same time frame 
mentioned above. If individuals who have been discharged 
from quarantine are still releasing live virus, it is possible 
that other people can be infected from them [214]. As a 
result, in some situations, self-isolation is suggested for up 
to 1 month. Alternative RT-qPCR and serological antibody 
testing tests should be strongly advised.

Table 6   Identification of SARS-CoV-2 variants using detection methods

Methods Properties Ref.

Whole genome sequencing (WGS) -Shotgun sequencing or amplicon-based
-The entire genome can be sequenced
-Unbiased approach
-Requirement of equipments and bioinformatic analysis
-Takes several days
-Costly

[203, 204]

Sanger sequencing -Partial next-generation sequencing
-Amplicon based
-Targeted for whole or partial S gene
-Requirement of equipments and bioinformatic analysis
-Takes several days
-Costly

[205]

Multiplex RT-PCR -Targeted for deletion or target failure (drop out) (for instance, S gene 
target failure variants but not all)

-S gene target failure can be integrated with E, N, ORF1 RT-PCR assay
-The significance of the findings should not be compromised.
-Further co-relation assessment and validation is required

[193, 206, 208]

Single nucleotide polymorphisms (SNPs) assays -RT-PCR assay could be used for detecting SNPs (e.g., spike N501Y and 
HV69-70del mutations, present in B.1.1.7/501Y.V1 VOC)

-Positive controls should be used in the assay
-Some commercial melting curve analysis is used to detect SNPs, e.g., 

HV69-70del, K417N, N439K, Y453F, E484K, N501Y, A570D, 
D614G, P681H, or V1176F.

-Further validation is required using sequencing

[207]

Isothermal amplifications (RT-LAMP, TMA) -Rapid test
-Need less resources
-Highly sensitive and specific
-Some protocols are limited to differentiate between variants
-Proper clinical validation is required

[209]

CRISPR -Turnaround time 20–50 min
-Low level instrumentation is required
-Higher sensitivity and/or specificity
-Possibility for medium mutation detection

[210]

Rapid antigen detection test -Shorter turnaround time
-Inexpensive
-Sensitivity is generally lower that RT-PCR
-Targeting N protein, new variant B.1.1.7/501Y.V1 was detected
-Further validation test is required

[211]

Neutralization assays and antigenic characterization -Assess variants risk assessment, determining if VOI is a VOC
-Requires biosafety level (BSL)-3
-Labor intensive

[212]

Antibody test -Turnaround time is < 1 h
-Low level instrumentation is required
-Due to immunodeficiency and cross-activity sensitivity and/or specificity 

is medium
-Possibility for lower mutation detection

[193]
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Conclusion

An unsettling trajectory marks the spread of SARS-CoV-2. 
Advancement and implementation of viable technologies 
for SARS-CoV-2 molecular-, immunologic-, and biosensor-
based tests for precise diagnosis of individuals infected 
with the SARS-CoV-2 is crucial to control the pandemic of 
COVID-19. Even vaccinated people may harbor and spread 
live viral infection without showing signs and symptoms. 
Therefore, molecular, immunological, and biosensor tests 
will continue to be important and rapid POC devices 
dramatically enhance COVID-19 care and minimize the 
expenses after vaccination phases and emergence of new 
variants [215]. The existing RT-qPCR-based diagnostic 
tests have some limitations, as they miss some cases of 
infection if performed inaccurately. Furthermore, they can 
only be executed in central laboratories by exceptionally 
trained operators. Thus, there is a basic need to develop 
rapid, reliable, inexpensive, and simple POC tests in order 
to detect and isolate patients who are at risk and need 
prompt care. Individuals may spread the infection on to 
numerous others before diagnosis, adding to the continued 
worldwide transmission of COVID-19. The fast, lateral 
flow immunoassay, colloidal gold immunochromatography, 
and automated chemiluminescent immunoassay tests for 
IgM and IgG could supplement the current COVID-19 
testing by RT-PCR. However, there is a need to rigidly 
develop and assess the clinical performance of rapid tests 
of SARS-CoV-2. The microarray chip, silicon chip, paper 
chip, digital array chip, microfluidic, and beads-based 
assays could be refined and optimized for developing 
novel portable devices for POC SARS-CoV-2 detection. 
The next generation of nanomaterial-enhanced portable 
biosensors could be developed for real-time SARS-CoV-2 
and its mutations detection at the remote locations with 
electrochemical-, optical-, and mass-based signal read-
out [216]. Isothermal amplification assays (for instance, 
RT-LAMP, RT-RPA, RT-RCA, and NASBA), CRISPR/
Cas, and immunoassays (such as lateral flow) could be 
integrated with lateral flow paper strip, microfluidic lab-
on-a-chip devices, and inexpensive biosensor devices for 
visual detection of SARS-CoV-2 and its emerging mutated 
variants. The discovery of novel biomarkers (such as 
DNA, RNA, microRNA, proteins, exosomes, cells, and 
metabolites) is also the key in identifying ones that are 
associated with the early stages of COVID-19 infection. 
It is vital to find ways to lower the total price of sample 
collecting, testing, and assessment. In this case, using saliva 
as a sample could be a viable option providing the test 
sensitivity is not compromised. Saliva has been shown to 
be a viable option for detecting SARS-CoV-2 in the upper 

respiratory tract [79]. When it comes to mass screening, 
saliva has a numerous benefit over nasopharyngeal swabs, 
including the ability to be self-administered. We feel that 
using either nose swabs from the anterior nostrils or saliva 
to scale tests will be more efficient. Some commercially 
available POC tests are under development before they 
are utilized for the diagnosis of SARS-CoV-2. Recently, 
certain firms have been awarded multi-million-dollar 
contracts to manufacture antigen and molecular tests to 
be utilized at POC or at home in order to increase testing 
capacity [217–220]. The introduction of omicron SARS-
CoV-2 (B.1.1.529), a new COVID-19 variant, is placing 
burden on diagnostic companies who determine the 
existence of SARS-CoV-2 to verify that their findings are 
unaffected. The ongoing endeavors will additionally lead to 
develop robust, reliable, fast, and simple to execute in vitro 
diagnostic assays and smart diagnostics for COVID-19. 
The integration of portable devices and assays could be 
developed for analysis of multiplexed results of pathogens. 
Digital biosensor technologies could be employed in 
the future to advance digital barcode fragments and a 
computer simulation framework for multiplex analyte 
measurement [216]. The integration of diagnostics and cell 
phones should give higher correspondence in population 
surveillance and epidemiology of COVID-19. For POC 
diagnosis, real-time monitoring via a cellular telephone 
is critical. It specializes in the derivatization of tangible 
handheld barcode components and possesses antibodies 
that are critical for biomarker adhesion to the extracellular 
environment. This can be used to detect biomarkers for 
SARS-CoV-2. There are as yet noteworthy knowledge and 
information gaps in health research that are vital for an 
effective public health response in the case of pandemics 
caused by COVID-19.
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