S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Analytical Biochemistry 634 (2021) 114362

Contents lists available at ScienceDirect mp—ical

Biochemistry

Methods inthe Biological Scences

Analytical Biochemistry

journal homepage: www.elsevier.com/locate/yabio

ELSEVIER

L)

Check for

Novel approaches for rapid detection of COVID-19 during the pandemic: o
A review

Hoda Ilkhani®, Nader Hedayat ", Siamak Farhad “

@ Department of Chemistry and Chemical Biology, The University of New Mexico, Albuquerque, NM, 87144, United States
b Department of Chemical and Biomolecular Engineering, The University of Akron, Akron, OH, 44325, United States
¢ Advanced Energy & Sensor Lab, Department of Mechanical Engineering, The University of Akron, Akron, OH, 44325, United States

ARTICLE INFO ABSTRACT

Keywords: The rapid spread of the SARS-CoV-2 virus that caused the COVID-19 disease, has highlighted our urgent need for
SARS-CoV-2 sensitive, fast and accurate diagnostic technologies. In fact, one of the main challenges for flatting COVID-19
CQVID-19 spread charts is the ability to accurately and rapidly identify asymptomatic cases that result in spreading the
E}ﬁfﬁfggssay virus to close contacts. SARS-CoV-2 virus mutation is also relatively rapid, which makes the detection of COVID-
Bioassay 19 diseases still crucial even after the vaccination. Conventional techniques, which are commercially available

PCR have focused on clinical manifestation, along with molecular and serological detection tools that can identify the
SARS-CoV-2 virus however, owing to various disadvantages including low specificity and sensitivity, a quick, low
cost and easy approach is needed for diagnosis of COVID-19. Scientists are now showing extensive interest in an
effective portable and simple detection method to diagnose COVID-19. There are several novel methods and
approaches that are considered viable advanced systems that can meet the demands. This study reviews the new
approaches and sensing technologies that work on COVID-19 diagnosis for easy and successful detection of SARS-

CoV-2 virus.

1. Introduction

The fight against infectious diseases caused by viruses is still chal-
lenging and regarded as an endless task for public health care [1].
Coronaviruses are the members of Coronaviridae family and can cause
respiratory and neurological diseases [2,3]. Six human coronaviruses
(HCoVs) have been detected, including, HCoV-229E, HCoV-HKU1,
HCoV-OC43, HCoV NL63 to date, severe acute respiratory syndrome
coronavirus (SARS-CoV), and Middle East respiratory syndrome coro-
navirus (MERS-CoV). Among them SARS -CoV and MERS-CoV caused
pandemic in the past [2-5]. The last and newest coronavirus, severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has caused a
novel infectious disease, called coronavirus disease 2019 (COVID-19).
COVID-19 was started from Wuhan, China in the late 2019 and is
considered as the most widespread pandemic of recent 100 years [6,7].
The pandemic declaration was performed by world health organization
(WHO) in March 2019. The symptoms of COVID-19 are not specific and
they are similar to the common flu. The preliminary symptoms of
coronavirus disease are related to respiratory illness including cough,
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fever, and difficulty in breathing [8]. Due to the wide range in severity of
the disease many individuals remain asymptomatic or have mild
symptoms defining a population that is not tested at the time of acute
infection [9]. The worldwide confirmed cases of COVID-19 are more
than 94 million cases and confirmed deaths are more than 2 million
cases in the world until March 2021. The living and working conditions
of billions of people, have been significantly disrupted owing to different
forms of social distancing and city lockdowns. Newly, the COVID-19
vaccines are produced and applied for high risk groups of people but
still the best way for avoiding of COVID-19 spreading is social
distancing, and continuous, inclusive and universal testing [10]
specially because the vaccination rate is very slow comparing with virus
spreading. Since the transmission rate of SARS-CoV-2 virus is very high,
and novel in many aspects and produced a lot of difficulties in all
countries around the world to get control over it, thus to break the chain
of transmission a uniform diagnostic approach is still important. The
rapid and accurate detections of SARS-CoV-2 virus is useful for the early
diagnosis of COVID-19, which would be important for slowing down the
spread of virus and save life of sensitive groups, especially because based

E-mail addresses: hilkhani@cnm.edu (H. Ilkhani), sfarhad@uakron.edu (S. Farhad).

https://doi.org/10.1016/j.ab.2021.114362

Received 27 April 2021; Received in revised form 19 August 2021; Accepted 30 August 2021

Available online 31 August 2021
0003-2697/© 2021 Elsevier Inc. All rights reserved.


mailto:hilkhani@cnm.edu
mailto:sfarhad@uakron.edu
www.sciencedirect.com/science/journal/00032697
https://www.elsevier.com/locate/yabio
https://doi.org/10.1016/j.ab.2021.114362
https://doi.org/10.1016/j.ab.2021.114362
https://doi.org/10.1016/j.ab.2021.114362
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ab.2021.114362&domain=pdf

H. Ilkhani et al.

on WHO results more than 30% of virus carriers, show no symptoms
[11]. To this date, there are a number of reports about the new coro-
navirus detection (SARS-CoV-2) using wide range of methods. Several
methods are used for other Coronaviridae family members previously
and some novel methods are specifically designed for SARS-CoV-2
recently [12].

The studies on the SARS-CoV-2 were started in the first days of
pandemic in China and virus structure was detected. As can be seen in
Fig. 1(a), the SARS-CoV-2 has circular shape (60-140 nm) and is con-
taining a genetic material and spike proteins on the surface and its
structure is comparable to the viruses of the Coronaviridae family.
SARS-CoV-2 contains four structural proteins on the surface including
spike glycoprotein (S), small envelope protein (E), matrix protein (M),
and nucleocapsid protein (N). The spike protein is responsible for the
virus infection property [13]. Fig. 1(b) shows the TEM image of
SARS-CoV-2 that is identified in the Broncho alveolar lavages of patients
after cell culture [14]. Now it is well-known that SARS-CoV-2 enters the
cells through interaction with the angiotensin-converting enzyme 2
(ACE2) receptor and it could be found in most human organs including
epithelial cells (lung alveolar and intestines cells) suggesting them being
the primary region for infection onset while oral, nasal mucosa, and
nasopharynx has been shown to lack ACE2 expression [15].

Biosensors are analytical devices including a biological sensing
element and they are using for detecting a wide range of biological
molecules, bacteria and viruses in very different methods [17-19]. In
this article we review all biomolecules that are used as analyte and also
all methods that are applied for SARS-CoV-2 detection in literatures.

The present manuscript reviews all of the methods that are applied to
detect SARS-CoV-2 virus. In addition, the analytes that are used as target
for detection are classified and the advantages and disadvantages of
different detection methods are compared. The purpose of present
manuscript is to help researchers to find the novel detection methods
and analytes, and develop the methods for improving specificity,
sensitivity, selectivity and detection limit in future. The papers that are
focused on SARS-CoV-2 detection methods and published after new
pandemic starting in late 2019 are selected for this review.

2. Methods of SARS-CoV-2 virus detection

Whereas, COVID-19 is emerged as a worldwide pandemic recently,
several detection methods are reported for that in literatures. The
reviewed COVID-19 detection articles are classified into three main
groups. Fig. 2 shows the classification diagram of approaches and
applied methods. As Fig. 2 shows, in first part, the utilized biomolecules
that are targeted as analyte are reviewed (section 3). In the second part,
the methods and technologies that are used as sensing methods are
reviewed (section 4) and in the third part the sampling methods are
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presented (section 5). Different types of nanoparticles are used in wide
range of detection methods and applied for all types of target analytes.

3. SARS-CoV-2 virus detection based on targeted analyte

The biosensors use several types of biomolecules as targeted analyte
for decays. The common biomolecules as targeted analyte are bio-
markers, DNA, RNA, enzymes and antigen in different types of bio-
assays. In this section the most utilized targeted analytes in COVID-19
detection assays are classified and explained.

3.1. Nucleic acid based assays

The genome sequence length of SARS-CoV-2 is about 30 Kb with a 5
cap structure and 3'- poly-(A) tail enveloped by a complex of structural
protein to form a crown like enveloped virus. The first method that was
used for SARS-CoV-2 virus in early period of COVID-19 outbreak was
DNA sequence detection [20]. DNA sequencing technology can be used
to explore novel mutations and the evolution of SARS-CoV-2 isolates
[21]. However DNA sequencing assays, require highly professional
technicians to operate expensive instruments under stringent laboratory
conditions. DNA sequencing is designed based on hybridization between
the primer and target strands of DNA and a detection marker shows that
the hybridization is processed and the target strand is detected. Among
other studies which use DNA as assay analyte, Jiao et al. [22] success-
fully designed a DNA nanoscaffold hybrid chain reaction (DNHCR)
method for rapid detection of COVID-19 based on SARS-CoV-2 RNA
triggered isothermal amplification. In this method, as can be seen in
Fig. 3, the DNA nanoscaffolds have been first constructed by the
self-assembly of long DNA strands and self-quenching probes (H1).
Then, the SARS-CoV-2 RNA will initiate the hybridization of H1 and free
H2 DNA probes along the nanoscaffold, and an illuminated DNA nano-
string is instantly obtained. By taking advantages of the localization
design of the H1 probes and the temperature tolerance of the isothermal
amplification, the reaction time reduced to within about 10 min and
high signal gain is obtained in wide temperature range of 15 °C —35 °C.
Additionally, the reliability of DNHCR method in serum and saliva
samples have been validated as well (Fig. 3). Therefore, comparing with
previous reported biosensors for SARS-CoV-2 RNA detection,
DNHCR-based method is expected to provide a simple and faster alter-
native to the traditional SARS-CoV-2 qRT-PCR assay, significantly
simplified and affordable operation [22].

3.2. CRISPR based assays

Clustered regularly interspaced short palindromic repeats (CRISPR)
is a family of DNA sequences found in the genomes of prokaryotic

Fig. 1. (a): Schematic structure and TEM image of the SARS-CoV-2 virus and 1(b): TEM photo of the SARS-CoV-2 [14,16].
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Fig. 2. The infograph of the reviewed approaches for SARS-CoV-2 detection methods.

organisms like bacteria and archaea. These sequences are derived from
DNA fragments of bacteriophages that had previously infected the pro-
karyote. CRISPR is used in COVID-19 detection assays as analyte in some
published studies. For instance, Hou et al. [23], have developed an
isothermal CRISPR-based COVID-19 assay for SARS-CoV-2 detection
based on Cas13a ORF with near single-copy sensitivity and compared
their diagnostic performance with other technological platforms,
including metagenomic sequencing and RT-PCR. The authors have
claimed that their method demonstrated a sensitivity of 100% by
detecting all 62 COVID-19 cases and no false positives were found in all
62 negative cases, including all the hCoV-infected ones [23]. In another
study, broughton et al. [24] have reported the development and initial
validation of a CRISPR-Cas12-based assay for detection of SARS-CoV-2
from extracted patient sample RNA, called SARS-CoV-2 DNA
Endonuclease-Targeted CRISPR Trans Reporter (DETECTR). This assay
performs simultaneous RT-LAMP for RNA extracted from nasopharyn-
geal or oropharyngeal swabs, followed by Cas12 detection of predefined
coronavirus sequences, after which cleavage of a reporter molecule
confirms detection of the virus. They have joined isothermal amplifi-
cation with CRISPR-Cas12 DETECTR technology to develop a rapid
(30-40 min) test to detect of SARS-CoV-2 in clinical samples. For the
method testing, the researchers have used contrived reference samples
and clinical samples from patients in the United States, including 36
patients with COVID-19 infection and 42 patients with other viral res-
piratory infections. The results have showed the CRISPR-based
DETECTR assay provides a visual and faster alternative to the US Cen-
ters for Disease Control and Prevention SARS-CoV-2 real-time RT-PCR
assay, with 95% positive predictive agreement and 100% negative
predictive agreement [24]. Ding et al. [25] developed a novel assay
method for simple, rapid, ultrasensitive and visual detection of coro-
navirus SARS-CoV-2 and HIV virus and called that All In One Dual
CRISPR (AIOD-CRISPR). In this assay, a pair of crRNAs was introduced
to initiate dual CRISPR-Cas12a detection and improve detection sensi-
tivity. The AIOD-CRISPR assay system was successfully utilized to detect
nucleic acids (DNA and RNA) of SARS-CoV-2 and HIV with a sensitivity

of few copies. The authors were engineered AIOD-CRISPR without
pre-amplification could detect as low as 1.2 copies of DNA targets and
4.6 copies of RNA targets in 40 min incubation. The distinctive advan-
tages listed for the assay are (i) system is a true single reaction system;
(ii) AIOD-CRISPR is an isothermal nucleic acid detection method; (iii)
AIOD-CRISPR-based detection is very fast, robust, highly specific, and
nearly single-molecule sensitive and (iv) AIOD-CRISPR enables one-step
CRISPR-Cas12a-based RNA detection. Therefore the developed method
possesses a high potential for developing next-generation point-of-care
molecular diagnostics compared to real time PCR [25].

3.3. Antibody based assays

Nucleic acid testing, considered as the current primary method for
diagnosing COVID-19, might lead to false negatives and is difficult to be
applied for every suspected patient because of the existence of asymp-
tomatic [26]. In addition, detecting specific antibodies in blood, like the
immunoglobulin M (IgM) antibody, against the SARS-CoV-2 is another
choice for COVID-19 diagnosis, as it is widely accepted that IgM is an
important indicator in the acute infection period [26]. It is highly
accepted that the IgM provides the first line of defense during viral in-
fections, before the generation of adaptive, high affinity immunoglob-
ulin G (IgG) responses that are important for long term immunity and
immunological memory. The main idea for antibody based assay design
is that IgM initially raises after the first contact of virus with body and
rapidly decreases after short time, while IgG produces in a second time
and remains in the blood even after recovery. Therefore the ability of
recognition of the anti-SARS-CoV-2 immunoglobulins that also named
SARS-CoV-2 antibodies can guide the researcher to identify infected
patients and to recognize those who surpassed the illness and can safely
end isolation [27]. The drawback of this approach is that the sequential
production of IgM and IgG is questionable as reported for previous SARS
and MERS virus, when the immune system encounter SARS CoV-2. In
another word, IgM responses were either found earlier than IgG or
together with IgG, later than IgG or were missing [28]. Furthermore,
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Detection of immunoglobulin A (IgA) and IgM has been suggested by
some researcher as a more accurate diagnostic tool. The obtained results
for SARS infection outbreak have shown that, just like the MERS, IgG
can be detected as early as 2 days after the onset of fever and IgM can be
detected at the same time or after the IgG [29]. There are several
well-known methods for IgG and IgM detection [30,31], for instance, Li
etal. [27], reported a strategy for COVID-19 detection based on IgM and
IgG antibodies measurements. In this study, the commercial 1gG-IgM
combined antibody kit to detection of suffered SARS-CoV-2 cases from
healthy cases was used. The samples obtained from 58 patients in
Wuhan were tested and it was found that 94.83% of the positive patients
had both IgM- and IgG-positive test lines, and 1.72%, 3.45% had only
IgM or only IgG-positive lines, respectively. The test time was from day 8
to day 33 after infection symptoms appeared and the test time was less
than 15 min. Fig. 4, Shows the schematic illustration of IgG-IgM com-
bined antibody testing kit that used in this study. As can be seen in Fig. 4
(A) the test trip has two Mouse antihuman monoclonal antibodies
(anti-IgG and anti-IgM) stripped on two separated test lines. A mixture of
SARS-CoV-2 antibodies (including IgM and IgG) and rabbit IgG conju-
gated to colloidal gold nanoparticles (AuNP) are sprayed on the pad as
sample and controlling solution respectively. The AuNP- rabbit IgG
conjugates immobilize on the control line while AuNP- SARS-CoV-2 IgM
conjugated SARS-CoV-2 and AuNP- SARS-CoV-2 IgG conjugated on M
and G line respectively. If the sample does not contain SARS-CoV-2
antibodies, no labeled complexes bind at the test zone and no line could
be observed. Fig. 4(B) shows the testing results for negative, IgM posi-
tive, IgG positive and IgM/IgG positive samples [27]. Additionally,
Wang et al. [32], have developed a SARS-CoV-2 proteome peptide
microarray to analyze antibody interactions at the amino acid resolu-
tion. Using the previous fabricated microarray, researcher showed the
possibility of employing SARS-CoV-1 antibodies to detect the
SARS-CoV-2 nucleocapsid phosphoprotein. For fabrication of
SARS-CoV-2 proteome microarray, in the first step, the reference se-
quences of 10 proteins were encoded by the SARS-CoV-2 coronavirus
genome and prepared the peptide library and then, all the peptides were
labeled with a C-terminal biotin group and printed onto a
three-dimensional (3D) modified microscope slide using bio-
tin—streptavidin chemistry. After optimization the microarray was used
for antibodies detection. The final results show that the designed
SARS-CoV-2 peptide-based microarray is enable to detect the humoral
antibody response in COVID-19 patients and animal models and can
help to find the potential targets for COVID-19 diagnosis and treatments
[32]. In another work, Steiner at al. [33], described an arrayed imaging
reflectometry (AIR) platform for studying IgG and IgM in different types
of Influenza viruses. The array was exposed fetal bovine serum (FBS) and
pooled normal human serum (PNHS) and after preparation the diluted
samples were added in the arrays and used for IgG and IgM antibodies
detection and AIR images were analyzed and the results were compared
with Enzyme-linked immunosorbent assay (ELISA) assay results. The
obtained results show the array was initially acceptable for using com-
mercial mono- and poly-clonal antibodies (Sino Biological) doped in
PNHS produced strong signals to circulating different types of Influenza
viruses and Responses to SARS-CoV-2 antigens effectively differentiated
between serum samples from positive and negative COVID-19 cases,
with generally good correlation to ELISA data [33]. Furthermore, Wu
et al. [34], have demonstrated a new method for isolation fully human
single-domain antibodies and their application for screening of anti-
bodies against SARS-CoV-2. They explained development of a
phage-displayed single-domain antibody library by grafting naive
complementarity-determining regions (CDRs) into framework regions of
a human germline immunoglobulin heavy chain variable region (IGHV)
allele. Panning this library against SARS-CoV-2 RBD and S1 subunit
identified fully human single-domain antibodies targeting five distinct
epitopes on SARS-CoV-2 RBD with subnanomolar to low nanomolar
affinities. Some of these antibodies neutralize SARS-CoV-2 by targeting a
cryptic epitope located in the spike trimeric interface [34].
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3.4. Enzyme based assays

Enzymes, as a biological molecule have the potential to be used for
COVID-19 detection in different roles like analyte or detection label.
Several different types of methods can be used to fabricate of biosensor
assays using enzymes. A novel enzyme-based immunodetection assay is
introduced by Conzelmann et al. [35], directly quantifies the amount of
de novo synthesized viral spike protein within fixed and permeabilized
cells. This method is an in-cell ELISA method that provides a rapid and
quantitative detection of SARS-CoV-2 infection in microtiter format,
regardless of the virus isolate or target cell culture. It follows the
established method of performing ELISA assays and requires low-cost
instrumentation. Using the in-cell ELISA has some advantages,
including the determination of TCIDso of virus stocks, antiviral effi-
ciencies (IC50 values) of drugs or neutralizing activity of sera and is a
promising alternative to study SARS-CoV-2 infection and inhibition and
may facilitate future research. In this method, SARS-CoV-2 infected cells
were prepared and after washing cells once with buffer, cells are stained
with 1:5000 diluted mouse anti-SARS-CoV-2 S protein antibody in spe-
cific buffer for 1 h. After sample preparation, the ELISA detection was
done and the results shows that S protein specific in-cell ELISA quan-
tifies SARS-CoV-2 infection rates of different cell lines and allows to
rapidly screen and determine the potency of antiviral compounds. Thus,
this method represents a trustable, rapid, accessible and convenient
alternative to the current laboratory techniques studying SARS-CoV-2
and will facilitate the future research and drug development on
COVID-19 [35]. In another study, Xiang et al. [36], have compared two
methods for SARS-CoV-2 detection. In the first method, they collected
63 samples and used ELISA for IgG and IgM antibodies detection. In the
second method, they have collected 91 plasma samples and used the
colloidal gold-immunochromatographic assay (GICA) for detection.
They used the IgG/IMG antibody ELISA kits and IgG/IgM antibody GICA
kits for first and second method respectively. All the serum samples used
for this study were obtained from confirmed COVID-19 patients (diag-
nosed by qRT-PCR). The results showed the sensitivity of the combined
ELISA IgM and IgG detection was 55/63 (87.3%), The sensitivity of the
combined GICA IgM and IgG detection was 75/91 (82.4%), and the
healthy controls were negative. The authors have mentioned that the
healthy controls are all negative and the specificity is very good. The
results showed that ELISA and GICA for specific IgM and IgG antibodies
are serological assays and they can offer a high-throughput alternative
that enables for uniform tests for all suspected patients, and can facili-
tate more complete identification of infected cases and avoidance of
unnecessary cross infection among unselected patients. The applied
method is fast and simple and does not need huge clinical diagnosis
instruments [36].

3.5. Biomarker based assays

A biological marker (Biomarker) is a characteristic that is objectively
measured and evaluated as an indicator of normal biological process,
pathogenic process or pharmacologic responses to a therapeutic inter-
vention [37]. The published reports show that biomarkers can be used in
biosensor assays for COVID-19 detection. A device that is fabricated
with Shan et al. [38] is focused on nonmaterial-based sensor array with
multiplexed capabilities for detection and monitoring of VOC bio-
markers mixture from exhaled breath. As VOC is not a specific COVID-19
biomarker and it can be detect in all types of lung infection, the designed
array sensor is not specifically designed for COVID-19 and can detect all
type of lung infections including COVID-19. They used a developed
breath device composed of a nanomaterial-based hybrid sensor array
with multiplexed detection capabilities that can detect disease specific
biomarkers from exhaled breath. The array is consisted of eight gold
nanoparticles working modified on substrate and the sampling is doing
with blowing into the device for 2-3 s. The tests set and training data
indicate 76% and 94% accuracy in control group respectively and 95%
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and 90% accuracy COVID-19 suffering patients and patients with other
lung infections [38].

4. SARS-CoV-2 detection based on applied analytical methods

Another classification for coronavirus detection is based on the tools
and methods that are used for detection part. There are a wide range of
detection methods that are used in published reports in different fields
including spectroscopic and electrochemical methods. The main
methods that are used for SARS-CoV-2 virus detection are reviewed as
follows.

4.1. Polymerase chain reaction (PCR)

DNA sequencing methods are slow and relatively expensive methods.
Therefore, these make significant limitation for extensive application for
identifying SARS-CoV-2 specially during a worldwide pandemic that
requires rapid and low cost disease diagnosis. On the other hand, the
polymerase chain reaction (PCR) detection method is cheaper, easier
and has a short turnaround time. Therefore, many institutes and com-
panies have developed SARS-CoV-2 PCR detection for virus detection
and controlling further spreading PCR [39-42].

The PCR technology has made a revolution in nucleic acids analysis,
allowing it on large laboratories scale. Kary B Mullis who designed and
developed PCR technology was awarded by the Nobel Prize in Chemistry
in 1993 [43]. PCR is an enzymatic method to produce numerous copies
of a gene by separating the two strands of the DNA containing the gene
segment, marking its location with a primer, and using a DNA poly-
merase to assemble a copy alongside each segment and continuously
copy the copies [44]. During past years, this technology has been
extensively expanded with new variants such as isothermal PCR, real
time PCR and so forth [45]. Recently, PCR is applicable to highly sen-
sitive detection of various pathogens in clinical and environmental
samples such as food authenticity and food control, being routinely
applied to the detection/identification of allergens, microorganisms,
pathogen and disease detection and control [46-48]. One of the most
useful applications of PCR is virus detection and this method is the most
applied method for the SARS-CoV-2 virus detection. One of the methods
that is commercially available for COVID-19 diagnosis is real-time
reverse transcriptase-PCR (RT-PCR) that is including two methods:
one step or two step assays. The difference between one step and two
step assay is in number of tubes and buffers. One-step RT-PCR kit utilizes
a single tube and buffer for RT and PCR steps, but two-step RT-PCR assay
use two tube to perform RT and PCR separately in different tubes with
independently optimized buffers. One-step RT-PCR assays is rapid,
reproducible, and therefor works better for COVID-19 diagnosis during
the present pandemic because they require limited sample management
and reduce the risk of cross-contamination and human errors [49].
Two-step RT-PCR assays, on the other hand, are generally more flexible
and tunable and offer superior sensitivity and low detection limit [50].
There are some studies with both methods for SARS-CoV-2 detection. At
present, the novel coronavirus is mostly detected using the PCR tech-
nology [51-55]. Chu et al. [56] reported two one-step quantitative real
time RT-PCR assays to detect two different region (ORF1b and N) of the
viral genome. They have designed the primer and probe sets to react
with SARS-CoV-2 and its closed related family, SARS coronavirus to
avoid the possible scenario in which the genetic diversity of SARS-CoV-2
is much more diverse than expected. The assays were evaluated using a
panel of positive and negative control samples. The obtained results in
this study, showed using RNA extracted from cells infected by SARS
coronavirus as a positive control, the designed assays were illustrated a
dynamic range of at least seven orders of magnitude (2 x 10~ to 2000
TCIDsp/reaction) and the detection limit of these assays were shown to
be below 10 copies per reaction using DNA plasmids as positive stan-
dards. The accuracy of method is 100% and all the negative and positive
obtained results are correct [56]. In another study, Azzi et al. [57] have
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found that saliva is a reliable tool to detect SARS-CoV-2. They have
analyzed salivary samples of COVID-19 patients by RT-PCR and
compared the results with their clinical and laboratory data. Twenty-five
subjects were recruited in this study, 17 males and 8 females. Cardio-
vascular and/or dysmetabolic disorders were observed in 65.22% of
cases. They collected the data including age, sex, comorbidities and
drugs, lactate dehydrogenase (LDH) and ultrasensitive reactive C pro-
tein values in the same day that a salivary swab was collected. All the
samples tested positive for the presence of SARS-CoV-2, while there was
an inverse association between LDH and Ct values. Two patients showed
positive salivary results on the same days when their pharyngeal or
respiratory swabs showed conversion [57].

4.1.1. Droplet Digital PCR (ddPCR)

Whereas the sensitivity of RT-qPCR assays are reported to vary from
30% to 60%, some newly developed PCR methods with better perfor-
mance are reported in the literature. One of them is Droplet Digital PCR
(ddPCR) method which is a method for performing digital PCR based on
water-in-oil (W/O) emulsion droplet technology. Digital PCR was
conceptualized in 1990s and is based on dilation and fractionation of a
sample in to hundreds to millions of separate reaction chambers that
each chamber may contain a single or more copies of target sequence
while others contain no target sequence and counting the positive par-
titions versus negative partitions. Positive droplets are read as droplets
that contain at least a single copy or more copies of the target gene
exhibiting increased fluorescence, while negative droplets have no
copies of the target gene and exhibit no fluorescence. The ddPCR tech-
nology uses reagents and workflows similar to those used for most
standard TagMan probe-based assays. The sample is subsequently
divided into thousands of single nanoliter-sized droplets (20,000 or
more based on system) in a combination of water-in-oil emulsion droplet
technology and microfluidics. Each Single droplet may or may not
contain one or more targets sequence. Each droplet is amplified using a
thermal cycler to end-point and then the droplets are placed in a droplet
reader that analyzes the droplets individually based on a two-color
detection system depending on the used fluorescent dye. In the next
step, the fluorescent signals are measured for individual droplets in
various channels to differentiate positive droplets from negative drop-
lets. The massive sample partitioning is a key aspect of the ddPCR
technique [58,59]. Both dPCR and ddPCR techniques are used for
SARS-CoV-2 detection recently. For instance, Dong et al. [60], have
analyzed a total of 196 clinical pharyngeal swab samples from 103
suspected patients, 77 close contacts and 16 supposed convalescents by
RT-dPCR and compared their results with RT-qPCR. They are applied
one step RT-dPCR method for detection open reading frame 1 ab
(ORF1ab), nucleocapsid protein (N) and envelope protein (E) gene of
SARS-CoV-2. They found that 39.4 °C fever suspected patients, 19
(19/25) negative and 42 (42/49) equivocal tested by RT-qPCR were
positive according to RT-dPCR. The sensitivity of SARS-CoV-2 detection
was significantly improved from 28.2% by RT-qPCR to 87.4% by
RT-dPCR. They also compared 29 close contacts samples and the results
showed 16 (16/17) equivocal and 1 negative tested by RT-qPCR were
positive according to RT-dPCR, that applied the RT-qPCR is missing a lot
of asymptomatic patients. The overall sensitivity, specificity and diag-
nostic accuracy of RT-dPCR were 91%, 100% and 93%, respectively. The
final results showed that the dPCR is more sensitive and has better
detection limit than RT-PCR [60]. Furthermore, Yu et al. [61], have
reported that show the reverse transcription-PCR is sensitive and reli-
able, but ddPCR performed better in detecting low-viral-load samples.
They used 323 samples from 76 COVID-19 confirmed patients were
analyzed with ddPCR and RT-PCR based 2 target genes (ORF1ab and N).
The samples were collected from Nasal swabs, throat swabs, sputum,
blood, and urine samples. The obtained results showed the 95 samples
that tested positive by both methods and the detailed results showed
that sputum is a better indicator of viral replication in the body than
throat and nasal swabs, and the viral load of sputum samples tends to
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increase and then decrease during the course of the disease. In addition,
quantitative monitoring of viral load in lower respiratory tract samples
could help to evaluated disease progression, especially in case of low
viral loads [61].

4.1.2. Circle-to-circle amplification (C2CA) sensor

Circle-to-circle amplification (C2CA) is a specific and precise nucleic
acid amplification method that is consisted of more than one round of
padlock probe ligation and rolling circle amplification (RCA). Although
this method contains several step by step operation processes, C2CA
shows high amplification efficiency and very negligible increase of false-
positive risk. The homogeneous C2CA amplification eliminates the
additional monomerization and ligation steps after the first round that is
required in normal C2CA of RCA and makes one step process. Tian et al.
[62] illustrated a homogeneous and isothermal nucleic acid quantifi-
cation strategy based on C2CA and optomagnetic analysis of magnetic
nanoparticle (MNP) assembly. Fig. 5 shows the proposed methodology
after the first round. As can be seen in this figure, the second round of
RCA produces amplicon coils that anneal to detection probes grafted
onto MNPs, resulting in MNP assembly that can be detected in real-time
using an optomagnetic sensor. The new applied method for detection of
synthetic complementary DNA of SARS-CoV-2 and RNA-dependent RNA
polymerase (RdRpa) coding sequence, achieving a subfemto molar (0.4
fM) detection limit with a dynamic detection range of 3 orders of
magnitude and 100% sensitivity. A mathematical model was set up and
validated to predict the assay performance. Moreover, the proposed
method was specific to distinguish SARS-CoV and SARS-CoV-2 se-
quences with high similarity [62].

4.2. Enzyme-linked immunosorbent assay (ELISA)

It is well-known that immunological assays can be used for biological
detections owing to the capability reducing the time and cost of analysis.
The enzyme-linked immunesorbent assay (ELISA), stands out among
immunological assays because of its specificity, simplicity and sensi-
tivity, and other advantages. Basically, ELISA is an immunological
technique that involves an enzyme that is a protein for catalyzing a
biochemical reaction, to detect the presence of an antibody or an antigen
in a sample [63]. There are two major methods for ELISA detection that
are called, indirect and the sandwich ELISA. The indirect ELISA uses two
antibodies that one of them is specific to the antigen and the other one is
coupled to an enzyme and this second antibody gives the assay its
“enzyme-linked”” name [64]. In the sandwich ELISA the antigen is
bound between two antibodies named the capture antibody and the
detection antibody respectively. The detection antibody can be coupled
to an enzyme or can bind the conjugate (enzyme-linked antibody) that
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will produce the biochemical reaction [65]. Among other applications,
ELISA method has found application for detecting of COVID-19 during
the current pandemic. For example, Zhao et al. [29], have collected the
IgM and IgG antibodies form the plasma samples of 173 patients with
positive SARS-CoV-2 infection and tested them using ELISA kits. In
summary, the ELISA for total antibody detection was developed based
on a double-antigen sandwich immunoassay (Ab-ELISA), using
mammalian cell-expressed recombinant antigens containing the recep-
tor binding domain (RBD) of the spike protein of SARS-CoV-2 as the
immobilized and horseradish peroxidase-conjugated antigen. The IgM
p-chain capture method (IgM-ELISA) was used to detect the IgM anti-
bodies, using the same HRP-conjugate RBD antigen as the Ab-ELISA. The
IgG antibodies were tested using an indirect ELISA kit (IgG-ELISA) based
on a recombinant nucleoprotein. The specificity of the assays for Ab,
IgM, and IgG was determined to be 99.1% (211/213), 98.6% (210/213),
and 99.0% (195/197), respectively, by testing the samples collected
from healthy individuals before the SARS-CoV-2 outbreak. The sero-
conversion rates for Ab, IgM, and IgG were 93.1%, 82.7%, and 64.7%,
respectively for 173 positive SARS-CoV-2 infection patients. The ob-
tained results showed that even in the early stage of disease (first week),
the combining RNA and antibody detection significantly improved the
sensitivity of pathogenic diagnosis for COVID-19 (P = 0.007). They
believe the antibody tests have improved the diagnosis value in com-
bined with RNS routine tests and provide strong empirical support for
serological testing of COVID-19 patients [29]. Furthermore, Guo et al.
[66] have applied antibody, as analyte for detecting of COVID-19. To
achieve this goal, an indirect ELISA protocol was developed for detect-
ing IgM, IgA and IgG antibodies against SARS-CoV-2 using purified rNPs
as coating antigens, and finally the concentration of the coated rNPs and
plasma dilutions are optimized. 208 plasma samples were collected from
82 confirmed and 58 probable cases (qQPCR negative, but with typical
manifestation) and the average duration detection for IgM, IgA and IgG
was 5, 5 and 14 days after symptom onset, respectively. The positive
rates of IgM antibodies were 75.6% and 93.1%, respectively and the
positive detection rate was significantly increased (98.6%) by conju-
gating the PCR and ELISA method. The final results showed the devel-
oped method can be used as a decision aid method for COVID-19
diagnosis [66]. In another approach, Li et al. [67] have used the sand-
wich ELISA kit to help the vaccine developers with monitoring the virus
expression level in the cultures during the optimization process of
manufacturing parameters. They have generated specific antibodies that
are essential for accurate serological diagnostic tool of COVID-19. Li and
coworkers have also reported that the polyclonal and monoclonal anti-
bodies were generated by immunizing animals with synthetic peptides
corresponding to the different areas of Nucleoprotein (N) of COVID-19
[671.
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Fig. 5. Schematic performance of homogeneous C2CA. In the first round of RCA, polymerases act tandemly to generate intermediate amplicons. Intermediate
amplicons anneal to CT2 for the second round of RCA, generating amplicon coils that lead to the assembly of MNPs. Sequence to a ligation step, all processes of
amplification, hybridization, and detection take place simultaneously on-chip at 37 °C [62].
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4.3. Mass spectrometry (MS)

Approaches conjugating immunoassay methodology with mass
spectrometric (MS) detection have been developed to cover some of the
important limitations of these techniques. However, the high molecular
weight and substantial heterogeneity create some additional challenges
for the MS analysis of biological molecules. Therefore, some conjugation
reagents were designed to improve the ionization and detection of bio-
logical molecules [68]. It seems MS method is a suitable alternative for
PCR detection method during the pandemic. This method has been re-
ported as a diagnostic method for SARS-CoV-2 detection that comple-
ment genomic information and increase our current knowledge of the
COVID-19 disease using gargle solution samples of COVID-19 patients.
Thling el al., identified peptides originating from SARS-CoV-2 nucleo-
protein in gargle solution samples. They planned to use this method for
providing a robust, sensitive and reliable MS-based method for
COVID-19 detection [69]. In another study, Gouveia and coworkers
proposed the use of tandem mass spectrometry to detect SARS-CoV-2
marker peptides in nasopharyngeal swabs [70]. They showed that the
signal from the viruses in some samples is low and can be overlooked
when interpreting shotgun proteomic data acquired on a restricted
window of the peptidome landscape. For solving this problem, Gouveia
et al. [70], simulated the detection process via spiking the nasopha-
ryngeal swabs with different quantities of purified SARS-CoV-2 viral
material that were used to develop a nano LC—MS/MS acquisition
method and then the results were then successfully applied on COVID-19
clinical samples. The authors argued that peptides named ADET-
QALPQR and GFYAQGSR from the nucleocapsid protein show the
maximum increase of signal intensity and their elution can be obtained
within a 3 min time period in the tested conditions. Additionally, Doll-
man et al. [71] have applied a high resolution MS approach to detect and
characterize SARS-CoV-2 in cell cultured and nasopharyngeal swab
specimens. The applied strategy is shown in Fig. 6 which is based on
their previous works for influenza virus detection. The researchers have
collected SARS-CoV-2 virus specimens by swabs and after washing and
growing in cell culture and other preparation methods the virus could be
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detected via MS. They have detected and assigned Peptide ions for three
of the most abundant structural viral proteins, membrane, including
nucleocapid, and spike by virtue of the high resolution and mass accu-
racy within the mass maps of whole virus digests, without the need for
tandem mass spectrometry (MS/MS). The MALDI-MS based approaches
offer high sample throughput and speed, compared with those of LC—MS
strategies, and detection limits at some 105 copies, or orders of
magnitude less with selected ion monitoring that compete favorably
with conventional RT-PCR strategies. The detection of signature pep-
tides unique to SARS-CoV-2 enables its unambiguous detection from the
influenza virus [71].

4.4. Chemiluminescence based immunoassay (CLIA)

Chemiluminescence based immunoassay (CLIA) has been greatly
developed in the past decades due to its good sensitivity and specificity
and conjugated with newly-developed technologies. CLIA has been used
for detecting several biomolecules, including antibody, aptamer, DNA
and some other biomolecules [72]. In this method, the light emission
arises during the course of a chemical reaction. When molecules formed
in an electronically excited state and then decay to the ground state,
light emitted. Recently, this method is using for successful detection of
COVID-19 [73]. For instance, Cai et al. [74] have developed a
peptide-based magnetic chemiluminescence enzyme immunoassay
(MCLIA) could detect IgG and IgM antibodies by evaluating the given
serum from healthy and infected patients for pathogens other than
SARS-CoV-2. They synthesized twenty peptides deduced from the
genomic sequence as candidate antigens from the orfla/b, S, and N
proteins. Each kind of peptide was labeled with biotin, and purified and
subsequently bound to streptavidin-coated magnetic beads. At the same
time, serum samples were mixed with the beads carrying corresponding
peptides and then, the beads were subjected to antibody conjugation and
reacted with the substrate to form the antibody assay. To evaluate assay
performance, they detected IgG and IgM antibodies in the confirmed
patient’s serum. The positive rate of IgG and IgM was 71.4% and 57.2%,
respectively. The researcher concluded that combination of
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Fig. 6. Schematic of the approach used to detect SARS-CoV-2 virus using high resolution mass spectrometry [71].
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immunoassay and RT-PCR might enhance the diagnostic accuracy of
COVID-19 [74]. Furthermore, Diao et al. [75] developed an accurate,
rapid and simple antibody assay method using the viral antigen for
diagnosis of SARS-CoV-2 infection. They designed a fluorescence
immunochromatographic assay for detecting nucleocapsid protein of
SARS-CoV-2 in nasopharyngeal swab sample and urine. The experiments
were completed in the double-blind evaluation clinical trial with the
nucleic acid test as the golden standard during 10 min. They have found
the nucleic acid test positive rate was 87% and 64%, depending on the
CT value, the positive rate of N antigen detection of SARS-CoV-2 was
59% and 63% separately and 100% of nucleocapsid protein positive and
negative participants accord with nucleic acid test. Moreover, the
detection sensitivity of N antigen is 100%, which greatly reduced the
false positive rate of nucleic acid detection. As an advantage of this
method, the earliest patient after 3 days of fever can be identified by this
method. The obtained results showed that this N antigen detection
method not only guarantee early diagnosis in hospitals, but also can be
used for large-scale screening in community [75]. Additionally, Zhang
et al. [76], have used an automated CLIA to evaluate serum IgM and IgG
antibodies of SARS-CoV-2 for monitoring the dynamic process of anti-
body production during disease progression and the value of antibody
detection for the laboratory diagnosis of COVID-19. Using the CLIA
Detection Kit, IgM and IgG antibodies were detected within 30 min after
that the sample is loaded. The magnetic particle-coated antigens were
used, including the mixed recombinant SARS-CoV-2 full length spike
protein S1 and the full length nucleocapsid protein N, for better sensi-
tivity achievement. The results showed a positive correlation between
the amount of detected SARS-CoV-2 IgM or IgG antibody in a sample,
and the concentration of the SARS-CoV-2 IgM or IgG antibody (AU/mL)
was automatically calculated according to RLU and built-in calibration
curve. A concentration of 10.0 AU/mL was regarded as positive. Their
results showed the detection of specific SARS-CoV-2 antibodies, as a
useful complement to nucleic acid detection, will present a rapid,
comprehensive and accurate diagnostic approach to effectively distin-
guish between COVID-19 and other types of influenza virus disease [76].
Furthermore, a new multiplexed grating-coupled fluorescent plasmonics
(GC-FP) platform was designed and fabricated by Cady et al. [77] for
antibodies detection and quantification against COVID-19 in human
blood serum and dried blood spot samples as shown in Fig. 7. As seen in
this figure, GC-FP chips were printed of spots of target and control
antigens/proteins using microarray printer. The GC-FP platform mea-
sures antibody-antigen binding interactions for multiple targets in a
single sample, and has 100% selectivity and sensitivity (n = 23) when
measuring serum IgG levels against three COVID-19 antigens (spike S1,
spike S1S2, and the nucleocapsid protein). The designed biosensor
platform illustrates response for diluted serum samples as low as 1:1600
and results were highly correlated with two commercial COVID-19
antibody detection methods, including ELISA and a Luminex-based
microsphere immunoassay. The GC-FP method was also used for more
complex samples like dried blood spot samples (n = 63) and showed
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100% selectivity and 87.6% sensitivity for diagnosing prior COVID-19
infection. The test was also evaluated for detection of multiple immu-
noglobulin isotypes with successful detection of IgM, IgG and IgA
antibody-antigen interactions. Finally, a machine learning approach was
developed to accurately score patient samples for prior COVID-19
infection, using antibody binding data for all three COVID-19 anti-
gens, which were used in the test [77].

4.5. Lateral flow immunoassay (LFIA)

The lateral flow immunoassay (LFIA) is an immune-chromatographic
assay (ICA) that is designed to detect the presence of an analyte by a
specific labeled-antigen or labeled-antibody that is commercially
available for a wide array of targets, including infectious agents, hor-
mones, drugs, pesticides and mycotoxins [78]. The best known and first
commercial developed LFIA was the pregnancy test for the detection of
human chorionic gonadotropin (HCG) hormone in the urine sample.
This method is rapid, simple, low cost, portable, highly sensitive and
specific [79]. Point-of-care devices based on LFIA principle have been
recently aimed at detecting the serologic response to the infection by
specifically and separately targeting immunoglobulins belonging to the
M and G classes in the blood serums [80]. The recent reports have shown
that the multi-target LFIA can provide the specific and sensitive detec-
tion of total antibodies to SARS-COV-2 [81]. For instance, shown in
Fig. 8, a dual optical/chemiluminescence format of a LFIA immuno-
sensor for IgA detection in serum and saliva was prepared by Roda et al.
[82]. As seen in this figure, a labeled anti-human IgA determined the
bound IgA fraction and a dual colorimetric and chemiluminescence
could detect the IgA antibody. The researchers claimed that the applied
method is affordable and ultrasensitive for IgA detection in COVID-19
patients. A simple smartphone-camera-based device was used to mea-
sure the color signal provided by nanogold-labeled anti-human IgA. For
chemiluminescence transduction, a contact imaging portable device
based on cooled CCD was applied and measured the light signal resulting
from the reaction of the HRP-labeled anti-human IgA with a
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Fig. 8. Schematic illustration of LFIA strip IgA antibody detection
biosensor [82].
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Fig. 7. A) GC-FP biosensor chip shown with gasket and fluidic cover attached. B) Schematic illustration of GC-FP biosensor chip including Anti-IgG as sample capture
(first line), IgG as positive control (second line) and controlling protein as negative control (for third line) [77].
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H202/luminol/enhancers substrate. Totally, 25 serum and 9 saliva
samples from infected and/or recovered individuals were analyzed by
the colorimetric LFIA. By switching to CL detection, the same immu-
nosensor exhibited higher detection capability, revealing the presence of
salivary IgA in infected individuals [82].

A research work focused on LFIA-based biosensor for COVID-19
detection was conducted by Kim et al. [83]. They utilized phage tech-
nology to produce four SARS-CoV-2 nucleocapsid protein (NP)-specific
single-chain variable fragment-crystallizable fragment (scFv-Fc) fusion
antibodies. It is evident that scFv-Fc antibodies can specifically and
efficiently bind to SARS-CoV-2 NP antigen, but not to NPs of other
coronaviruses and based on this fact, they monitored three diagnostic
antibody pairs for use on a cellulose nanobead based LFIA platform. The
results after optimization showed that the prepared biosensor can detect
SARS-CoV-2 virus at levels as low as 1 x 10* pfu/reaction. Moreover,
there was no cross-reactivity with NPs of SARS-Co-V, MERS-CoV,
influenza virus, or negative control nasal swab specimens. In addition,
the results indicated that the LFIA biosensor could successfully distin-
guish between SARS-CoV-2 positive and negative samples. The detection
limit of LFIA biosensor would meet the conditions for the clinical use
through optimization [83]. The effect of applying nanoparticles on
sensitivity and selectivity of LFIA detection is investigated by Huang
et al. [26]. They have introduced a simple and time consuming method
for antibody measurement using a small amount of sample (10-20 pL
serum for each test). The SARS-CoV-2 nucleoprotein was coated on an
analytical membrane for preparing colloidal gold nanoparticle-based
lateral-flow assay (AuNP-LFA) strips, as sample capture, and anti-
human IgM was conjugated with AuNPs as detecting reporter. To ach-
ieve the best performance of AuNP-LFA, the pH value and the amount of
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antihuman IgM was optimized, and the performance of AuNP-LFA was
evaluated by testing serum samples of COVID-19 patients and healthy
individuals. The results showed the sensitivity and specificity of
AuNP-LFA are 100% and 93.3%, respectively and have good agreement
with PCR (R = 0.872). In addition there was no interference from other
viruses thrombocytopenia syndrome virus (SFTSV) and dengue virus
(DFV). The results indicated that the applied method is rapid and can be
used for portable detection of the IgM antibody for diagnosing the
SARS-CoV-2 virus [26].

4.5.1. Surface-enhanced Raman scattering-based lateral flow immunoassay
(SERS-LFIA)

Surface-enhanced Raman Scattering (SERS)-based immunoassay is a
novel rapid detection technology that combines SERS labelling and
antigen-antibody immune interaction and typically uses gold or silver
nanoparticles to enhance the Raman scattering signals of active mole-
cules [84]. They have been combined with an immunoassay and have
found extensive applications in biomedical diagnostics. The SERS is a
sensitive method but required multiple washing and incubation steps
and cannot be used for on-site detection. In contrast, lateral flow assay
configurations are simple, rapid, and low cost. Thus, they are suitable for
rapid on-site detection of targeted molecules [85]. Inasmuch as the
SERS-based lateral flow immunoassays (SERS-LFIA) provide the com-
bination of high sensitivity of SERS with the facile of lateral flow assay, a
wide range of SERS-LFIA was described recently [86]. This method is
used for diagnosis of COVID-19 via IgG/IgM antibodies detection. Liu
et al. [28] have designed and illustrated a SERS-LFIA for simultaneous
high sensitive detection of IgM/IgG antibodies. As can be seen in Fig. 9,
the SERS tags were labeled with dual layers of Raman dye and they were
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Fig. 9. Schematic diagram of the preparation of the dual-layers DTNB-modified SiO2@Ag NPs. (B) Preparation of SARS-CoV-2 S protein-modified SiO2@Ag SERS
tags. (C) Operating principle of the high-sensitivity and simultaneous analysis of anti-SARS-CoV-2 IgM/IgG via the SERS-LFIA strip [28].
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fabricated by coating a complete Ag shell onto the SiO; core. Sequence
to Ag coating, anti-human IgM and IgG were immobilized onto the two
test lines of the strip to capture the formed SiO,@Ag-spike (S)
protein-anti-SARS-CoV-2 IgM/IgG immunocomplexes. They used the
mentioned method for 19 negative serum samples from COVID-19 pa-
tients and 49 negative serum samples from healthy people to show the
capability of proposed immunoassay. Their final results showed the limit
of detection (LOD) of SERS-LFIA is 800 times higher than that of stan-
dard Au nanoparticle-based LFIA for target IgM and IgG [28].

4.6. Loop mediated isothermal amplification (LAMP)

Loop-mediated isothermal amplification (LAMP) was designed and
fabricated for DNA detection by Notomi in 2000 [87]. LAMP is simple,
still fast, selective and efficient virus detection method that amplifies
DNA using DNA polymerase being carried out in isothermal conditions
without complex lab equipment requirement [88]. The LAMP reaction
generally proceeds in a constant temperature, and the target DNA can be
amplified in 30 min [89]. In this method, four sets of primers including
two forward inner primers and two backward inner primers are used to
recognize six distinct sequences on the target DNA of virus and designed
specifically for virus detection [87]. The two forward inner primers and
two backward inner primers are selected for the first and second stages
of the process respectively. In novel approaches, five or six primer sets
are used for achieving more selective and efficient virus detection and
shorter detection time [90,91]. Recently, this method is used for
COVID-19 detection in several studies [92]. For example, Zhang et al.
[93] have reported a method to identify SARS-CoV-2 virus RNA from
purified RNA or cell lysis by LAMP method, using a visual, colorimetric
detection. Sequent optimizing the assay design, the experiments used for
real samples of COVID-19 positive patients in Wuhan. Additionally, the
experiments were verified using RNA samples purified from respiratory
swabs collected from COVID-19 patients with equivalent performance to
a commercial RT-qPCR test that only heating and visual inspection.
Researchers believe that combination between a quick sample prepa-
ration method and an easy detection process may realize the develop-
ment of portable, field detection in addition to a rapid screening for
point-of-need testing applications [93]. In another study, Huang et al.
[89] have prepared a COVID-19 detection kit based on the RT-LAMP
technology to achieve the detection of SARS-CoV-2 in 30 min. They
prepared 4 different sets of LAMP primers consisted of 6 primers in each
set, for targeting the viral RNA of SARS-CoV-2 in the regions of orflab, S
gene and N gene. Huang and coworkers have used a colorimetric change
at a constant 65 °C to report the results that enables the outcome of viral
RNA amplification to be read by the naked eyes without the need for a
dedicated instrument with an extra cost. The sensitivity was 80 copies of
viral RNA per ml in a sample. All the results were obtained form 16
clinical samples with 8 positives and 8 negatives in China and results
were compared with the conventional RT-qPCR. The researcher pointed
out the developed method could provide a rapid and large scale
screening medical test and patients could be diagnosed in the early
stages [89]. Additionally, Yu et al. [94], introduced a rapid detection
method for COVID-19 coronavirus using a reverse transcriptional-LAMP
diagnostic platform. They have developed an isothermal RT-LAMP
method for COVID-19 to amplify a fragment of the ORFlab gene using
6 primers. They have certified the species specificity by comparing the
target sequences with other viral genomes including 9 corona and 2
influenza viruses using NCBI BLAST tool. They established and opti-
mized the method and after obtaining the results, compared the sensi-
tivity of results with RT-qPCR results. The 43 samples of their method
initially detected with RT-qPCR and the results revealed that 97.6%
(42/43) of collected samples showed consistent signal after incubation
with RNA (0.2-47 ng/pL) during 40 min. They repeated the experiments
multiple times with random positive signal, to confirm the results [94].
Yan et al. [95], have developed a RT-LAMP assay to detect SARS-CoV-2
in individuals with COVID-19 for monitoring suspected patients, close
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contacts and high-risk groups. They designed five sets of primers that
target the orflab gene and the spike gene for optimization of the assay.
The evaluation for sensitivity and specificity of detection was applied
using real time turbidity monitoring and visual observation. They used a
commercial real time RT-PCR kit as the reference standard for the
RT-LAMP. The primer sets orflab-4 and S-123 amplified the genes in the
shortest times. The mean (£SD) times were 18 4 1.32 min and 20 +
1.80 min, respectively, and the optimum reaction temperature was
63 °C. The sensitivities were 20 and 200 copies per reaction with primer
sets orflab-4 and S-123, respectively. This assay showed no
cross-reactivity with 60 other respiratory pathogens [95]. In another
approach, a method based on LAMP with two stage isothermal ampli-
fication, that called Penn-RAMP, is introduced by El-Tholoth et al. [96].
Two different tests were carried out in closed tubes with either fluo-
rescence or colorimetric detection. The incubation was done without
any thermal cycling and amplification process was monitored in real
time with fluorescent dye. Two type of targets were used in this study.
The first one obtained and purified form complete genome sequences of
various COVID-19 and the other one was synthesized DNA containing
the targeted sequence to mimic the COVID-19 target. Their results
showed that RAMP has 10 times higher sensitivity than LAMP and
RT-PCR if the purified targets are tested and 100 times better sensitivity
than LAMP and RT-PCR if rapidly prepared sample mimics are tested.
However, the researcher mentioned due to fortunate scarcity of
COVID-19 infections in the USA, they were not able to test the assays and
methods with patient real samples. Thus, they tested the spiked sample
collection with inactivated virus particles [96]. Furthermore, Baek et al.
[97] were developed a reverse transcription LAMP (RT-LAMP) assay for
the specific detection of SARS-CoV-2. The primer sets for RT-LAMP assay
were designed to target the nucleocapsid gene of the viral RNA, and
showed a detection limit of 100 RNA copies close to that of qRT-PCR.
The assay showed the capability of a rapid detection span of 30 min
combined with the colorimetric visualization. The baek and coworkers
indicated that there was no interference for the other type of corona-
viruses, such as HCoV-229E, HCoV-NL63, HCoV-OC43, and MERS-CoV
as well as human infectious influenza viruses (type B, HIN1pdm,
H3N2, H5N1, H5N6, H5N8, and H7N9), and other respiratory
disease-causing viruses (RSVA, RSVB, ADV, PIV, MPV, and HRV) in
offered method and the obtained results have high agreement to the
qRT-PCR results [97].

4.7. Localized plasmon resonance (LSPR)

Plasmonic biosensors have shown excellent performance for bio-
detection because they use an enhanced electric field in the penetra-
tion depth and they are extremely sensitive to the changes in the
refractive index of the medium [98]. Plasmonic biosensors are typically
worked by amplifying the analyte signal, including Plasmonic enhanced
fluorescence (PEF) [99], surface enhanced Raman Scattering (SERS)
[84], surface-enhanced infrared absorption (SEIRA) [100], and
plasmonic-based colorimetric analysis [101]. In addition, the operation
of plasmonic biosensors can be based on detecting changes in the rele-
vant frequency of the surface plasmon resonance in the presence of
target analyte like surface plasmon resonance (SPR) and localized
plasmon resonance (LSPR) biosensors, which are commercially avail-
able these days. LSPR is an optical phenomenon generated by a light
wave trapped within conductive nanoparticles (NPs) smaller than the
wavelength of light because of interactions between the incident light
and surface electrons in a conduction band. The noble metal nano-
structure absorbs photon energy to produce obvious extinction charac-
teristics and near-field enhancement characteristics. The resonance
wavelength is sensitive to the refractive index change at the interface
between the nanostructure and surrounding media when LSPR occurs
[102]. Currently, this method is widely used in biosensors for virus
detection studies like Corona virus detection. Funari et al. [103], have
developed an opto-microfluidic sensing platform with gold nanospikes
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immobilized by electrodeposition based on the principle of LSPR, to
detect the specific antibodies for the SARS-CoV-2. Researchers tested the
antibodies via spiking of antibodies protein in 1 pL of human plasma
diluted in 1 mL of buffer solution, within approximately 30 min. The
results showed the target antibody concentration could be correlated
with the LSPR wavelength peak shift of gold nanospikes caused by the
local refractive index change owing to the antigen—antibody binding and
achieved a limit of detection of approximately 0.08 ng/mL 0.5 pM),
falling under the clinical relevant concentration range. The explained
opto-microfluidic platform offers a promising point-of-care testing tool
to complement standard serological assays and makes SARS-CoV-2
quantitative diagnostics easier, cheaper, and faster [103]. Qiu et al.
[104], prepared a dual-functional plasmonic biosensor combining the
plasmonic photothermal (PPT) effect and LSPR sensing transduction
that could provide an alternative and promising solution for the clinical
COVID-19 diagnosis. The results of this study showed, the LSPR sensing
unit attained a real-time and label-free detection of viral sequences
including RdRp-COVID, ORF1ab-COVID, and E genes from SARS-Cov-2
with this configuration. They functionalized the two-dimensional gold
nanoislands (AuNIs) with complementary DNA receptors and performed
a sensitive detection of the selected sequences from SARS-CoV-2 through
nucleic acid hybridization. Two different angles of incidence were
applied and therefore the plasmonic resonances of PPT and LSPR can be
excited at two different wavelengths that significantly enhanced the
sensing stability, sensitivity, and reliability. Based on the obtained re-
sults, using the AuNI chips dramatically improved the hybridization
kinetics and the specificity of nucleic acid detection. For obtaining the
better results, they generated the thermoplasmonic heat on the same
AuNIs chip when illuminated at their plasmonic resonance frequency.
The researchers have showed that applied heat can elevate the in situ
hybridization temperature and increase the discrimination accuracy of
two similar gene sequences. The fabricated dual-functional LSPR
biosensor exhibited a high sensitivity toward the selected SARS-CoV-2
sequences with a lower detection limit down to the concentration of
0.22 pM and enabled the precise detection of the specific target in a
multigene mixture [104].

4.8. Field-effect transistor-based assay (FET)

Among a wide range of biosensors, field effect transistor (FET) based
biosensors are one of the established approaches owing to their advan-
tages, including, rapid, low cost and simple detection. Generally, FET is
a solid-state device that the electroconductivity of the semiconductor
between the source and drain terminals is regulated by a third gate
electrode through an insulator [105]. FET based biosensors are classified
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into different groups according to the technique of gate voltage appli-
cation, design, gate material, and the channel region. FET based bio-
sensors have found an extensive application in biomolecules detection
[106]. Recently, this technique coupled with graphene advantages is
used for COVID-19 detection. Seo et al. [107], developed a new gra-
phene based biosensing device functionalized with SARS-CoV-2 spike
antibody, called COVID-19 FET sensor, for Coronavirus detection. These
researchers pointed out that their FET sensor does not require any
sample pretreatment or labeling. As can be seen in Fig. 10, in the first
step, for sensor fabrication, the graphene was transferred to a SiO/Si
substrate using conventional wet-transfer method. In the next step, the
transferred graphene was patterned into linear shapes by photolithog-
raphy and etched by reactive ion-etching method. Then the SARS-CoV-2
spike antibody was immobilized onto the fabricated device via banding
1-pyrenebutyric acid N-hydroxysuccinimide ester as interface coupling
agent. The antigen protein was used as target species for sensor design
and calibration. The sensor performance was determined using antigen
protein, cultured virus, and nasopharyngeal swab specimens from
COVID-19 patients, and the electrical performance was evaluated on
semiconductor analyzer. The final results showed that the FET device
could detect the SARS-CoV-2 spike protein at the concentrations of 1
fg/mL in phosphate-buffered saline and 100 fg/mL clinical transport
medium. In addition, the FET sensor successfully detected SARS-CoV-2
in culture medium (limit of detection [LOD]: 16 pfu/mL) and clinical
samples (LOD: 242 copies/mL) [107].

4.9. Electrochemical immunoassays

Electrochemical biosensors are analytical devices including a bio-
logical sensing element and a transducer that converts a chemical re-
action to an electronic response [108-111]. The reaction under
investigation would either generate a measurable current (amper-
ometiric) [112], potential or charge accumulation (poteomtiometric)
[84] or conductive properties of a medium (conductometric [113] or
Impedance [114,115]) between the electrodes. The electrochemical
biosensors have a wide range of application for detecting several types of
biological elements including DNA [84,116], RNA [117,118], antibody
[119], biomarker [120], proteins [121,122], viruses [17,123] and bac-
teria [124]. The DNA/RNA biosensors are well known as simple, sen-
sitive and powerful tools for detection of biomolecules in the early
clinical diagnosis and monitoring of disease. Several types of biosensors
have been introduced for detecting viruses, such as old types of Coro-
navirus [125,126]. The electrochemical biosensors also used for detec-
tion of COVID-19 disease in different methods and with different analyte
such as DNA and protein [127-129]. Zhoa et al. [130], developed a new
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COVID-19 FET sensor

Fig. 10. Schematic illustration of COVID-19 sensor based on FET. The sensing material is Graphene and SARS-CoV-2 antibody is conjugated onto the graphene sheet

via 1-pyrenebutyric acid N-hydroxysuccinimide ester, which is probe linker [107].
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super sandwich-type electrochemical biosensor based on p-sulfocalix-
arene (SCX8) functionalized graphene (SCX8-RGO) to enrich TB for
SARS-CoV-2 RNA detection using a portable electrochemical smart-
phone. They prepared two premixes A and B for SARS-CoV-2 detection.
For premix A, Fe3O4 NPs were applied for synthesis of Au@Fe30,
nanocomposite and for the premix B, HAuCl; and TB were used for
preparing Au@SCX8-RGO-TB nanocomposite. Fig. 11 illustrate the
schematic process of SARS-CoV-2 detection electrochemical biosensor
fabrication. As seen in this figure, the CPs labeled with thiol and
immobilized on the surfaces of the Au@Fe304 nanoparticles and formed
CP/Au@Fe304 nanocomposites and then the host-guest complexes
(SCX8-TB) were immobilized on RGO to form Au@SCX8-TB-RGO-TB
nanocomposite and the sandwich structure produced. The researcher
used 88 samples from confirmed patients and 8 samples from recovered
patients infected by SARS-CoV-2. Electrochemical measurement was
used as detection method and the results were compared with results
from RT-qPCR. The prepared biosensor showed high specificity and
selectivity during silico analysis and actual testing, and its detectable
ratios (85.5% and 46.2%) were higher than those obtained using
RT-qPCR (56.5% and 7.7%). The LOD for the clinical specimen was 200
copies/mL, and very low volume of samples, only two copies (10 pL) of
SARS-CoV-2 were required per assay. Additionally, the mentioned
method does not require nucleic acid amplification and reverse tran-
scription, and is a plug-and-play diagnostic system [130].

In another study, a label free paper-based electrochemical platform
as a screening tool to detect IgG and IgM antibodies related to SARS-
CoV-2 virus is suggested by Yakoh et al. [131]. The fabricated sensor
was consisted of three parts called counter, closing part, and support
material. The square-wave voltammetry (SWV) technique was used for
obtaining the electrochemical response. In the working part, the
SARS-CoV-2 spike protein containing receptor-binding domain (SP RBD)
is immobilized to capture incoming SARS-CoV-2 antibodies. A series of
assays were applied for both SARS-CoV-2-infected and -uninfected pa-
tients samples, and the results were compared with a commercial stan-
dard ELISA method. The experimental time, sensitivity, selectivity and
LOD were reported 30 min, 100%, 90% and 1 ng/mL, respectively

Analytical Biochemistry 634 (2021) 114362

[131]. Hashemi et al. [132], fabricated a rapid electrochemical diag-
nostic kit, composed of fixed/screen printed electrodes that could detect
pathogenic viruses such as SARS-CoV-2 and/or animal viruses through
the differentiable fingerprint of their viral glycoproteins at different
voltage. The sensor was comprised of a working electrode that was
activated upon coating a layer of combination between graphene oxide
(GO) and sensitive chemical compounds with gold nanostars (Au NS).
This layer was capable of detecting the trace amount of viruses in any
aquatic biological media, for instance, blood, saliva and orophar-
yngeal/nasopharyngeal swab, via interaction with active functional
groups of their glycoproteins around 1 min and any extra extraction
and/or biomarkers for detection of targeted viruses were not required.
The LOD and sensitivity of sensor were calculated as 1.68 x 10722
pgmL~! and 0.0048 pApgmL~lem ™2, respectively, toward detection of
SARS-CoV-2 in biological media, while blind clinical evaluations of 100
suspected samples furtherly confirmed the superior sensitivity/speci-
ficity of developed nanosystem toward the rapid identification of pa-
tients even at incubation and prodromal periods of disease [132]. In
another study, a ROS detection system was used for direct detection of
COVID-19 in sputum. The authors applied the ROS/H20; system in-
cludes an integrated portable automatic electrochemical readout device
and a sensor as the main diagnostic part of the system. The sensor was a
three electrode system and the working electrode was made on steel
needles coated with Multi-Wall Carbon Nanotubes (MWCNTSs). The test
was conducted in 30s and results show the ROS level of sputum with the
calibrated response in correlation with the probability of COVID-19
involvement [133]. In the other study, as seen in Fig. 12, Fabiani
et al. [134] designed and fabricated a sensitive electrochemical immu-
noassay for rapid and smart detection of SARS-CoV-2 in untreated
saliva. The electrochemical assay was fabricated on magnetic beads as
support. The Spike (S) protein or Nucleocapsid (N) protein was immo-
bilized on magnetic beads as immunological chain and secondary anti-
body with alkaline phosphatase as immunological label. After the
enzymatic reaction of 1-naphthol on immobilized magnetic bead the
electrochemical detection was carried out using screen-printed elec-
trodes modified with carbon black nanomaterial. The analytical features
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Fig. 11. Schematic representation of SARS-CoV-2 detection using the electrochemical biosensor. (A) Preparation of premix A and B; (B) Process of electrochemical

detection using a smartphone [130].
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Fig. 12. The MBs-based assay for SARS-CoV-2 detection in untreated
saliva [134].

of the electrochemical immunoassay were evaluated using the standard
solution of S and N protein in buffer solution and untreated saliva with a
LOD equal to 19 ng/mL and 8 ng/mL in untreated saliva, respectively for
S and N protein. The fabricated immunoassay was tested using cultured
virus in biosafety level 3 and saliva clinical samples were used as real
sample and the results were compared with the results of nasopharyn-
geal swab specimens tested with Real-Time PCR. The researchers have
reported that their test is rapid and the data has good agreement with
Standard methods as well as the LOD is low and the miniaturization and
portability is achievable for their method [134].

Alafeef et al. [135] developed a graphene based electrochemical
DNA biosensor to detect the SARS-CoV-2 thiol-modified nucleocapsid
phosphoprotein (N-gene) capped by gold nanoparticles (AuNPs). The
sensor response was obtained from RNA samples collected from Vero
cells infected with SARS-CoV-2, while SARS-CoV and MERS-CoV RNA
were used as negative controls. The capability of the sensor chip to
differentiate the positive COVID-19 samples from the negative ones was
investigated using 48 clinical samples and compared with commercial
RT-PCR diagnostic kit. The researcher argued the required time for
process was less than 5 min, the sensitivity was 231 (copies pL_l)_1 and
LOD was 6.9 copies/pL without the need for any further amplification.
They tested their sensor with clinical samples from 22 COVID-19 posi-
tive patients and 26 healthy asymptomatic subjects confirmed using the
FDA-approved RT-PCR COVID-19 diagnostic kit, and prepared sensor
could distinguished the positive COVID-19 samples from the negative
ones with 100% accuracy, sensitivity, and specificity [135].

4.9.1. Impedance

Impedance measurements involve the application of a small sinu-
soidal AC voltage probe and the determination of current response.
Impedance sensors detect a change in one of these equivalent circuit
parameters upon analyte binding. There are several impedance appli-
cations in biosensing detections. This technique has recently used for
diagnosis of COVID-19 as detection method of biosensor. For example, a
rapid detection of SAES-CoV-2 antibodies was explained using imped-
ance based immunosensor by Rashed et al. [136]. In this study, a
non-faradic capacitive immunosensing assay was used with a commer-
cial impedance detector. The immunosensor was fabricated using
pre-coated receptor binding domain (RBD) of SARS-CoV-2 spike protein
on 16-well plate containing sensing electrodes with samples of
anti-SARS-CoV-2 monoclonal antibody CR3022 (0.1 pg/mL, 1.0 pg/mL,
10 pg/mL) and subsequent blinded testing was performed on six serum
specimens taken from COVID-19 and non-COVID-19 patients. The
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obtained impedance results show a strong correlation with standard
ELISA test results (Ry = 0.9) [136].

5. Sampling

There are some studies that shows the sampling method is effective
on COVID-19 detection results. This field is still under study. Wyllie et al.
[137], reported a research that shows the sampling method is effective
on sensitivity. They compared two different sampling methods, naso-
pharyngeal and saliva samples obtained from confirmed COVID-19 pa-
tients and self-collected samples from healthcare workers at moderated
to high risk of COVID-19 exposure, and detect the samples with RT-PCR.
The final results demonstrated that saliva is a viable and preferable
alternative to nasopharyngeal swabs for SARS-CoV-2 detection. The
obtained results indicated that not only saliva samples results are
comparable to nasopharyngeal swabs in early hospitalization, but also is
more consistent during extended hospitalization and recovery. Addi-
tionally, COVID-19 detection from the saliva sampling may also it be a
useable alternative for identifying mild or subclinical infections for
example asymptomatic healthcare workers. Additionally, the saliva
self-sampling does not require direct healthcare worker-patient inter-
action, a source of several major testing bottlenecks and overall noso-
comial infection risk, and alleviates supply demands on swabs and
personal protective equipment [137].

6. Summary and concluding remarks

In this article, the literature on COVID-19 detection methods is
reviewed in different categories, including the biomolecules used as
analyte, the detection, and sampling methods. This review compares the
new reported technologies with commercially available ones that are
used in these days. Disease diagnosis is an efficient and valuable tool for
controlling the spread of COVID-19 during the pandemic. It is note-
worthy that the SARS-CoV-2 virus transmutations and spreading are
very rapid, and we are still in the middle of the pandemic. Thus, finding
a simple, rapid, low-cost, accurate and sensitive detection method of
SARS-CoV-2 virus currently possesses the highest priority.

Table 1 presents the current methods and targeted analyte that are
used for COVID-19 detection commercially and in the lab and their
advantages. Among the different methods developed so far for detecting
COVID-19, the PCR and antibody-based diagnostics are widely
acclaimed for their high accuracy and sensitivity. However, the
mentioned methods require pretreatment steps, large instruments, and
are expensive that makes them inappropriate for applications that
require on-site analysis. Alternative technologies such as LAMP, FET,
and electrochemical methods are growing rapidly worldwide that can
help to develop novel detection methods with high performance. The
obtained results have shown that the novel methods have acceptable
sensitivity, accuracy, and detection limit. In addition, these alternative
methods possess a high potential to decrease the waiting-time for test
results. It is apparent from Table 1 that the targeted analyte type is not
an influential factor on bioassay sensitivity, and all types of analytes
could serve properly as bioassay target.

The recently developed strategies and methods and lessons learned
can be deployed for facing future virus outbreaks and new generations of
SARS-CoV-2. Using gold nanoparticles has greatly enhanced the per-
formance metrics such as sensitivity, specifity, and accuracy of the
COVID-19 sensors owing to their electron transfer improvement, elec-
trocatalytic and bio-labelling properties, and high surface to volume
ratio. The cost-effective manufacturing of lab-on-chip sensors with
paper based platform can make possible the low-cost and disposable
detection of COVID-19 without needing skilled operators. However, this
novel field is still at its infancy with the capability of shortening the
total-analytical-time from hours to minutes. The overall progress is
promising, but a tangible success on detecting the SARS-CoV-2 is yet to
be obtained for developing a commercially viable lab-on-chip based
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Table 1
Applied methods and targeted analytes for the detection of COVID-19.
Methods Analyte Detection time Sensitivity Accuracy DOL Advantages Reference
RT-PCR RNA 75 min - - 10 copies/reaction Specific [56]
PCR DNA - 91% 93% 2 copies/reaction specific [60]
RT-PCR C2CA 100 min 100% 0.4 fM specific [62]
ELISA 1gG/1gM - 89.6% - - Portable, fast [29]
ELISA 1gG/1gM 30 min 85.4% 98.6% 1 copies/pL Portable, fast [66]
MS DNA 3h - - 10° copies specific [69]
MS DNA 24-48 h - - 15°-10° copies/uL Specific [711
CLIA 1gG/1gM - - 81.5% - Fast, portable [74]
CLIA DNA — 100% 87% - Specific, fast, portable [75]1
LFIA 1gG/IgM - - - 1 x 10* Pfu Sensitive [83]
LFIA 1gG/IgM - 100% - - sensitive [26]
LAMP DNA - 97.6% - 0.2-47 ng/pL Specific, portable [94]
LSPR 1gG/IgM 2h - - 0.08 ng/mL sensitive [103]
LSPR RNA - 3.2 copies - 0.22 pM Specific, sensitive [104]
FET antibody - - - 16 Pfu/pL Specific, sensitive [107]
electrochemical DNA - - - 200 copies/mL Sensitive, fast, portable, specific [101]
electrochemical 1gG/IgM - 100% - 1 ng/mL Sensitive, fast [131]
electrochemical 18G/IgM - 0.0048 pApgmL~'cm ™2 - 1.68 x 10722 pg/mL Sensitive, fast [132]
electrochemical IgG/IgM - - - 19 ng/mL Sensitive, fast, portable [134]
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