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ABSTRACT
As the COVID-19 pandemic continues to affect human health across the globe rapid, simple, point—of-care
(POC) diagnosis of infectious viruses such as SARS—CoV-2 remains challenging. Polymerase chain reaction
(PCR) —-based diagnosis has risen to meet these demands and despite its high—throughput and accuracy, it has
failed to gain fraction in the rapid, low—cost, point—of-test settings. In contrast, different emerging
isothermal amplification—based detection methods show promise in the rapid point—of—-test market. In this

comprehensive study of the literature, several promising isothermal amplification methods for the



detection of SARS-CoV-2 are critically reviewed that can also be applied to other infectious viruses
detection. Starting with a brief discussion on the SARS-CoV-2 structure, its genomic features, and the
epidemiology of the current pandemic, this review focuses on different emerging isothermal methods and
their advancement. The potential of isothermal amplification combined with the evolutionary CRISPR/Cas
system for a more powerful detection tool is also critically reviewed. Additionally, the commercial
success of several isothermal methods in the pandemic are highlighted. Different variants of SARS—CoV-2
and their implication on isothermal applications are also discussed. Furthermore, three most crucial
aspects in achieving a simple, fast, and multiplexable platform are addressed
2021 Elsevier B.V. All rights reserved
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has continued to affect many countries since
the first case was reported in Wuhan, China, at the end of 2019 [1,2]. Subsequently, local human—to—human
transmission of the virus occurred rapidly. Within months, it had spread across the globe [3,4]. Within
the next nine months, the pandemic caused more than 1 million deaths worldwide. Development of different
vaccines and increased vaccination across the world have been going on since the beginning of 2021. Many

countries, including the United States, United Kingdom, France, Italy, Australia, Spain, and Germany, have



been able to control the pandemic to at least some extent, largely due to widespread testing and

vaccination. However, the number of cases reported has fluctuated widely in highly populated countries

including India, Mexico, Bangladesh, Indonesia, Brazil, and Russia. As of November 20, 2021, more than 5
million people have died due to the current pandemic and approximately 260 million cases of infection have
been reported across a total of at least 223 countries and territories [5]. Fig. 1 illustrates a timeline

of some of the major events of the pandemic. This numbers are increasing as the virus is evolving with
different infectious variants emerging in different countries. Vaccines can provide an avenue for
mitigating the spread of the pandemic, however, breakthrough infections can still happen due to the
emergence of variants and less—ened vaccine effectiveness over time [6,7]. Thus, a system for rapid,
simple, and high throughput diagnostic testing for the detection of SARS-CoV-2 has a crucial role to
control the pandemic. Moreover, the development of such system can also contribute to the unrelenting
demand of other infectious viruses detection

Different aspects of SARS—-CoV-2, such as the structural properties, genomic information, mode of
transmission, mechanism of binding to host cells and replication, have been well studied [8-12].

The virion is mostly spherical, with a diameter in the low nanometer range (100 nm) [13,14]. A
transmission electron microscope image (Fig. 2A) shows spherical SARS-CoV-2 particles that were obtained
from an isolate of the first case in the USA provided by the CDC [15,16]. The main feature of SARS—CoV-2
is four structural proteins (spike (S), membrane (M), envelope (E), and nucleocapsid (N)) (Fig. 2B)

The virus genome is a positive—sense, single—stranded RNA 29,903 bases long [9], which makes it one of the
largest genomes of the well—known RNA viruses, such as influenza (13.5 kb) [17], rhinovirus (7.2 kb) [18],
Zika (10.8 kb) [19], HIV (9 kb) [20], and Ebola (=19 kb) [21] (Fig. 2C). This relatively long genome of
SARS-CoV-2 carries necessary genetic information to encode diverse structural and nonstructural proteins
(Fig. 2D). The upstream region, near the S' end of the genome, contains two large open reading frames (-21
kb), that encode a polyprotein that is cleaved by proteases (protease originated from the polyprotein)
into nonstructural proteins of the virus, including an RNA-dependent RNA polymerase (RdRP) and an
exonuclease [13]. Near the 3' end, the genome encodes four structural proteins [22]; S, E, M, and N
proteins. These proteins define the structure of the virus particle and thereby its ability to infect the
human body. There are also interspaced regions between the four structural proteins for accessory proteins
in the same 3' end of the genome. The S protein of the coronavirus is the key to mediating the
host—pathogen interaction. The virus infects people preferably through the S protein by the combined
action of its two functional subunits. One of the subunits, S1, binds between the virus particle and the
host cell receptor angiotensin—converting enzyme 2 (ACE2) (Fig. 2B), The other subunit, S2, facilitates
the fusion of the host cell membrane and the virus particle [23]. The overall role of the S protein in the
efficient entry and infectivity of the virus has been reported elsewhere [24, 25].
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Fig. 1. Timeline of the major events of the COVID-19 pandemic. WHO, World Health Organization; FDA, Food
and Drug Administration; CDC, Centers for Disease Control and Prevention. Created with BioRender. com.

Fig. 2. SARS-CoV-2 morphology and genomic illustrations. A) Transmission electron microscope image of
SARS—CoV-2 viral particles (blue) [15], B) Schematic of SARS-CoV-2 with structural proteins, and its
genome, binding interaction between host cell and virus spike protein, C) Comparison of the SARS—CoV-2
viral genome with genomes of other common RNA viruses. D) SARS—CoV-2 genome organization showing the
relative positions of nonstructural and structural proteins. Created with BioRender.com. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)

The virus transmits primarily by two main routes: directly via respiratory droplets containing the virus
from an infected to an uninfected person in proximity and indirectly from various contaminated surfaces
[26] (Fig. 3A). Airborne transmission may occur through suspended fine droplets and aerosols generated

from respiratory fluids exhaled by an infected person [27]. While human—to—human direct transmission



occurs quickly and effectively, indirect transmission through contaminated surfaces depends on the
stability and infectiousness of the virus particles. Stability depends on the nature of the surface on
which the virus particles are deposited and even on the ambient temperature and

humidity. Smooth surfaces provide the greatest stability over a wide range of temperature (4-37 ° C)
[28].

SARS—CoV-2-infected people develop common respiratory illness symptoms including fever, shortness of
breath, loss of smell and taste, headache, and fatigue (Fig. 3B). Older infected people (>60 years) are
more |likely to experience greater disease severity [29]. In particular, older people with pre—existing
disease are prone to severe illness manifested by acute respiratory distress syndrome, which most often
leads to death. However, many of the infected people show very mild or no clinical symptoms [30] but are
still contagious, making it difficult to control the transmission
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Fig. 3. Viral epidemiology of SARS—CoV-2. A) Transmission, B) Clinical symptoms, C) Diagnosis, and D)
Disease dynamics and test viability. Figure D is reprinted by permission from [Springer Nature] [Nature
Reviews Genetics], Testing at scale during the COVID-19 pandemic, Tim R. Mercer et al., [31]. Copyright
2021. Created with BioRender. com.

Ildeally, a routine testing practice prior to the development of symptoms and isolation of the suspected
individual is the crucial way to control virus transmission. However, the lack of adequate testing in many
countries limits their ability to correctly assess the extent of the pandemic, which catalyzes the fast
spread of the virus in many parts of the world. In many resource—limited countries, tests are
preferential ly performed on people who have clinical symptoms or have been exposed to SARS-CoV-2, leading
to difficulty assessing the true spread of the disease. After more than a year, promising vaccines have
been developed and are now being administered [32]. However, routine testing for SARS—-CoV-2 will still be
necessary as we enter the post pandemic era for monitoring long—term vaccine efficacy.

Nucleic acid-based testing and rapid antigen tests are the two classes of viral testing methods widely
employed as diagnostic tests. As the name suggests, rapid antigen tests detect the presence of viral
proteins in respiratory specimens typically by a lateral flow immunoassay approach. Most of these type of
detections only take minutes to complete, are inexpensive, and can be used in POC settings [33]. However,
they are inherently less sensitive than nucleic acid-based test. Unlike rapid antigen tests, nucleic
acid-based test involves target amplification, making it a highly sensitive detection method (Fig. 3C).
Antibody tests are also used in some cases. Antibody—based tests commonly detect anti—SARS—CoV-2 IgM and
IgG antibodies in blood using lateral flow assays or enzyme—linked immunosuporbent assay (ELISA) [34]. A
detailed discussion of this type of test can be found elsewhere [35-37]. Viral infection triggers the
generation of antibodies. For serological tests, a detectable level of the IgM antibody is generated after
at least one week of infection and gradually decreases after three weeks of infection, while the IgG
antibody is generated after two weeks of infection and may remain detectable for weeks (Fig. 3D).

Because antibody—-based tests detect host immune response as opposed to viral components of SARS—-CoV-2 and
the less sensitive nature of rapid antigen tests; nucleic acid-based molecular test is considered the
standard method of SARS-CoV-2 detection. Nucleic acid-based test sensitively detects genetic footprints in
one or more specific target regions of the SARS-CoV-2 RNA. The ability of molecular test to sensitively
detect viral RNA depends on several factors, such as the durations of the incubation period, viral
shedding, and onset of symptoms, each of which has a time window with relative intensity (38,39) (Fig
3D). Infection occurs with exposure to the virus and a subsequent incubation period of a few days [40]
before clinical symptoms begin to surface in the body [41]. Viral shedding starts a few days before the
onset of symptoms, and the viral load reaches its maximum level within the first week of symptoms onset;
therefore, infectiousness corresponds to the same time window. In addition, the clinical sensitivity of
molecular tests often depends on the time relative to the symptoms onset and on the viral load in an

individual [42,43]. Typically, viral loads start to reach at peak just before symptoms and persist a



little more than a week, although can be at peak for prolonged time [44]. It is when molecular tests can
most accurately detect viral infection in symptomatic patients [31]. However, high viral load does not
necessarily associate with disease symptoms. A study shows that asymptomatic patients can also have higher
viral loads [45]. Moreover, it can be highly varied in different types of specimens [43] and those

col lected from asymptomatic, pre symptomatic and symptomatic patients [46].

The nucleic acid—based test of SARS-CoV-2 starts with the collection of specimens from suspected patients
which are then treated to extract viral RNA. |f necessary, collected specimen can be stored for up to 2-3
days at 2-8 ° C before subsequent extraction of viral RNA. Viral RNA is extracted and purified from
deactivated virus particles after cell lysis using a standard protocol [47].
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The current widely used nucleic acid-based detection of SARS-CoV-2 proceeds via reverse
transcription—polymerase chain reaction (RT-PCR) mediated by reverse transcriptase and DNA polymerase
enzymes respectively. Both enzymatic processes of the RT-PCR are performed in a single step using
extracted and purified viral RNA. RNA is converted to complementary DNA (cDNA) that is subsequently
amplified and detected in the presence of appropriate primers and probes. The thermal profile of the
RT-PCR is initiated at "50 ° C, to allow for reverse transcription by the often heat intolerant reverse
transcriptase enzyme, followed by a standard polymerase chain reaction that relies on a series of
temperature cycles where each cycle consists of switching between higher temperature (denaturation of the
duplex structure at "95 ° C) to lower temperature steps (primer hybridization and elongation at ~55-60

° C). There are wide ranges of RT-PCR thermal profiles based on the duration of each step that might vary
slightly depending mainly on specific test's polymerase, primers, and probes and instrument used. The most
common readout mode of RT-PCR-based testing uses fluorescence—based detection system. A recent review on
RT-PCR-based testing is published elsewhere [48]. |t may be noted that RT-PCR does not directly detect the
presence of SARS—CoV-2. RT-PCR positive results can confirm the presence of viral RNA from clinical
samples but do not necessarily mean that the patient is infected with the disease at the time of testing
[49]. Interpreting the detection of viral RNA presence as an active infection can thus be inaccurate. The
test can detect residual viral RNA, which does not necessarily come from active virus in the body.
Neverheless, RT-PCR remains the first choice for infectious virus diagnosis and has been widely employed
for SARS-CoV-2 detection. However, several aspects of RT-PCR-based detection are not quite convenient for
simple and fast diagnosis. The most obvious disadvantage is the requirement of an expensive thermocycler,
which is also a deterrent for typical point—of-care (POC) facilities. RT-PCR can take 4 -6 h turnaround
time [50] and needs highly trained personnel to obtain the test results, creating severe |imitations on
disease management in low—resource countries, as testing centers are expensive to build and hard to staff
[51]. Moreover, RT-PCR requires specific workplace standards to establish a high—efficiency assay. In
particular, viral RNA detection via RT-PCR is very sensitive to contaminants present from raw clinical
samples during RNA extraction [52]. Inhibitors affect DNA polymerase activity in the amplification steps
and can significantly reduce the amplification efficiency

One distinctive advantage of an isothermal-based amplification, as opposed to PCR, method is that it
amplifies the target nucleic acid at a constant temperature, thus avoiding the requirement for an
expensive thermal cycler. ldeally, any isothermal amplification can be performed with a very simple
heating source such as a water bath or Peltier heater requiring minimal energy input. This feature of
isothermal amplifications enables them to function as POC-based tests. Moreover, different amplification
mechanisms of several emerging isothermal methods allow detection assays to be run at a wide range of
temperatures. The fluorescence probes used in RT-PCR can be expensive, while colorimetric indicators used
in isothermal amplification are readily available at low cost.

2. lsothermal amplification methods for the detection of SARS-CoV-2 and other infectious viruses
Promising isothermal amplification methods started to emerge in the early 1990s, i.e., within a few years

after the invention of PCR [53]. New isothermal techniques have evolved over the years by versatile probe



and primer design, exploring, and engineering new enzymatic activities, and investigating specific
reaction conditions. Because of continuing research to improve analytical performance

each existing isothermal technique can suggest or transform into a new technique. However, all these
methods are unified because they operate isothermally. Because of their versatility as both enzymatic
[564,55] and nonenzymatic [56] systems, isothermal-based amplifications have been at the forefront of
nucleic acid research for many years. Several isothermal amplification methods have gained widespread
application in biosensing [57 - 60]. Owing to their simplicity in instrumentation, and diverse detection
methods, it is no surprise that a significant number of reports over the last year have been published on
isothermal amplification—based SARS—-CoV-2 detection. Some of the methods have found commercial
applications as well as approval from the FDA to detect SARS—CoV-2, while some of the methods show great
potential toward diagnostic application but have yet to find commercial success. |sothermal methods can
potentially be applied to detect any virus infection based on nucleic acid—-based molecular assays. In the
following sections, several emerging isothermal—-based amplifications and their potential as simple and
rapid detection methods are emphasized. As the pandemic continues, different commercial platforms based on
isothermal amplification have been developed and received emergency use authorization. Some of these
platforms that are currently available in the market are highlighted. CRISPR/Cas coupled isothermal
amplifications are also focused. Critical functions of different Cas enzymes and their further development
toward efficient combined detection with emerging isothermal amplifications are discussed. Different
infectious variants of SARS—CoV-2 and their implications on the isothermal-based detection are also
discussed

2.1. Reverse transcription loop—mediated amplification (RT-LAMP)

Loop—mediated amplification (LAMP) was first reported in 2000 by Notomi et al., [61]. LAMP is typically
performed between 60 and 65 ° C. Similar to RT-PCR, RT-LAMP also detects RNA-based viruses with a reverse
transcription process prior to amplification in single tube assembly. However, unlike RT-PCR, both RT and
LAMP reactions of RT-LAMP can be carried out at 65 ° C. LAMP requires higher number of primers than PCR.
Two pairs of primers, generally known as inner primers (forward and backward) and outer primers (forward
and backward), are required. The two inner primers recognize four of six specific regions of the target
nucleic acid, and the two outer primers recognize the other two regions. However, most current LAMP-based
studies use two additional primers (loop primers) in order to accelerate amplification by annealing to the
loop region in the stem—loop structure [62,63]. Fig. 4 shows a simple representation of LAMP mechanism.
LAMP consists of three main steps: formation of the stem—loop structure, amplification, and elongation of
the product. |t starts with generating a stem—loop structure with the target gene by the combined action
of inner and outer primers and a strand displacing DNA polymerase upon the target. The stem loop structure
serves as the “seed” for the next step, the loop—mediated cycling amplification step, where only the two
inner primers are used. The products from cycling amplification step are used as template for the last
step: the elongation and recycling step. Loop primers accelerate the product formation in this step. For
clarity, Fig. 4 does not show the binding of loop primers. For elaborate discussion on the design and
mechanism of loop primers, readers are directed to the original study by Notomi et al., [62].

As final products, LAMP rapidly generates various lengths of stem—loop DNA with cauliflower—Iike
structures containing many “alternately inverted repeats of the target sequence” [61]. Careful,
target—specific design of each primer is essential for highly specific amplification. Basic primer design
considerations are the same for PCR and LAMP; however, primer design for LAMP is more
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Fig. 4. Simple representation of the LAMP mechanism. In the first step, both inner and outer primer pairs
and polymerase enzyme generate dumbbel |—|ike structures from the target. Then, in cycling amplification
step, the two inner primers and polymerase further amplify these structures. The elongation steps generate
various sizes of the products (three arrows are used to represent various reaction pathways. The two Loop

primers are also used in the elongation step. (Reproduced with permission from Ref. [64]). Created with



BioRender. com.
challenging. Six LAMP primers are designed to recognize eight specific sites of the intended target gene
region. Most often, the intended target region introduces constraints such as distances between binding
sites. Two inner primers needed for LAMP are usually long sequences of approximately 45 -50 nucleotides.
Longer primers add complications, as they are prone to form undesired secondary structures resulting in
nonspecific amplification. However, computational approaches [65] and several web—based tools are useful
for LAMP primer design [66 - 68].
2.1.1. Detection of the LAMP product
The LAMP product can be detected by various real—-time and endpoint readout modes. Among them, turbidity is
one of the oldest readout modes, and it is based on the creation of a byproduct, magnesium pyrophosphate.
Amplification progresses as the Bst polymerase (a moderately thermotolerant enzyme derived from Bacillus
stearothermophilus with strand displacing activity—a crucial requirement for isothermal amplification)
utilizes a high concentration of dNTPs. dNTPs are substrates of Bst polymerase enzymes, and their turnover
leaves pyrophosphate anions in the system, which rapidly react with magnesium cations in the buffer
[69,70]. This endpoint detection offers simple naked—eye monitoring of the LAMP products; however,
commercial turbidimeters now allow quantitative detection in real—-time [71,72].
Colorimetry, which permits simple visual monitoring, is another widely used readout mode of LAMP
Colorimetric indicators generate different colors as the LAMP reaction progresses due to the presence of
auxiliary components of the reaction system (i.e., MnCl_2, Mg 2P 20 7) and produce qualitative endpoint
results. A few examples of such indicators are hydroxy naphthol blue [73] and calcin [74,75], and
pH-dependent indicators are phenol red and neutral red [76]. Other indicators, such as malachite green
[77] and luco crystal violet [78], are also employed to detect LAMP products. One potential downside of
traditional endpoint colorimetry is
that the generated color can be hard to see in complex biological samples; moreover, a pair of
“experienced eyes” are needed to interpret the color change, particularly where the LAMP target
concentration is very low. Additionally, optimizing the reaction time is perhaps more important for
endpoint colorimetric LAMP. Long reaction times can lead to false positives in negative sample controls
probably due to the high activity of the polymerase in the LAMP mix. The WarmStart LAMP mix developed by
New England Biolabs has been widely employed for LAMP-based detection. |t inhibits enzyme activity at a
lower temperature to ensure LAMP reaction only occurs at operational temperature >60 ° C. This reagent has
been used in kits developed by Color Genomics and others for SARS-CoV-2 detection [79]. Real—-time and
quantitative LAMP with a colorimetric readout mode are also possible. One such study used smartphones and
open—source apps to monitor the dye Eriochrome Black T color change in real time in a miniaturized LAMP
reaction [80]. A similar real-time colorimetric LAMP reaction was performed in a miniaturized platform
using smartphone—based color detection of the phenol red indicator [81]. The study reportedly achieves a
limit of detection (LOD) similar to fluorescence—based real—time PCR. Another recent study reported LAMP
with a real-time colorimetry readout based on the UV light absorbance of the dye Eriochrome Black T [82].
Fluorescence—based detection is also a widely used readout mode of LAMP. Intercalating dyes have been used
to detect LAMP products. One of the advantages of using fluorescent dyes is that they enable both
qualitative and quantitative real-time detection. In real-time fluorescence—based assays, the amplified
LAMP product is characterized by the threshold time, T_t [83], which is similar to the cycle threshold C_t
in PCR. The selection of dyes is crucial for fluorescence—based LAMP readouts. SYBR Green | has been
commonly used [84,85] as an intercalating dye that emits green fluorescent |ight upon irradiation with UV
light when bound to dsDNA; PicoGreen and ethidium bromide dyes are also used for the
M.M. Islam and D. Koirala
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same purpose [86 -89]. However, some of these dyes inhibit the LAMP reaction. A detailed comparison of a
large number of dyes and their inhibitory effects on the LAMP reaction shows that SYBR Green |

significantly inhibits the amplification reaction, while most of the SYTO dyes show no or very little



inhibition based on three metrics: the LOD, the signal—to—noise ratio and the Tt [90]. A similar study
suggests that SYBR Green dyes are more inhibitory than SYTDyes [91]. Although widely used in nucleic
acid-based amplification reactions, SYBR Green | also inhibits PCR [92, 93].

LAMP products can also be detected electrochemically. Different redox—active substances, such as methylene
blue [94,95] and ruthenium hexamine [96,97], are employed for quantitative and qualitative detection
Other notable detection modes include gold nanoparticle (AuNP)-based detection [98], antibody—based
lateral flow assay [99], and traditional postamplification analysis by gel electrophoresis. For a
comprehensive review of different LAMP readout modes, the interested readers are directed to a study by
Zhang et al., [100].

The mode of detection of LAMP or any other isothermal amplifications, endpoint or real time, is selected
and implemented mainly based on the specific requirement of the assay and available resources. In
principle, endpoint modes do not require expensive, sophisticated instrumentation; however, this benefit
is offset by them providing only qualitative or less—quantitative information. On the other hand
real—time modes report amplification progress and provide quantitative information, thus generally
requiring high—cost, complex instrumentation

2.1.2. RT-LAMP-based detection of infectious human viruses

LAMP-based assays have shown promising results for detecting viral RNA of several highly infectious
viruses. In the early 2000s, a Chikungunya fever outbreak in many parts of the world was caused by a
positive-sense single—stranded RNA virus [101 -104]. A new isothermal technique based on RT-LAMP
effectively diagnosed the virus based on simple visual detection [105].

There are several reports on applying RT-LAMP to mosquito—borne infectious and deeply viruses detection
Teoh et al. used this method to detect Dengue virus, a mosquito—borne RNA-based virus, with high
sensitivity and specificity in suspected patient samples [106]. The study was validated with a large
number of clinical samples. The LOD was 100 copies of viral RNA. In a recent LAMP study, Jong—Gil Kim and
his coworkers were able to detect 3.5 copies/| viral RNA of Dengue virus [107]. Another mosquito—borne
viral pathogen is Zika virus [108]. Wang et al. reported highly sensitive RT-LAMP-based detection of Zika
virus. They reported that the detection was more sensitive than RT-PCR by at least one order of magnitude
[109].

The Ebola virus has emerged as a highly infectious and deadly virus in recent years in some parts of the
wor|ld [110]. Benzine et al. reported an excellent RT-LAMP-based assay with a sensitivity of 10 RNA
copies/| to detect Ebola virus in whole blood samples [111]. This assay was equally sensitive and
specific as conventional RT-PCR-based assays, and the researchers further developed a POC tool to perform
rapid and simple detection on a small and portable testing device

Fol lowing the pandemic in 2009 caused by HIN1 influenza A virus [112], a group of researchers from Japan
[113] used a simple pocket warmer device as a heating source to make a potential diagnostic tool based on
their modified RT-LAMP method. Their assay performance was evaluated by using nasal swab samples from a
large group of suspected patients, and their RT-LAMP assay detected 26 positive samples compared to 27
positive samples detected by regular RT-PCR-based methods, indicated that the LAMP assay is almost equal
in sensitivity (96.3%) to RT-PCR.

2.1.3. RT-LAMP-based detection of SARS—CoV-2

RT-LAMP has shown great promise in detecting different coronavirus. The first successful RT-LAMP-based
detection of coronavirus SARS—-CoV was reported in 2004 by a group of scientists including Tsugunori Notomi
[114], who initially developed the technique in 2000. Using clinical sample, they found that this
technique has great potential to detect SARS—CoV, with an LOD of 0.01 PFU. Their novel study reported
enhanced sensitivity and specificity compared to those of RT-PCR. Another coronavirus, Middle East
respiratory syndrome coronavirus (MERS—-CoV), was also detected with high sensitivity and specificity by
the LAMP method [115-118].

The great promise of LAMP in detecting infectious viruses, including coronavirus, has inspired researchers
wor ldwide to develop RT-LAMP-based assays for SARS—-CoV-2 detection. RT-LAMP-based assay of the virus has



the same preamplification steps as RT-PCR, i.e., the extraction of viral RNA to be amplified with a target
gene—specific primer mix and necessary enzymatic reagents often commercially called the “LAMP mix” (Fig
5). The fundamental aspects of the RT-LAMP and RT-PCR-based detection of SARS—CoV-2 and any RNA viruses
are the same (reverse transcription and subsequent amplification in single step reaction). Moreover, the
nature of the detection (endpoint or real—time, qualitative, or quantitative), analytical sensitivity and
specificity, reaction time, simplicity of the assay (prior viral RNA extraction from the sample needed or
not) are all essential.

RT-LAMP assay starts with selecting suitable target gene(s) and designing specific primers and probes. An
ideal target gene would be highly specific to and highly conserved in SARS-CoV-2. There are several target
regions in the viral genome for nucleic acid-based tests, among which the ORFlab, E, M, and N genes are
commonly employed. Frequent mutations occur in the S gene [119], making it a less common target [120].
Compared to other structural genes, the N gene is highly conserved [121,122], thus less likely to be
mutated. This gene is one of the best molecular targets for in vitro diagnostics [119]. Different
authorities, such as the WHO, US CDC, and CDC China, developed different primer sets targeting different
genomic regions for the RT-PCR test. Multiple targets are commonly used in the recommended RT-PCR tests
For example, the US CDC recommended that RT-PCR tests use two regions in the N gene, while in Germany
initially, regions from the E gene and RARP were selected. Selecting multiple targets in nucleic acid
amplification tests is a better analytical approach to reduce false negatives, as mutations occur in the
virus over time. Especially, RNA-based virus mutate at higher rate than DNA-based virus [123]. However,
interpreting the test results with multiple targets might be challenging when all targets do not amplify,
in which case retesting [124] might be necessary

Most of the literature reports LAMP primer sets specific to various regions of the N gene [126]. An N
gene—targeted RT-LAMP assay was developed by several groups [122,125,127] by using a colorimetric readout
Interestingly, all three studies reported a similar LOD of approximately 100 copies of viral RNA. Among
them, Dao Thi et al. used a large sample size of 768 suspected patients for clinical sample validation for
their assay [125]. Using the phenol red indicator causes a gradual transition in visible color from red to
vellow as the H + concentration increases in the reaction over time. They reported excellent clinical
sensitivity of the RT-LAMP method, with more than 98% sensitivity and specificity. However, the study
suggested that RT-LAMP failed to effectively amplify the target from the sample, which exhibited Ct values
above 30 by RT-PCR. Baek et al. reported N gene—targeted amplification [122] that could detect viruses
within 30 min. The specificity was confirmed by no amplification of other coronavirus samples. They
reported a very low number of false—positive results: just two from 154 clinical
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Fig. 5. RT-LAMP assay to detect SARS—-CoV-2. The LAMP primer mix contain three pairs of target—specific
primers: two forward primers, two backward primers, and two loop primers. The LAMP reaction mix contained
DNA polymerase, reverse transcriptase, isothermal buffer, and signal reporter. A simple heating block can
be used to amplify the target region of the viral RNA using colorimetric detection. The image on the right
shows the time—dependent color change, adapted from Dao Thi et al., [125]. Reprinted with permission from
AAAS. Created with BioRender.com. (For interpretation of the references to color in this figure legend

the reader is referred to the Web version of this article.)

samples. Genomic region of open reading frame is also used as target. Laura E. Lamb and her coworkers
reported an assay that targets the ORFlab gene of the virus [128]. Their assay relied on simple naked—eye
detection based on a fluorescent dye, SYBR Green 1. The applicability of the assay on clinical samples was
evaluated on 40 samples from COVID-19 patients. However, 5% false—negative and 10% false—positive results
were reported. Another study reported RT-LAMP-based detection of the ORF1ab gene [129]. They obtained an
LOD as low as 10 copies of the gene per reaction, but validation with clinical samples resulted in 25
false negatives out of 248 COVID-19 patient samples

Targeting more than one gene region might result in better clinical sensitivity in the RT-LAMP assay



[130,131], especially with low viral load samples targeting a single gene can result in false negatives
Several reports, including one by Yan et al. employed more than one gene region of SARS—CoV-2; in their
study, the ORFlab and S genes were targeted in a large number of clinical samples [132]. Notably, they
evaluated the specificity of the method using 60 related respiratory pathogens and found excel lent
selectivity in favor of SARS-CoV-2 with no cross—reactivity for similar pathogens. Intriguingly, they
found that the clinical sensitivity of the assay was ten times higher than that of RT-PCR for both
targets, and detection for all 130 clinical samples they used for RT-LAMP and RT-PCR agreed 100%. Jiang et
al. also reported an assay by targeting two genes, the ORF1ab and N genes, using the fluorescent dye
SYT0-9 [133]. Huang et al. targeted three regions of the ORF1ab, S, and N genes [134], which resulted in
rapid and good sensitivity and detected two copies of target RNA per reaction volume. By using four sets
of primers (with six required primers in each set) for each genomic region (ORF1ab, S and two regions of
the N gene), they showed the assay's potential to detect the virus without RNA isolation from the sample
matrix. However, they tested the assay on only 16 clinical samples

Another interesting assay was based on two distinct primer sets that selectively targeted both the ORF1ab
and N genes [135]; it employed a nanoparticle—based colorimetric readout system for the simultaneous
detection of both genes. Fluorescein (FITC)— and digoxigenin—modified primers were used to amplify the
ORF1ab and N genes, respectively. The authors described the multiplexity of the test by amplifying both
the target genes in a single reaction platform. They tested pre—confirmed samples of both positive and
negative cases. The assay detected all 33 positive clinical samples

when targeting both genes in parallel. When targeting only one gene, they found approximately 15%
false—negative results, which showed that targeting more than one region in an RT-LAMP assay can provide
better performance

Using a single, constant operating temperature in the near 65 ° C certainly has distinctive advantages
over PCR-based viral detection. However, undesired cross—reactivity in LAMP reaction can be an issue
because of a higher number of primers. With the emergence of different variants of SARS-CoV-2, the
existing LAMP assay should be reconfigured with adding more variant specific primers. Adding one or more
common mutations among the widely circulated infectious variants as additional target regions, LAMP's
clinical sensitivity should be reevaluated. Designing and optimizing primers against multiple target
regions of the viral RNA can increases the complexity. The primer sets against all the targets might be
fully specific but not equally sensitive in LAMP reactions; thus, the interpretation of clinical tests
from a multitarget LAMP test might be challenging

2.2. Nicking enzyme amplification reaction (NEAR)

The nicking endonuclease amplification reaction (NEAR), also reported as nicking enzyme—assisted
amplification (NEAA) or nicking enzyme—mediated amplification (NEMA), is an enzymatic isothermal
amplification reaction [136]. Commercially, Abbott Diagnostics has been developing NEAR-based influenza
virus as well as SARS—CoV-2 detection systems [137]. The key components of NEAR are a pair of
target—specific primers, forward and reverse, each designed with three distinctive sites, and two highly
efficient enzymes: strand—-displacing DNA polymerase and nicking endonuclease. There are a wide range of
commercially available nicking endonuclease enzymes active over a wide range of temperatures, each with a
unique nicking sequence that they recognize [138,139]. Fig. 6 illustrates NEAR with two primers, P1 and
P2, each containing a stabilizing region at the 5' end, a target binding region at the 3' end and a nick
recognition site in the middle

Therefore, the choice of nicking endonuclease largely relies on primer design or vice versa and ultimately
on the intended target. NEAR starts with hybridization of the primer P1 to the target. DNA polymerase
extends P1 from the 3' end. Another P1 primer strand readily binds to the target and is also extended by
highly processive and promiscuous DNA polymerase while efficiently releasing the
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Fig. 6. Schematic of the nicking endonuclease amplification reaction (NEAR). Two main steps are involved



in the NEAR: duplex formation (left) and amplification (right). Key components of NEAR are a pair of
target—specific primers (P1, P2) and two enzymes: strand-displacing polymerase and nicking endonuclease
enzymes. Figure adapted with permission from Ref. [140]. Created with BioRender. com.

prior extended strand. The primer P2 readily binds to this released strand. As extension occurs by the
polymerase, a nicking recognition site is generated on the duplex. The nicking endonuclease readily
recognizes the site and creates a nick, while the polymerase enzyme displaces the nicked strand to start
another extension process. Therefore, from the primer—target interaction at the beginning and the
subsequent combined action of the two enzymes, a NEAR duplex is generated. This duplex acts as the seed
for the subsequent exponential amplification. The duplex undergoes nicking at both ends. Polymerization of
the resulting templates generates shorter duplexes, which further undergo nicking to generate
single—stranded products. The primers hybridize with these products, and the processes repeat to generate
shorter duplexes in a positive feedback loop, resulting in exponential amplification

However, the downside of this reaction is frequent nonspecific product formation, which limits the
sensitivity of NEAR. Nonspecific product formation can be suppressed by carefully designing the primers
selecting appropriate enzymes, and optimizing the reaction conditions. Key experimental parameters, such
as the experimental temperature, the relative concentrations of both polymerase and nicking endonuclease,
the Mg~ {2+ concentration enabling the activity of both enzymes, dNTPs, and multiple sets of primer
candidates and their concentration, need to be optimized.

2.3. Nucleic acid sequence-based amplification (NASBA)

The Nucleic acid sequence—based amplification (NASBA) was first reported in 1991, making it one of the
oldest isothermal amplification methods [141]. NASBA has been used to detect different RNA-based
infectious viruses, such as hepatitis A virus (HAV) [142], human immunodeficiency virus type 1 (HIV-1)
[143], and hepatitis C virus (HCV) [144]. To amplify target RNA [145], NASBA method requires three enzymes
(reverse transcriptase, RNase H, and T7 RNA polymerase) and two target specific primers

One of the primers are designed to contain the T7 polymerase promoter sequence. Fig. 7 illustrates the
amplification principle of NASBA. Detection of viral RNA via NASBA usually starts with a brief initial
denaturation step at 65 ° C to disrupt secondary RNA structure prior to isothermal amplification at 41

° C. The reaction starts with hybridization of the target RNA to the primer that contains the T7
polymerase promoter sequence (Fig. 7A). Extension of the primer by reverse transcriptase generates an
RNA-DNA hybrid, which then creates single strand DNA by RNase H enzyme. The second primer binds to newly
generated single strand DNA to create dsDNA. Due to the T7 promoter sequence in dsDNA, T7 RNA polymerase
binds to it, making in vitro transcribed (IVT) RNA.

IVT RNA undergoes cyclic steps of primer binding, RT, and dsDNA formation, resulting in exponential
amplification of the ssRNA products. NASBA efficiently achieves more than 107-fold amplification in
approximately 2 h [147]. The ssRNA product readily binds to complementary oligonucleotides and thus can be
conveniently monitored by using fluorescent probes such as molecular beacons [148, 149]. The amplification
temperature (41 ° C) is mild and favorable for developing a microfluidic device [150]-based POC NASBA
approach. Such devices have been developed to integrate NASBA-based sensitive detection of pathogens

[151 - 153]. NASBA-based detection of SARS-CoV-2 with substantial POC features, INSIGHT (isothermal NASBA
sequencing—based high—throughput test), has been published recently [146]. An S gene—based amplified
product was sensitively detected in both real-time and endpoint fashions by a fluorescent molecular beacon
probe and a lateral flow readout, respectively. The authors employed saliva as a sample and achieved an
approximately 50 viral RNA copy LOD. A simple workflow of INSIGHT is illustrated in Fig. 7B. However, in
this study, patient samples were not used for clinical validation

NASBA-based commercial diagnostic system is available. The fully automated NASBA-based diagnostic system
Nuc! | iSENS EasyQ was developed by BioMerieux [154] and has been widely employed for virus detection
[155,156]. The NASBA-based assay generates
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Fig. 7. A) Simple mechanism of NASBA. B) Schematic of the single—tube experimental setup to detect
SARS—CoV-2 RNA from saliva samples via NASBA-based INSIGHT. Figure adapted with permission from Ref. Wu,
Q. et al., [146]. Created with BioRender. com.

RNA products; therefore, it is crucial to maintain RNase—free conditions to ensure RNA stability. Another
concern is that when amplification occurs at mild temperature, low—stringency reaction conditions may
cause nonspecific amplification. Using an ice bath to assemble enzymatic reaction mixture or keeping
enzymes separate and adding them to the remaining amplification mixture immediately before amplification
can avoid nonspecific amplification

2.4. Transcription—mediated amplification (TMA)

The principles of transcription—-mediated amplification (TMA) and NASBA are very similar, and they have
similar readout modes. Similar to NASBA, TMA also involves synthesis of cDNA from target RNA and reverse
transcriptase interaction, formation of dsDNA and

generation of IVT RNA amplicons by T7 RNA polymerase. However, TMA uses two enzymes, reverse transcriptase
and RNA polymerase [145]. The unique reverse transcriptase enzyme also possesses RNase H activity; thus
TMA functions without an additional RNase H enzyme [157]. A TMA-based isothermal system detected the
presence of RNA viruses in clinical samples [158] and was more sensitive than RT-PCR in hepatitis C virus
detection in liver tissue [159]. Similar to NASBA, TMA also needs optimized reaction conditions and
careful primer design to |limit nonspecific amplification

2.5. Recombinase polymerase amplification (RPA)

A newer isothermal technique, recombinant polymerase amplification (RPA), was first reported in 2006
[160]. RPA operates between 37 and 42 ° C. Three key proteins, recombinant (UvsX),
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strand displacing polymerase (Bsu), and single—-stranded binding (SSB) protein (gp32), and other accessory
proteins are needed for RPA. RPA starts when the recombinant forms a nucleoprotein complex with two
specific primers, i.e., forward and reverse primers designed based on a specific target. This binding of
the recombinant protein to primers is assisted by the loading factor, UvsY. Creatine kinase is used to
generate ATP and provides energy for the recombinant protein

The nucleoprotein complex interacts with the target dsDNA to unwind the target at both primer sites to
make a D-loop (Fig. 8A). This initial D-loop opening is stabilized by an SSB protein. Therefore, the
respective primer can bind to the complementary primer binding site on the already opened dsDNA target.
Once the primer binds to the target, strand displacement polymerase starts to generate a new strand and
new dsDNA. The newly generated dsDNA acts as the starting template for a new round of amplification to
generate more dsDNA, and the amplification continues in an exponential manner. The operating temperature
of RPA (37-42 ° C) can be easily provided by a simple heating source. Fascinating, a study reported that
RPA can be performed even with no equipment by using only body heat [162]. In that study, RPA was
performed to detect HIV-1 DNA by incubating the reaction mixture near different parts of the human body
RPA has also been used to detect SARS—-CoV-2 [163,164], Xia et al. developed a very sensitive yet simple
detection method based on a modified RPA with an LOD as low as one copy of RNA per reaction [164]. In this
study, the N and S genes were detected via a fluorescence—based readout, and the researchers tested
potential multiplex assays for detecting both targets in the same reaction tubes. The study demonstrated
the assay's simplicity by using a cup of hot water as a heating source. This assay showed high specificity
by distinguishing between SARS—-CoV-2 and other coronavirus such as MERS-CoV and SARS—CoV. However,
validation using clinical samples, was not reported. Behrmann et al. reported another

RPA-based sensitive assay of SARS-CoV-2 [163] that detected the N gene by fluorescence readout and

val idated the assay using clinical samples; comparison with RT-PCR results showed full accordance. The
study reported results within 15-20 min. RT-RPA can detect target genes rapidly due to the exponential
nature of the amplification. A typical RT-RPA workflow is illustrated in Fig. 8B. The reaction assembly
primarily includes mixing of target viral RNA and the RT-RPA reaction mix. Commercial RPA kit that



contains the components of the RPA reaction (TwistDx, Cambridge, UK) is available [161] to detect
pathogens, including SARS—CoV-2 [165]. RPA reagents can be purchased from TwistDx in a liquid format as
well as in a lyophilized pellet format, a great advantage for on—site application

The downside is that RPA requires more proteins than LAMP. In principle, RPA has readout modes similar to
those of LAMP, such as fluorescence—based, colorimetric, and lateral flow strips. Similar to LAMP, in
fluorescence—based real—time RPA, the threshold time, Tt [163] can be used to monitor RPA reaction. The
two primers needed for RPA can be designed with the computation tool PrimedRPA [166]. The smaller number
of primers in RPA might make it simpler than LAMP; however, RPA often suffers from lower specificity than
LAMP [167]. Since RPA is active at lower temperatures, using an ice bath to assemble the reaction mixture
prior to amplification might restrict nonspecific amplification to a minimum.

2.6. Other potential isothermal amplification methods

There are some other promising isothermal methods that are well known in nucleic acid-based detection of
infectious viruses, including but not limited to RAMP, RCA, CPA, HDA, and SMART. SARS-CoV-2 detection
studies with these methods are rare; however, all these methods have great potential for use in viral and
pathogenic detection, and it is worth discussing these methods briefly in this section

Fig. 8. Schematic of recombinant polymerase amplification (RPA) [161]. A) RPA mechanism (reproduced from
Ref. [161] with permission from the Royal Society of Chemistry). B) A simple workflow of a typical RT-RPA.
The amplification mix contains a pair of primers, recombinant, loading factors, reverse transcriptase, DNA
polymerase, accessory proteins, and single—-strand binding proteins that are available in commercial kits
Created with BioRender. com.
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2.6.1. RAMP, a combination of RPA and LAMP

RAMP is a two—stage isothermal amplification based on a combination of RPA and LAMP. RAMP reportedly
showed at least tenfold higher sensitivity than either RPA or LAMP alone [168]. In this hybrid
amplification process reported by Song et al. the target was amplified by RPA at 37 ° C in the first
stage, followed by second-stage amplification by LAMP at 63 ° C. The assay generated multiplex detection
of 16 different targets of different deadly viruses, including HIV, Zika, and HPV viruses, in less than 40
min. RAMP products were detected with either fluorescent or colorimetric dye

Although not peer-reviewed yet, a recent report on a RAMP-based SARS-CoV-2 detection method called
Penn—RAMP [169] describes RPA carried out at approximately 40 ° C followed by LAMP at approximately 60

° C. Targeting the ORF1ab gene, the authors compared the performances of RAMP, PCR and LAMP and found that
RAMP has at least ten times higher sensitivity. However, this promising result of the RAMP method was not
validated with clinical samples. The downside of RAMP is that it is carried out in two stages at two
different operating temperatures. While this combined isothermal process is an interesting technique, it
increases complexity in assay design due to several different types of primers and enzymes involved in the
two different isothermal methods

2.6.2. Rolling circle amplification (RCA)

Rolling circle amplification (RCA) is a widely researched isothermal method [170]. As the name suggests
this amplification method requires a circular template. |f the starting template is |inear, then a
circular template is made first with ligase. The target is hybridized on the template's complementary
sequence at both ends to make a "padlock probe" prior to the formation of a |igasemediated circular
template. This padlock probe—initiated circular template might result in high specificity for the
subsequent amplification. The resulting RCA product is a very long ssDNA or RNA concaterer containing many
complementary repeating units of the circular template. Since its discovery, it has found diverse
applications in bioanalysis [171], including detecting human viruses [172,173]. Wang et al. reported an
RCA-based sensitive detection of SARS—CoV [174] in 2005, but RCA has not garnered as much attention as
LAMP in detecting SARS—CoV-2. One study of SARS—-CoV-2 detection was published based on modified RCA [175]
using two rounds of RCA at 37 ° C (Fig. 9). In this proof of principle study, the target—initiated RCA



generated the first set of amplicons, which acted as targets for the next round of RCA. The amplicon coils
from this second round RCA conjugated with magnetic

nanoparticles for optomagnetic detection. However, this report used synthetic complementary DNA of the
target viral gene, not actual viral RNA from clinical specimens

Recently, another RCA-based study reported SARS-CoV-2 detection using two target gene regions of N and S
[176]. The RCA products were hybridized with detection probes modified with redox dyes to be detected
electrochemical ly (differential pulse voltammetry). While promising, the study had some |imitations for
the method to be further applied as a diagnostic tool. Although no thermal cycling is required, multiple
operating temperatures were reported for different steps throughout the process. |t requires post
amplification washing steps, which might be a deternt for a POC application

2.6.3. Signal-mediated amplification of RNA technology (SMART)

The signal-mediated amplification of RNA technology (SMART) is a simple isothermal amplification method
[177]. SMART needs only two target—specific single—stranded probes and two enzymes to function. Both RNA
and DNA can be detected [178]. SMART assays start with the formation of a complex of three strands
comprising the target and the two probes. The specific design of the probes and their interaction with the
target form “a three—way junction (3W)” or T—junction complex. The two probes, termed the extension
probe and template probe, are designed to have complementary regions of the target that allow them to
hybridize with the target at adjacent sites. The two probes also include a region that is much shorter and
allows them to hybridize with one another. This specific design criterion allows the probes to form a 3WJ
complex in the presence of the target of interest, which serves as the “seed” of the subsequent
amplification. Fig. 10 illustrates the principle of SMART. The DNA polymerase, in the reaction mix

extends the shorter probe (or extension probe) using the template probe

The template probe contains the T7 RNA polymerase promoter. Therefore, upon polymerization, a
double—-stranded T7 functional promoter is created that enables the T7 RNA polymerase to transcribe RNA in
vitro. To further increase the sensitivity of SMART, a third probe can be used [179]. The third probe does
not include the complementary region of the target sequence and thus does not bind to the target. It
includes the complementary region of the upstream IVT RNA product and the T7 promoter region. Although
SMART was developed at the same time as LAMP, SMART has not received much attention in pathogen detection
However, given its simple probe design and minimal requirement of dual enzymes that are active at the same
temperature, it has the potential to detect infectious viruses

Fig. 9. Schematic of RCA-based detection based on synthetic complementary DNA of SARS-CoV-2. After two
rounds of RCA, the amplified product was detected with an opto—magnetic sensing platform. MNP-magnetic
nano particles. Figure adapted with permission from Ref. [175].
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Fig. 10. Simple illustration of signal-mediated amplification of RNA technology (SMART). Target—initiated
3WJ complex formation and subsequent extension and in vitro transcribed RNA product generation are
accomp | ished by synergy between two enzymes—DNA polymerase and T7 RNA polymerase. The 3' end of the
template probe is modified (x) by phosphorylation to prevent extension by DNA polymerase. Created with
BioRender. com.

2.6.4. Helicase—dependent amplification (HDA)

Hel icase—dependent amplification (HDA) is another promising isothermal amplification for nucleic acid
analysis of pathogens [180, 181]. As the name suggests, the helicase enzyme plays a crucial role in the
amplification. In vivo DNA replication uses helicase enzymes to unwind dsDNA. Based on the
helicase-mediated denaturation of dsDNA, HDA was first reported [182] in 2004 with an operating

o

temperature of 37 ° C. The HDA-based commercial diagnhostic tools AmpliVue and Solana were developed by
Quidel [183]. HDA is a highly robust isothermal method that can analyze nucleic acids from clinical
samples, including plasma [184], urine [185],

vaginal swabs [186], blood [187], and stool [188,189]; thus, FDA can potentially be applied to detect



SARS-CoV-2 RNA from various clinical samples. Fig. 11 illustrates a simple FDA principle

HDA starts with enzymatic denaturation of dsDNA as opposed to the thermal denaturation in PCR. The
helicase enzyme, using free energy from ATP hydrolysis, generates ssDNA from dsDNA. SSB proteins are used
to stabilize readily generated ssDNA. Two specific primers (forward and reverse) annealed with ssDNA and
DNA polymerase enzyme extend the primer strands to form dsDNA products, which undergo further rounds of
amplification by helicase, SSB, and polymerase enzymes, resulting in exponential

Fig. 11. Schematic of helicase—dependent amplification (HDA). FDA relies on helicase enzyme to unwind the
target. A pair of primers, DNA polymerase, and single strand binding proteins ensure rapid accumulation of
FDA products. Created with BioRender. com.
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amplification and sensitive detection within 1 h [190]. With the availability of thermostable helicase
enzymes, HDA protocols have been developed to operate at higher temperatures (60 -65 ° C) for rapid
amplification with improved sensitivity [191]. An excellent review was recently published on using HDA to
detect pathogens [191]. HDA assays are some of the simplest rapid and sensitive isothermal techniques. The
success of HDA largely depends on target—specific primer design. The primary concern of HDA-based assays
is undesired primer—dimer formation and off—target primer binding leading to misleading or nonspecific
amplification [192].

2.6.5. Cross—priming amplification (CPA)

Cross—priming amplification (CPA) is another emerging isothermal amplification method for pathogen
detection [193-195]. It relies on a higher number of primers and a smaller

number of enzymes to amplify a target of interest. First developed and commercialized by Ustar
Biotechnologies (Hangzhou, China) [196], CPA requires one enzyme—DNA polymerase with strand-displacing
activity, which might be advantageous for low—cost assays. However, several primers are required for CPA,
three to five with at least one specially designed longer primer is known as a cross primer [194]. There
are two distinct domains in the cross primer: one at the 3' end has a site complementary to the target and
thus can bind to the target through this domain, and the other, noncomplementary domain is at the 5' end.
Fig. 12 illustrates that the CPA reaction is initiated by forming a complex of multiple primers and target
strands. At an operational temperature of 60-65 ° C, the cross primer (2a 1s) and an upstream
displacement primer (4s) hybridize to the target, forming a complex of three strands. Bst polymerase
extends the cross primer strand.

Fig. 12. Schematic of cross priming amplification (CPA). CPA relies on Cross primer and several
Displacement primers. CPA consist initial products (step |), stem—loop products (step |l), and subsequent
amplification of the final products (step Il1l). Adapted with permission from Ref. Xu, G. et al., [194].
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Simultaneously, the upstream primer strand is also extended, displacing the extended cross primer strand
from the complex

Three additional primers (3a, 2a, 5a) in tandem hybridize with the released strand, forming a complex of
four strands. Extensions and displacements from this complex result in two different ssDNA products, one
of which undergoes direct primer extension to create dsDNA. The other ssDNA product from this step forms a
hairpin—like structure followed by cross priming extension to create a dsDNA structure, which further
generates two hairpin structures. High concentrations of primers and highly active Bst polymerase
facilitate a series of annealing, extension, and displacement processes, leading to exponential
amplification of dsDNA. The CPA product is dsDNA and thus can be read out by fluorescence mode. However,
several recent studies used simple lateral flow strip—based detection, showing the diverse detection modes
of CPA [197-199]. CPA is a relatively new isothermal approach and is being further developed [194].

2.7. lsothermal amplification methods combined with the CRISPR/Cas system

Often known as “genetic scissors,” the CRISPR/Cas system is a revolutionary discovery in molecular



biology [200]. It was discovered in bacteria as a naturally occurring phenomenon in their genome. Some
bacteria survive viral attacks and develop resistance against any such future attack by copying part of
the genetic sequence of the invading virus and storing it in the immune system [201,202]. This defense
mechanism of the bacteria is expressed as clustered regularly interspaced short palindromic repeats

termed CRISPR. It is the specific “space” sequence in the genome of bacteria located between palindromic
sequence repeats that relate to viral genomes [203]. As an immune response against the attacking virus
this signature spacer sequence is transcribed into small RNA molecules [204,205]. RNA, along with certain
enzymes in bacteria, forms the CRISPR/Cas—based adaptive immune system [204, 206], which protects bacteria
by destroying the DNA or RNA of the invading virus [207]. Interestingly, it was later found that this
natural immune system of many bacteria (also archaea) can be engineered for use as a genetic tool in
mammalian cells [208] and

human cells [209,210]. Within a few years of its landmark discovery in 2012 by a group of researchers
[211], this revolutionary tool has already proven to be extremely useful for diverse applications ranging
from gene editing [208,212] to bioanalytical applications [213,214] to therapies [215,216] and has shown
remarkable potential in nucleic acid-based detection of pathogens [217 - 220].

A CRISPR/Cas system coupled with various isothermal amplification for diagnosis of pathogens is in place
[221 - 223]. While isothermal amplification provides high sensitivity by exponential enrichment of the
target gene, the incorporated CRISPR/Cas system provides high precision in detecting amplified target
products. The CRISPR/Cas detection is based on the formation of an "effector complex” comprising two
defining elements: Cas enzymes and guide RNA (gRNA). The effector complex leverages the cooperative
relation between these two elements. While the recognition of the target nucleic acid is provided by gRNA,
cleavage of the nucleic acid is executed by the Cas enzyme [217,224,225]. The programmable gRNA, for
certain Cas enzymes, is basically a complex of two parts RNA: a CRISPR RNA (crRNA) and a trans—activating
crRNA (TracrRNA) (Fig. 13A, upper). While the TracrRNA part facilitates the pairing of the entire gRNA and
the Cas enzyme and helps to obtain the active conformation of the effector complex, the crRNA part
contains a short region named the spacer, which binds to the target. However, to simplify the experiment,
both crRNA and TracrRNA of the gRNA can be combined in a single and larger RNA motif often known as single
guide RNA (sgRNA) [226] (Fig. 13A, lower). Similar to the LAMP primer design tool, web—based gRNA design
tools for CRISPR/Cas systems are available online with varying usability [227 - 230]. However, manual
adjustment still might be necessary. Most often, in vitro optimization of the sgRNA from a set of designed
candidate sgRNAs is needed for specific assays. The spacer sequence is designed, modified, and changed as
needed to contain the complementary base of the protospacer, a region of the intended target in the assay
obtained as upstream isothermally amplified products. Hybridization between the spacer and protospacer
ensures target specificity and activates the effector complex for that specific target. However, for some
Cas enzymes, the effector complex also requires the presence of a very short (2 -5 bases) [231] region in
the target in close proximity to the protospacer named the

Fig. 13. Class 2 Cas enzymes used in the CRISPR/Cas system. A) The CRISPR/Cas9 system uses a two—part gRNA
(tracrRNA, crRNA (top)) or an sgRNA (bottom) with a linker between tracrRNA and crRNA. B) sgRNA-directed
endonuclease activity of Cas9 on target dsDNA. C) Collateral cleavage and target cleavage activity of
Cas12. D) Collateral cleavage and target (ssDNA) cleavage activity of Cas14. D) Collateral cleavage and
target (ssRNA) cleavage activity of Cas13. All Cas enzymes are drawn by showing their relative size
(created with BioRender.com). Figures B-E adapted with permission from Ref. [239].
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protoscer adjacent motif (PAM) [232,233]. The required PAM sequence is different for different Cas enzymes
[234] and is typically considered a constraint in CRISPR-based biosensing [235].

CRISPR/Cas—based pathogen detection systems typically employ different Cas enzymes with their preferred
target nucleic acids. Some Cas enzymes preferably cleave dsDNA, ssDNA, or both, while other Cas enzymes

exclusively cleave RNA. In fact, discovering various Cas enzymes and evolving the system as strong tools



for biosensing as well as pathogen detection are inseparable. Based on the specific functional structure
of Cas enzymes, CRISPR/Cas systems can be divided into class 1 and class 2 systems [236]. Class 1 systems
include functional complexes of multiple effector Cas enzymes, while class 2 systems are a single and
large effector Cas enzyme. To date, most of the discovered Cas enzymes belong to class 1 [237]. However,
due to the simple and convenient assay design with only one effector protein in class 2 systems, this
system has been the most used in detecting pathogens, including SARS-CoV-2 [238]. The most common class 2
Cas enzymes that are used in nucleic acid detection are Cas9 (type Il), Cas12 (type V), and Cas13 (type
vI).

Cas9 is a large enzyme varying from ~950 to over 1600 amino acids based on the species from which it is
isolated [236]. Upon binding sgRNA, in the presence of the signature PAM sequence NGG (N is any
nucleotide), Cas9 unwinds and cleaves the dsDNA target at the specific site by using two nuclease domains:
His—Asn—-His (HNH) and RuvC [226]. The functional domain HNH cleaves the protospacer—containing strand
(complementary to the spacer), while the RuvC domain cleaves the other strand of the dsDNA target
[240 - 242]. Both nuclease domains are necessary for dsDNA cleavage by Cas9 (Fig. 13B). Likewise, the
endonuclease activity of Cas9 can be controlled and even deactivated by mutating the amino acids of the
functional domains. Mutation in one domain, either RuvC or HNH, transforms Cas9 into a nicking
endonuclease (nCas9), meaning that it cleaves or nicks only one strand of the target dsDNA [241, 243].
Amino acid mutation in both nuclease domains deactivates Cas9 (dCas9) to form a catalytically inactive
version that no longer cleaves any of the strands even though it binds the target dsDNA [239, 244]. All
these structural variations of Cas9 make it useful for gene manipulation [245,246]. There are some
published reports that use Cas9—-, dCas9—, and nCas9-based C43 is a well-

However, Cas9 is a wel |-

The Cas12 family of proteins are type V effector proteins. With 1100 - 1300 amino acids [251]. Cas12
proteins are slightly smaller than Cas9 proteins. Cas12 is well known in CRISPR/Cas—based detection of
infectious viruses, including SARS-CoV-2. Similar to Cas9, Cas12 is also directed by a gRNA, albeit a
shorter one known as crRNA [252,253], to bind and cleave dsDNA targets in the presence of thymine-rich PAM
sequences. With no HNH domain, Cas12a performs dsDNA cleavage using the endonuclease ability of the RuvC
domain [254]. In addition to target cleavage, Cas12, unlike Cas9, also provides collateral cleavage
activity (also referred to as trans—cleavage) on any ssDNA in the sample, a useful property in nucleic
acid-based detection [255]. It enables a ssDNA reporter probe modified with fluorophore and quencher
groups to be used to monitor an assay (Fig. 130).

Cas14, another type V effector protein, has been reported recently [225,256]. Similar to Cas12, it can
exhibit indiscriminate cleavage of ssDNA [239]. However, unlike Cas12, Cas14 does not require a PAM
sequence in the target [225], and it is much smaller in size, with ~400 - 700 amino acids [225]. The Casl4
family preferentially targets ssDNA (Fig. 13D). The PAM-independent target cleavage of this newer class 2
enzyme has great potential to enable detection of a wide variety of ssDNA-based pathogens. Although ssDNA
is preferentially targeted by Cas14, dsDNA can also be

targeted by Cas14 by providing a TTTA PAM sequence [257].

Cas13 family effector proteins, belonging to type VI, are unique in their target and collateral cleavage.
Unlike the other class 2 Cas enzymes, Cas13 specifically targets and cleaves ssRNA [258] and does not
require a PAM sequence in the target (Fig. 13E). However, for the target recognition it prefers a
non—guanine base or proto—spacer flanking site (PFS) to be present next to the protospacer, which can be
easily found. With a similar size (900 - 1300 amino acids) [251] to Cas12, the well—-known subtype from the
Cas13 family for pathogen detection is Cas13a [259]. Due to its ssRNA targets, Cas13 is especially
suitable for RNA-based virus detection, including detecting SARS—-CoV-2 [260, 261].

Isothermal amplifications such as LAMP and RPA are combined with different Cas enzymes involved with the
CRISPR system for viral RNA (SARS—CoV-2) detection (Fig. 14). Isothermal-based CRISPR/Cas detection
systems can be performed with simple equipment, even a water bath [262,263]. Ideally, CRISPR/Cas—based

detection can be performed with fluorophore and quencher—-modified nucleic acid reporters. This method



generates a specific signal based on the cleavage of the reporter fluorescence probe, which allows simple
visual detection [264]. Another simple way that is more amenable to POC detection is to interpret the
result by employing a lateral flow assay, similar to a pregnancy test strip [265-269]. An assay developed
by Broughton et al. is named DNA Endonuclease-Targeted CRISPR Trans Reporter (DETECTR) [270]; it combines
RT-LAMP with CRISPR/Cas12 to give sensitive detection of the target genes E and N of SARS-CoV-2
RT-LAMP-based amplified products are recognized by the Cas12/gRNA complex, which activates Cas12 for

col lateral cleavage of the fluorophore—quencher—labeled reporter probe. A lateral flow strip—based readout
confirmed the cleavage of the reporter ssDNA probe. Together, the isothermal amplification and CRISPR/Cas
steps of the assay took approximately 45 min to detect SARS—CoV-2

The LOD was as low as 10 copies per | of the reaction, suggesting high sensitivity of the assay, and the
selectivity of the assay was confirmed using other coronaviruses. Clinical samples were preidentified with
RT-PCR, and DETECTR could detect 100% of the negative samples correctly and 95% of the positive samples
The researchers attempted detection with a crude sample to avoid the RNA extraction step but found that
this resulted in a significantly lower sensitivity. The Cas12 used in DETECTR is constrained by the PAM
site in the target, which typically deters a CRISPR/Cas system from wide applicability. Another concern
with DETECTR is its post amplification tube opening. It is ideal for nucleic acid-based detection in a
single pot with a sample. Another assay was developed by the Zhang group. The Zhang group published a
detailed protocol of the assay named SHERLOCK [267] (specific High Sensitivity Enzymatic Reporter
Unlocking). SHERLOCK relies on several enzymatic processes: RT, RPA (RT-RPA), and T7 RNA transcription
[267]. RT-RPA was used to amplify the target gene sequence, which resulted in dsDNA products. T7 RNA
transcription makes RNA from the dsDNA products, SHERLOCK relies upon the cleavage of the Cas13 enzyme
which explicitly possesses RNA cleavage activity [271] and, thus, is convenient for the detection of RNA
viruses such as SARS-CoV-2. The gRNA/Cas13/target ternary complex activates the system to execute

col lateral cleavage of reporter RNA. The readout is performed by the lateral flow strip. SHERLOCK was
developed by extensive optimization of the reaction conditions to detect regions of the S and ORFlab genes
of SARS-GoV-2. SHERLOCK has also been used for the sensitive detection of other RNA viruses, such as Zika
virus and Dengue virus [217,261]. The advantage of the Cas13-based SHERLOCK method over the Casi12-based
DETECTR method is that Cas13 has much more target sequence flexibility; however, SHERLOCK requires an
additional enzyme, T7 RNA polymerase, for Cas13 RNase activity.
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Fig. 14. Simpler representation of a typical isothermal amplification based CRISPR/Cas detection system
for viral nucleic acids. Typically, LAMP or RPA based amplification is involved to amplify target for
subsequent class 2 Cas enzyme activity by Cas12 and Cas13. The system involves “Collateral cleavage”
based qualitative and quantitative detection. Created with BioRender. com.

CRISPR/Cas brings a high degree of specificity in isothermal amplification. CRISPR/Cas systems are
designed considering target—specific gRNA, which directs them; thus, these systems act upon the amplified
products from the target sequence, thus avoiding any carry over primer—dimer products. However, we must
acknowledge the limitations and chal lenges of this promising detection system. CRISPR/Cas—based system
coupled with isothermal amplification is essentially an enzyme—intensive process, which might be
expensive. To incorporate the CRISPR/Cas system with isothermal amplification for pathogen detection, the
choice of Cas enzymes must consider the operating temperature of the isothermal amplification. Table 1
shows different potential isothermal amplification methods combined with CRISPR/Cas system reported in the
literature. In the literature, most CRISPR/Cas—based systems employ LAMP and RPA isothermal amplification
However, we also outlined other potential isothermal amplification methods that can be combined with
CRISPR/Cas systems based on the Cas effector

proteins preferred targets and the amplified products of the isothermal amplification methods

Typically, isothermal amplifications operate at temperatures between 40 and 65 ° C, largely based on

polymerase—and amplification—specific auxiliary enzymes. Finding an optimum operating temperature that



satisfies both upstream isothermal amplification and downstream Cas activities is crucial and might
warrant extensive empirical investigation. Conveniently, Class 2 Cas enzymes and their subtypes, work at a
wide range of temperatures. For instance, type V Cas12 enzymes have commonly used subtypes Cas12a and
Cas12b. Cas12a enzymes are most functional at approximately 28 ° G, while Cas12b enzymes perform best at
approximately 50 ° C [268]. Therefore, the Cas12a enzyme appears to be a better enzyme for amplification
methods with lower operating temperatures, such as RPA [263], while Cas12b is suitable for LAMP
[223]-based CRISPR/Cas systems. However, these subtypes and other enzymes and their thermal activity and
performance
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Table 1

Combinations of isothermal amplification and the CRISPR/Cas system for pathogen detection

| Isothermal amplification|Amplification temp. (- C)”" {c|Target|Amplicon|Class 2 Cas enzyme” {d|Ref]|
|LAMP | 60-65|DNA, RNA™{a|DNA|Cas12a, Cas12b, Cas9|[75,275-279]]|

|RPA[37-42|DNA, RNA" {a|DNA|Cas12a, Cas13a”{b Cas136” {b|[160, 258, 269, 280-283] |

|RCA|30-60|DNA, RNA”™{a|DNA|Cas14a, Cas9, Cas12a|[280, 284, 285]|

INASBA|41|RNA (DNA) |[RNA, DNA|Cas13a, Cas13b, Cas9|[146, 154, 286] |

|NEAR|55-60|DNA, RNA”™ {a|DNA|Cas12a, Cas12b, Cas9|[136, 140] |

| TMA[-40-60|RNA (DNA) |RNA, DNA|Cas13a, Cas13b, Cas9|[159,287]]

|HDA|37-65|DNA, RNA” {a|DNA|Cas12a, Cas13a”{b Cas13b”{b|[191, 192, 280] |

| SMART [41|RNA, DNA|RNA|Cas13a, Cas13b|[178]]

|CPA|60-65|DNA, RNA" {a|DNA|Cas12a, Cas13a”{b Cas13b”{b|[193, 194]|

a RNA virus can be targeted using an additional enzyme, reverse transcriptase, to make cDNA from target
RNA.

b RNA target for Cas13 can be obtained by in vitro transcription of an RPA—generated DNA amplicon to use
as a target for Cas13

¢ Typical amplification temperature: variability might exist.

d Most commonly used Cas enzymes with suitable isothermal amplification for SARS-CoV-2 and other pathogen
detection based on target types; however, variability might exist depending on the organism from which Cas
enzymes are derived.

largely depend on the microorganisms from which they are derived; thus, their operating temperatures and
suitability for different isothermal amplifications can vary [255, 269,272 - 274].

Choice of Cas enzymes also depends on the target nucleic acid. The amplified product from an isothermal
amplification reaction is employed as the target of downstream Cas enzymes (Table 1). The amplicons of
LAMP and RPA is DNA. Therefore, Cas12 or Cas? is preferred with LAMP and RPA combined CRISPR system.
However, enzymes can convert RNA to DNA or vice versa during isothermal amplification, making these
combined systems flexible for both RNA and DNA based viruses detection. Exploring novel enzymes with
varying working temperatures is important.

In addition to the gRNA, most existing CRISPR/Cas systems derive their target specificity from PAM
sequences. However, the PAM requirement for Cas9 and Cas12 adds an extra layer of constraint, especially
when isothermal amplification is combined with CRISPR/Cas systems. For example, LAMP-based amplification
already has somewhat inconvenient target selection—primer design issues. To use CRISPR/Cas12 with LAMP
the target needs to have its PAM sequence 5' (T)TTN-3' close to the protospace. A highly conserved region
with suitable binding sites for primers and PAM sequence for downstream Cas12 may be hard to find in the
pathogen genome. Li and coworkers demonstrated that if a PAM sequence is not present, designing
PAM-containing LAMP primers to incorporate the PAM into amplicon dsDNA enables CRISPR/Cas detection [288]
Using Cas13 demands less constraint, as it does not need a PAM sequence to execute collateral cleavage.
However, the protospace region needs to be selected so that the first base immediately after the

protospace region avoids a guanine base, which can be frequently satisfied by careful selection of the



protospace. Similar to Cas13, Cas14 also executes PAM-independent cleavage. However, Cas13 and Cas14 are
currently not commercially available [289]; thus, they are obtained by in—house protein expression and
isolation in working labs

2.8. lsothermal amplification method-based commercial devices

Since the pandemic began, emerging isothermal-based detection systems have garnered greater attention than
ever previously from academia, industry, and government agencies. Many isothermal-based SARS-CoV-2
detection systems are commercially available and have obtained emergency use authorization (EUA) by the US
FDA or are GCE marked in Europe. Among them, commercial LAMP-based systems have achieved greater success
because of their flexibility, robustness, and simplicity. EIKEN CHEMICAL (Tokyo, Japan) is one of the
pioneers of commercial LAMP kits and turbidimetry—based real-time LAMP devices (LA-500 and LA-320C), which
have been used for detecting pathogens [290]. For SARS-

CoV-2 detection, they developed Loopamp kits, which need only a suitable heat source for end use [291].
Color Health Inc. was one of the first companies to obtain EUA [79]. This RT-LAMP-based kit reportently
achieved an LOD of approximately 0.75 copies/| viral RNA via real time colorimetry. A bead—based RNA
extraction step, however, is needed prior to amplification, which is time consuming

Other RT-LAMP kits from SeaSun Biomaterials have obtained EUA [292]. Both RT and LAMP reactions occur at
60 ° C, a large advantage in simplifying the workflow. However, the kit was validated with only certain
PCR instruments (Applied Biosystems 7500 Real-Time PCR instrument), limiting its large—scale application
and somewhat undermining the desired feature of requiring simple instrumentation for isothermal detection
Detectachem [293], Mammoth Biosciences [294], and Sherlock Biosciences [295] are among companies that
obtained EUA for their testing kits. All these kits were developed by adapting slightly different
isothermal approaches and come with different advantages in one or more steps, from sample processing to
amplification to detection, with the unifying goal of detecting viruses in a rapid, accurate, and simple
manner. The Detectachem kit has the advantage of using direct samples for the assay without the RNA
extraction step, while the kits of the other two companies involve isothermal detection systems based on
the CRISPR/Cas system. In the United Kingdom, the Department of Health and Social Care authorized the
"LamPORE COVID-19" assay developed by Oxford Nanopore Technologies [296]. This technology is promising for
high—throughput detection. This CE marked RT-LAMP-based assay is designed to perform with a small
palm—sized portable device and is reported capable of running 2000 tests in a day. Amazingly, this assay
stands out by leveraging the sequencing of the RT-LAMP amplified target and thus can directly detect the
presence of the target viral RNA sequence. Moreover, the sequencing of the target can accurately report
false positives that might occur in the reaction

Isothermal techniques other than LAMP have also enjoyed commercial success and have obtained EUA in the
pandemic. The Hologic Panther system uses a TMA-based SARS—CoV-2 assay [297], and it is a large—scale
clinical testing system capable of running over 1000 tests in a day. This fully automated platform has
been used to sensitively detect different human coronavirus (hCoVs) [298], and one study even found that
its analytical performance was higher than that of RT-PCR [299]

NEAR-based isothermal amplification was employed by Abbott for a diagnostic system for the influenza virus
[300]. Formerly known as “Alere i” , the isothermal system has been available on the market for a few
years for detecting the flu virus [301,302]. An improved version, “Abbott ID Now” , was developed for
SARS-CoV-2 detection and also received EUA from the FDA [303]. From direct
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swab, the “ID NOW COVID-19” +testing platform can detect viral RNA in less than 15 min. ID NOW COVID-19
is an integrated diagnostic platform of a sample processing unit and detection system with a small device
footprint for POC facilities (Fig. 15A)

Lucira Health developed an impressive isothermal-based detection system [304]. The kit includes all
supplies to run the test in a small portable device powered by two AA batteries. This CLIA-waived kit

enables at—home testing with very simple and nontechnical steps (Fig. 15B). The test result is interpreted



with visually read positive or negative green |light on the device. The kit uses an RT-LAMP-based test
targeting the N gene of the virus and can give results within 30 min. This sample—to—answer kit obtained
EUA to perform self-testing of SARS-CoV-2 outside of healthcare setting. Another test kit, “Cue COVID-19
Test Kit” was developed for similar use [305]. The user can obtain results within 20 min in a
“sample—to—answer” manner by the automated testing platform containing three basic elements:; Cue sample
wand (for sample collection), Cue test cartridge (containing reagents), and Cue cartridge reader (for
reporting the result). With self-collected sample, the test automatically starts when the sample wand with
a nasal swab is inserted into the test cartridge that is connected to the Cue cartridge reader [305]. A
smart phone app is used to interpret the test result
While there are obvious benefits of different at—home testing kits, a concern might be the often delayed
or missing test reporting by the consumer to the public health authority, which mainly depends on the
willingness of the at—home user. For these commercial kits and other diagnostics systems, EUA is issued
for a certain time in unusual situations such as a pandemic that demands widespread testing. Therefore
large—scale comparative studies of these kits using various sample types collected from symptomatic and
asymptomatic patients are necessary before permanent approval and thus regular testing in the
post—pandemic era
For detecting SARS-CoV-2, along with these commercially successful isothermal amplification systems, the
analytical performances of some isothermal-based studies in the literature are summarized in Table 2
3. lIsothermal amplification methods—based detection: Scope and chal lenges
Isothermal amplification—based assays can be improved to become better alternatives to PCR as a detection
system for highly infectious viruses. The main argument in favor of isothermal detection methods is that
unl ike PCR-based detection, they are not based on repeated temperature switching. While this is true for
the

A

B

1. Remove sample vial seal

2. Then gently set in test unit without pushing the vial down
3. Rotate 5x in both nostrils

4,

—Insert swab into the sample vial intil it touches the bottom.

-Mix by stirring 15x

—Discard swab

5. Snap cap closed and press vial down into test unit until it clicks

—Ready light will start blinking when test is running

6. Read test result

Fig. 15. Flowchart of different commercial isothermal-based detection systems of SARS—CoV-2. A) ID NOW
COVID-19 detection by Abbott. Sample processing units (left) contain a sample receiver, transfer
cartridge, and test base. The sample receiver containing lysis buffer is used treat patient sample.
Following quick mixing, the transfer cartridge is used to transfer the treated sample manually to the test
base containing a lyophilized NEAR mix. Amplification and fluorescence—based detection are performed by
the ID NOW instrument (right). Adapted with permission from Ref. [140]. B) “All-in—One Test Kit” - a
commercial POC testing system developed by Lucira Health. The system involves a user—friendly, simple
workflow of “self-test” virus detection on a small and portable device. (adapted with permission) [304].
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Table 2

Performance of recent isothermal amplification—-based assays to detect SARS—CoV-2.

| Target Gene|Amplification|Time™{a (min) |[LOD" {b (Copy) |Detection mode” {c|Clinical specimens (sample

size) | Comment |



|ORF1ab |RT-LAMP|40|10|C|Yes (248) |Some false negatives from clinical samples [129]]

|ORF1ab |RT-LAMP|45|300|F|Yes (40) |Small number of clinical samples were employed [128]|

[N, S|RT-LAMP|40|100|C, F|No|For optimization, 16 primer sets were employed [306] |
IN|RT-LAMP|30]100|C|Yes (154) [High specificity in clinical samples (98%) [122]]

|ORF1ab, N|RT-LAMP|30|12.5|F|Yes (260) |Sensitivity in both simulated and actual clinical samples is high
[133]]

|ORF1ab, S|RT-LAMP|30|20]|C, T|Yes (130) |[No cross-reactivity against many related viruses [132]]
N|RT-LAMP|40]118]|C|Yes (56) |93% consistency with RT-PCR in analyzing clinical samples [127]]

|ORF1ab, S, N|RT-LAMP|30|2|C|Yes (16) |[RT-LAMP with no RNA isolation was attempted [134]]
N|RT-LAMP|30]100|C|Yes (768) |Developed a rapid LAMP that avoids RNA isolation [125]]

|ORF1ab, N|RT-LAMP|40[12]|L]|Yes (129) |[Multiplexing-LAMP targeting two genes in a single tube [135]]|
|ORF3a, E|RT-LAMP|60|42|C|Yes (366) |Different clinical samples tested [307]]

IN|RT-RPA|20|8|F|Yes (19) |Similar performance to RT-PCR [163]]

N, S|RT-RPA|30]|1|F|No|Not validated with clinical samples [164]]

|E, N|RT-RPA|15]|15|F|Yes (36) |Similar performance to RT-PCR [165] |

N, S|RCA|120]|10]|E|Yes (106) |Similar performance to RT-PCR [176] |

| SINASBA|120|50|F|No|Not validated with clinical samples [146]]

|E, N|RT-LAMP, CRISPR|60|10|F, L|Yes (24)|Similar performance to RT-PCR [276] |

|ORF1a|RT-RPA, CRISPR|50|200|F, C|Yes (50) |Good sensitivity (90%) and specificity (100%) compared to
RT-PCR [308] |

IN, E|RT-LAMP|70]0.75"{d|C|—|EUA from FDA (Color Genomics) [79]]

IN, E[RT-LAMP|30|75" {d|C|—|EUA from FDA (Detectachem) [293]|

IN|RT-LAMP, CRISPR|45|20" {d|F|—|EUA from FDA (Mammoth Biosciences) [294]|

IN|RT-LAMP|35]0.9" {d|C|—]|EUA from FDA, self-collected sample, at—home use (Lucira) [304]]

a Approximate assay time

b LOD-limit of detection is expressed in target RNA copies/reaction from the |iterature

¢ F-Fluorescence, C—colorimetric, L-lateral flow assay, E-electrochemical.

d LOD-limit of detection is expressed in target RNA copies/|.

amplification part, when we consider the entire assay from sample treatment to detection, it often
requires more than one temperature, which is not convenient for an ideal sample—to—answer approach. In
some assays in the literature, analytical performance is compared to that of PCR by using mock samples
with viral RNA spiked into a biological fluid [128, 146, 164]. Those analytical sensitivity tests with
simulated samples may not yield the same results or even can give false negatives using clinical
specimens. Clinical studies using different types of specimens are required to know the robustness and
true sensitivity of the assay. |t is particularly important as potential false—negative results can have a
significant effect on disease containment. Getting accurate results from even a well|l-designed and
sensitive isothermal assay is not always guaranteed. For example, an optimized and “highly specific”
assay can generate false—positive results in different settings because of human error such as improper
sample handling, reagent mixing, or even mislabeling. A simple and reduced workflow, sample—to—answer
assay can prevent these potential sources of false positives and ensure diagnhostic specificity

3.1. Three crucial diagnostic challenges

An infectious virus such as SARS—CoV-2 demands moving the testing environment from the benchtop to the
field, from the clinical laboratory to POC settings—making a next—generation diagnostic tool available
for routine testing rather than being limited by cost, time, or laboratory facilities. Such a tool would
be inexpensive, readily available to end users, operable with minimal technical knowledge, portable with a
minimal instrument foot—-print, and able to detect quickly with fewer reagents and at a single temperature
Isothermal methods are faster and simpler than non isothermal PCR—based methods, and the amplified product
can be detected visually with an unaided eye, making them good candidates for next—generation diagnostic

tools. As the scientific community and commercial developer continue to make progress on



this front, three questions must be asked: How easy is it to process clinical samples? |s concurrent
detection of more than one virus possible? How simple are the detection system and the platform? These
specific issues concerning SARS—CoV-2 and other infectious viruses are highlighted in Fig. 16
3.1.1. Rapid sample treatment toward faster and easier detection
Detection of SARS—CoV-2 requires extraction of its RNA from clinical samples, which involves several
time—consuming steps [309], is labor—demanding, and is often impossible to perform with shortages of
extraction kits. An isolation—free RNA method would significantly reduce the turnaround time and cost of
the test. Some reports have shown that RT-PCR can be performed using patient samples directly [310 - 313].
Using raw clinical samples should be more convenient with LAMP than PCR, as LAMP is more tolerant to
inhibitors [314]. Several studies have shown that LAMP assays can sensitively detect SARS—-CoV-2 without
RNA extraction from clinical samples [125, 128,134, 315]. Dao Thi et al. reported directly using
nasopharyngeal swab samples to detect viral RNA [125]. However, the direct use of swab samples resulted in
less sensitivity due to a strong matrix effect. The swab samples were exposed to brief heat treatment at
95 ° C for 5 min. The brief heat treatment of the samples inactivates the endogenous RNases and, likely
disrupts the viral capsid to free the RNA [316]. Companies |like Lucira Health, and Abbott have developed
isothermal—based diagnostic systems which operate with minimal sample processing.
Apart from minimal sample treatment, the type of sample, ideally noninvasive and self—-collected, also has
a great impact on the test in a pandemic. Chow et al. demonstrated that samples from nasopharyngeal swabs
are more sensitive than throat swab samples for detecting the virus [307]; other similar reports on nasal
and throat swab samples were also published recently [317]. However, both types of samples bring certain
discomfort to patients and require special protocols, swabs, and collection by healthcare persons. The use
of saliva as a self-collected sample overcomes these
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Fig. 16. Characteristics of a next—generation diagnostic tool with the three most important criteria: easy
sample treatment, POC tool, and multiplexable system.
issues [318,319]. Recent isothermal amplification studies have demonstrated that using saliva samples can
potential ly make detection easier and faster [146,315]. However, using saliva with a pH-dependent
colorimetric LAMP method might generate misleading results, as human saliva repeatedly changes the pH from
7.4 to 6.8 [320]. Even these small changes in pH can induce phenol red, a common colorimetric indicator of
LAMP, to change from red to yellow, even without the presence of a viral RNA target that initiates LAMP
To overcome potential false positives from saliva samples, Yang et al. reported RT-LAMP [321] that used a
“saliva stabilization” that contained 14.5 mM NaOH to reduce the salivary acidity. The study reported
that the saliva—based LAMP assay provided faster detection with fewer false positives than a RT-PCR test
with EUA.
3.1.2. Point-of-care (POC) tool for potential self-detection
Along with minimal sample processing, the next important criterion for a next—generation diagnostic tool
is that it would be scalable and user—friendly to allow routine testing at the POC. It must not require
sophisticated technical knowledge to use, thereby performing on—site detection. With these features, the
tool would enable an individual to detect the virus with a self-collected sample. ldeally, a POC tool
would be portable and require simple instrumentation. The miniaturized platform would perform the analysis
with a microvolume of reagents, ensuring that it would be cost—-effective
Several reports have been published on microfluidic—based isothermal detection of infectious viruses
[78,322 - 324], and most of these reports involve prototypes that are not fully developed for large—scale
diagnosis. However, recently, a CRISPR/Cas—based preprint report named STOP (SHERLOCK Testing in One Pot)
with potential POC advantages was published [275]. This advanced version of SHERLOCK detects SARS—CoV-2
from saliva samples in approximately 1 h using a small heating device. Unlike the previous version of
RPA-based SHERLOCK [267], this version offers simpler operation with a single-step reaction based on LAMP

amplification. The single—step assay reduces potential sample cross—contamination and achieves highly



specific detection of SARS-CoV-2 against other coronavirus, such as MERS-CoV and SARS-CoV. Recently,
another report was published on POC-based SARS—CoV-2 detection [83]. The assay employed LAMP-based
amplification with free RNA with a very brief heat treatment (95 ° G, 1 min) of the clinical sample
Notably, the assay used smartphone—based portable detection platform. Both the LAMP mix and the
heat—treated sample were loaded in two syringes (Fig. 17A)

The POC platform integrated the necessary heating elements, LEDs, dye—specific spectrum filters, and a
smartphone to capture

fluorescence images with real—time monitoring (Fig. 17B). A small microfluidic device made of polyurethane
was used as the reaction chamber. The channel network for fluidic transmission in the device was designed
to contain three distinctive regions: inlet, mixing and amplification regions (Fig. 17C). The two fluids
enter the mixing zone before heading into a circular amplification region, where the reaction occurs. The
microfluidic chip is then inserted into the platform where an integrated heater provides the operating
temperature (65 ° C). This system detects a positive sample in 30 min and has been verified by using a
smal | number of clinical samples, and full agreement with RT-PCR results was obtained.

POC diagnhostic tool occasionally faces a challenge with the need for cold storage of reaction mixes in
low-resource settings. In particular, for a POC system that includes reagents in liquid format, operating
instructions should include proper handling procedures of isothermal amplification mixes. For instance
colorimetric LAMP mixes in a liquid format tend to be unstable at room temperature [125]. Prolonged air
exposure of the mixes should be avoided, as atmospheric CO can acidify the LAMP mixes. LAMP mixes need

to be handled carefully by not opening the tube until the contents are added into the reaction chamber of
the POC tool shortly before running the test. After multiple uses and repeated exposure to air, however,
the color of the mix can change and become unusable for further use. The advantage of the POC tool can be
realized by using a lyophilized LAMP mix. Lyophilization of reaction mixes improves their stability at
room temperature [325], and it simplifies transport and storage, thus potentially eliminating the need for
cold chain management. Many recent LAMP-based assays of SARS-CoV-2, including the commercially available
Lucira Health's POC at—home test and Abbott's ID NOW COVID-19, use lyophilized reagents

3.1.3. Multiplexable, high—throughput detection

Performing multiple genotyping tests on one virus or testing for several viruses in a single reaction is
used in a multiplexable detection approach. Multiplexing is highly desired in biocanalysis and more so for
pathogen detection since many viruses have similar genetic material and their infections have similar
clinical symptoms; therefore, accurately detecting as many of these related pathogens as possible in a
single reaction is desired. Respiratory pathogens such as SARS-CoV-2 have similar genetic material to
other members of its Cononaviridae family. Early in the pandemic, a report was published by a group of
researchers in China [326] who conducted a study on a large number of people in a hospital in Wuhan
China. They found that out of 307 patients, approximately 57% were infected by SARS-CoV-2 and at least one
other influenza virus. Although non isothermal, PCR revolutionized the molecular biology field and
biosensing applications because it is amenable to multiplexing, where more than one target can be
amplified in a
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B

C Microfluidic chip

Fig. 17. Smartphone—based handheld POC instrument. A) Simple workflow of SARS—CoV-2 sample preparation by
brief heat treatment and transfer of the thermally lysed sample to a syringe. Another syringe was loaded
with LAMP reaction mix. B) Photograph of the microfluidic chip integrated POC tool. C) Disposable
microfluidic cartridge. Figure adapted with permission from Ganguli et al., [83].

single reaction [327 - 331]. An RT-PCR-based multiplexed system was developed by US CDC named as “Flu SC2
Multiplex Assay” to codetect SARS-CoV-2 and influenza viruses [332]. In an isothermal-based assay, two

basic approaches can be used to realize multiplex detection. One is to design an assay that is compatible



with multiple primers and probes for multiple targets in a single reaction chamber. The other one is to
utilize physical barriers among multiple isothermal reactions in microfluidic reaction platforms with
multiple reaction chambers - the latter simplifies detection drastically by allowing the detection of
only one target per reaction chamber.

In both cases, the greatest challenge is developing a convenient signal readout system for all intended
targets (the probes and their chemistry, i.e., optical, electrochemical, and potentially label-free)
Evaluating whether a single readout mode can be used for multiple targets or a combination of modes needs
to be used [333] is central for multiplex assays. For simplicity, a convenient signal readout that can
monitor multiple probes is preferred. |In fluorescence readouts, multiple target—specific fluorescence
probes with distinctive emission wavelengths can be used. Several double—-modified probes labeled with
multiple reporter dyes with unique spectral properties need to be designed carefully to specifically bind
to their intended target sites. Such an approach was adapted in a promising LAMP-based multiplex method
named detection of amplification by release of quenching (DARQ) [334]. In this method, in addition to
other primers used in a typical single target LAMP, a modified forward inner primer and a shorter reporter
oligonucleotide are used. A 5' quencher-modified FIP primer is pre—annealed to a 3' fluorophore labeled
comp lementary shorter oligonucleotide to make a duplex probe. The 5' end of the quencher-modified FIP is
hybridized with a 3' fluorophore—labeled reporter oligonucleotide, while the 3' end of the FIP remains
available to bind to the intended target site to initiate LAMP reaction. As the reaction

progresses, subsequent strand generation displays the fluorophore—labeled reporter oligonucleotide from
the duplex probe. This displacement of the reporter generates a fluorescent signal. Using different
fluorophore—labeled reporter oligonucleotides enables the DARQ method to detect different targets in
single reaction which was first reported by Tanner et al., [334]. The same group from the New England
Biolab developed a multiplex LAMP assay for detecting SARS-CoV-2 and influenza viruses [335]. Using
synthetic RNA targets, the DARQ method detected all four targets within 40 min in a single reaction
suggesting its potential to detect viral RNA from clinical specimens

Similar to DARQ, another multiplex LAMP approach has been reported by Ball et al. named quenching of
unincorporated amplification signal reporters (QUASR) [336]. The QUASR reaction mixture uses 5'
fluorophore modified primers (loop or inner primers) and 3' quencher—-modified short oligonucleotide
Unlike the DARQ LAMP, QUASR allows only endpoint detection

Another probe—based multiplex LAMP is based on a molecular beacon probe. Each end of the probe contains a
short complementary region to make a hairpin—Ilike structure [337]. The target—specific molecular beacon is
a dual-modified probe with a quencher on one end and a fluorophore on the other. In its native state, the
probe is non—fluorescent because of the proximity of the fluorophore and quencher groups. The opening of
the molecular beacon probe and the disruption of its hairpin structure activates the probe to report
fluorescence signal. This conformational change only occurs upon binding with a target specific strand
Using different molecular beacons with different fluorophores permits multiplex detection. A recent
multiplex LAMP assay “Multiplex LAMP-BEAC” uses molecular beacon probes to detect multiple target genes
of SARS—CoV-2 in saliva specimen [338].

Potential cross—binding of the probes and primers in the reaction can generate false—-positive results. The
microfluidic approach
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of nucleic acid detection might be a potential solution that can physically isolate multiplex isothermal
reactions on chips, thereby minimizing cross—reactivity and nonspecific amplification. Multiplex
isothermal amplification can potentially be performed on microfluidic chips by designing and assembling
multiple channels. Recently, Shao et al. demonstrated a microfluidic approach for a multiplex CRISPR/Cas
system for detecting four cancer related single nucleotide polynomials [339] where multiple microfluidic
channels serve as reaction chambers. Nevertheless, multiplexed bioanalysis is inherently challenging in

regard to detecting coinfection since testing accuracy also depends on the viral load. The viral load of



SARS—CoV-2 may significantly differ from that of other coinfected flu viruses

High—throughput detection is also desired in a pandemic |ike COVID-19. In this context, pooled testing is
adapted for initial screening purposes. A pooled testing approach can improve existing isothermal-based
tests with reduced consumption of testing reagents. In this approach, laboratories can combine the same
type of specimen collected from several persons to perform only one test on the combined pool of specimens
[340]. A negative result essentially confirms each of the specimens as negative. However, a positive
result from a pooled test may warrants each of the specimens to be tested separately to determine which
person is infected [341].

4. Emerging variants and their implication on the isothermal—-based detection of the of SARS-CoV-2

Viruses naturally mutate over time, as characterized by changes in the genetic sequence. After nearly two
years since the first case reported in Wuhan China, SARS-CoV-2 has also mutated, giving rise to different
variants [342]. The WHO [343] has declared at least four Variant of Concern (VOC) of SARS—CoV-2: Alpha (or
B.1.1.7), Beta (or B.1.351), Gamma (or P.1), and Delta (or B.1.617.2). These variants have unique
mutations at different positions in the genome as well as mutations in common. For example, all of the
four variants have

a common mutation D614G in the spike protein and contain diverse mutations in both S1 (residues 1 - 686)
and S2 subunits (residues 687 - 1273) of the spike protein (Fig. 18). Notably, the receptor—-binding domain
(RBD) in the S1 subunit contains several mutations, such as the K417 N mutation in Beta and Delta, E484K
mutation in Beta and Gamma, N501Y (common mutation in Alpha, Beta, and Gamma), and L452R and T478K
mutation in Delta variant [344]. These mutations in the RBD likely allow variants more effective in
binding and infecting host cells and contribute toward high transmission and rapid spread in many
countries [345,346]. For example, the recent surge in Delta variant cases in different countries including
the United States indicates its high transmissibility and reportedly it is 60% more transmissible than the
Alpha variant [347]. It is suggested that the presence of furin cleavage site in the spike protein might
give SARS—CoV-2 and its variants an advantage to easily enter the host cells [348]. Higher infectivity of
the Delta variant can be associated with the notable mutation [P681R near the furin cleavage site

For the specific detection of variants, genome sequencing is the primary method. |t can provide detailed
information about mutations; however, it is expensive and incompatible with large—scale testing at the
point of need. The emergence of Delta and other variants can have profound effects on the nucleic
acid—based SARS—-CoV-2 detection as the accuracy of such assays can be compromised by mutations in the
primer and probe binding sites. A combination of genomic surveillance of different VOCs and revisiting the
design of an existing nucleic acid—based test is necessary

In most isothermal-based systems, including commercially available kits, the detection of the virus
includes multiple target genes. Multi—target isothermal assays offer higher accuracy. Assays that target
single gene are the most vulnerable against VOCs. Some assays include S gene as the target, which might
suffer from reduced sensitivity or even false—negative results because of the diverse mutations in the
spike protein. Recently, failure of the S gene—targeted assay is reported for a EUA assay named “TagPath
COVID-19 Combo Kit” developed by Thermo Fisher Scientific [350].

Fig. 18. Schematic showing amino acid changes to the spike (S) protein in the four variants of concern
(VOCs) of SARS—CoV-2-Alpha, Beta, Gamma, and Delta [349]. S1 and S2 are the two functional domains of the
S protein. RBD-receptor-binding domain, FCS—furin cleavage site
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While, in another report [351], it is suggested that the detection of other targets such as the ORF1ab and
nucleocapsid (N) genes are not affected, which indicates that an isothermal-based detection of SARS-CoV-2
designed with multiple target genes are less |likely to be affected by the presence of VOCs

In a region of high prevalence of VOCs, the potential vulnerability of S gene targeted assay can be used
as an indirect screening method for the presence of VOCs. A single run of a multi—target isothermal-based

assay would be sufficient for the screening method. Targeting the S—gene along with N, E, and ORF1ab genes



in the assay and getting negative or reduced sensitivity for the S gene while positive results for other
genes can be used in this approach. However, such screening method for VOCs should be interpreted
cautiously and, at times, must be validated using genome sequencing. A more direct approach for VOCs
screening would be obtained by a multiplex isothermal-based assay that includes genes such as N, ORF1ab, E
and one or more common mutations in the S protein of different VOCs as targets. By including common
mutations such as D616G and or N501Y in the primer and probe design [352], S gene—targeted assay can be
reconfigured. A DARQ-LAMP-based approach or similar multiple probes—based approach can be used to detect a
large number of variants in a single test.

Infectious VOCs might continue to emerge with the course of pandemic and post—pandemic. Thus, it is
crucial to identify new variants and monitor their mutations by genome sequencing and accordingly
reconfigure existing primer and probes of any isothermal-based assay. “LamPORE COVID-19” assay, that
combined an isothermal method LAMP, and sequencing, is a good example. With the emergence of SARS—CoV-2
variants, this sequencing—based isothermal technology has immense potential to detect the presence of
variants in the sample

5. Concluding remarks

RT-PCR, the current widely employed method for detecting SARS-CoV-2, is inconvenient for routine testing.
It suffers from a long sample—to—-result time and is performed by expensive equipment, thus being
inconvenient for POC diagnosis. As a potential solution, different isothermal methods have been reported
and developed. |sothermal-based assays of viral detection show robust performance with high potential at
the POC. A significant number of isothermal-based commercial diagnostic kits have been EUA approved
displaying their workability with minimal sample processing, and sample—to—answer diagnosis. |sothermal
assays involving diverse CRISPR/Cas systems show great potential. However, isothermal-based sensitive
multiplex assay is still nascent. A great advantage is that different types of isothermal assays with a
wide range of temperatures can be performed using an expensive and simple heating device. We hope that
these isothermal approaches in the post—-COVID-19 era will expand into more advanced avenues toward
efficient, simple, rapid sample—to—answer pathogen diagnostic tools
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