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The coronavirus disease 2019 (COVID-19) pandemic is caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, which causes serious
public health problems. The current gold standard accepted for diagnosing COVID-19
is the real-time reverse transcription polymerase chain reaction (real-time RT-PCR),
which is a sensitive and specific method to detect SARS-CoV-2. However, they are not
available in resource-constrained regions, equipment is required and requires
expensive laboratory settings with well-trained personnel. In this study, we used
nonstructural protein 2 (NSP2) as a target for development of a clustered regularly
interspaced short palindromic repeats (CRISPR)-CRISPR associated proteins (Cas) 12a
based lateral flow strips test, which can be visualized by the naked eye. We also
combine with recombinases polymerase amplification (RPA) that allows the sample to
result can be achieved in 50 minutes. Evaluation of the new COVID-19-NSP2 assay
showed 100% concordance with real-time RT-PCR reference assay. This study shows
that CRISPR-Cas12a based lateral flow assay combined with RPA technology are viable

alternatives for diagnosing SARS-CoV-2 in samples without the need for special

equipment.
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CHAPTER |
INTRODUCTION

1.1  Background and problem

Coronavirus Disease 2019 (COVID-19) is an acute respiratory disease caused by
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) infection. The
incubation period is 4-5 days but can be up to 14 days (Parasher, 2021). The
respiratory system is the main target of SARS-CoV-2 which can progress to severe
pneumonia in secondary infection and multiple organ failure (C. Huang et al., 2020).
Globally, the emergence of the COVID-19 has had a significant impact on life
(Onyeaka, Anumudu, Al-Sharify, Egele-Godswill, & Mbaegbu, 2021). The need for
ongoing SARS-CoV-2 screening employing inexpensive and quick diagnostic
approaches is becoming increasingly significant in people's daily lives, given the
ongoing pandemic and variations in vaccine administration in resource-constrained
regions.

Since the early stages of the pandemic, the World Health Organization (WHO)
has recommended the use of quantitative real time reverse transcription polymerase
chain reaction (real time RT-PCR) for nucleic acid amplification as the gold standard
diagnostic for SARS-CoV-2. However, real time RT-PCR still suffers from disadvantages
such as the technique is dependent on sophisticated instruments as well as well-
trained personnel. It cannot meet the growing demand for rapid testing and available
only in limited places (Song et al., 2021; Xiong et al,, 2020; Y. Zhang, Y. Chai, et al,,
2022; Y. Zhang, Z. Huang, et al., 2022). Therefore, new nucleic acid detection devices
are being developed. However, because the SARS-CoV-2 is a rapidly evolving virus,

the emergence of strongly infectious mutants of the new coronavirus, the need for



the specific detection of mutant strains is also increasing (Jeong, Lee, Ko, Ko, & Seo,
2022; Y. Zhang, Z. Huang, et al., 2022).

To our knowledge, hardly SARS-CoV-2 assay targeting the nonstructural protein
2 (NSP2) coding region has been used as a target for the molecular diagnosis of SARS-
CoV-2 and rarely published previously due to function is not well clear (Raj, 2021; Yip
et al.,, 2020). However, the current NSP2 assay was highly specific without cross-
reaction with other common respiratory viruses and conserved regions of NSP2
successfully detected SARS-CoV-2 variant of concern RNA samples in experimental
RT-PCR validations (Jeong et al., 2022; Yip et al., 2020). Therefore, NSP2 gene can be
used to identify novel primer targets in SARS-CoV-2 and should be a priority strategy
in the event of novel SARS-CoV-2 variants pandemic.

In the wake of a pandemic, the development of rapid, simple, and accurate
molecular diagnostic tests can significantly aid in reducing the spread of infections.
Recombinases polymerase amplification (RPA) has been developed as an attractive
alternative to conventional PCR (Feng et al., 2021). RPA can be used to achieve DNA
amplification at constant temperature, the usual optimum being 37 °C. The property
of RPA reaction greatly simplifies equipment requirements and short reaction times
(Lobato & O'Sullivan, 2018; Munawar, 2022; Tan et al., 2022). Unfortunately, RPA can
exponentially amplify DNA rapidly to improve analytical sensitivity but is susceptible
to nonspecific amplification (Feng et al., 2021). Following isothermal exponential
amplification, Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR
associated proteins (CRISPR-Cas) based nucleic acid detection have been emerged
because of their simplicity, sensitivity, specificity, and wide applicability (Talwar et al.,
2021). This method is one of the nucleotide-based methods approved by the US
Food and Drug Administration (FDA) for SARS-CoV-2 detection (Guglielmi, 2020).
Nucleic acid detection with CRISPR-Cas12a specifically detects the amplicon of target
molecules and thus improves analytical specificity (Talwar et al., 2021). Because the

Cas12a recognizes the protospacer adjacent motif (PAM) site by guided CRISPR RNA



(crRNA) can be advantageous when differentiating between two sequences that are
highly similar and add another layer of specificity observed in the PAM region (Talwar
et al,, 2021).

Nowadays, researchers across the world are working on the development of
an easy-to-use rapid diagnostic method for SARS-CoV-2 detection. In this study, we
present an approach for the visual detection of the NSP2 gene of SARS-CoV-2 using
CRISPR-Cas12a system. By the combination of a sample processing method and the
RPA technology with Casl12a-based detection, the detection time could be obtained
in 50 minutes with a lateral flow strip readout. Because our assay needs minimal
equipment for a visual detection of SARS-CoV-2, its application may an alternative

way of SARS-CoV-2 diagnosis.

1.2  Research hypothesis

This study presents results as proof of concept by using NSP2 gene as a target
to detect for develop The lateral flow strips test based on NSP2-CRISPR-Cas12a
combined with RPA could be used to detect SARS-CoV-2 with high sensitivity and
specificity.

1.3  Ultimate objective
To develop NSP2-CRISPR-Cas12a based lateral flow strip for SARS-CoV-2

detection.

1.4  Specific objectives
1.4.1 To extract the RNA of SARS-CoV-2.
1.4.2  To produce recombinant NSP2 plasmid of SARS-CoV-2.
1.4.3  To design crRNA that is specific to NSP2 gene.
1.4.4 To detect SARS-CoV-2 and evaluate COVID-19 detection based on
CRISPR-Cas12a.



1.5 Expected Benefits
This approach could be adapted for emerging mutations and implemented in
laboratories already conducting SARS-CoV-2 nucleic acid amplification tests using

existing resources and extracted nucleic acid.



CHAPTER Il

THEORY AND LITERATURE REVIEW

2.1 SARS-CoV-2 virus

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly

transmissible and pathogenic coronavirus. The pandemic of acute respiratory disease,

named “Coronavirus disease 2019” (COVID-19) emerged in late 2019, which threatens

human health and public safety (B. Hu, Guo, Zhou, & Shi, 2021). The first recorded

cases were reported in December 2019 in Wuhan, China (Figure 2.1). Over the course

of the following 10 months, more than 30 million cases have been confirmed

worldwide (B. Hu et al., 2021). According to the WHO, globally there have been

761,769,759 confirmed cases of COVID-19 including 6,784,181 deaths across 240

nations of the world as of 20 September 2023.

8 December 2019
Onset of the first recorded case in
Wuhan

28 February 2020
WHO risk assessment increased to
very high on the global level

31 December 2019
First report of 27 casesof pneumonia
with unknown cause in Wuhan, China

[ X

I

11 February 2020
ICTV named virus SARS-CoV-2 and
WHO named disease COVID-19

December JELUETSY

9 January 2020

China announced the identification of
a novel coronavirus as the causative
agent of the pneumonia outbreak

February

>34,000,000 cases and
>1,000,000 deaths

2 October 2020

October

11 March 2020
WHO defined COVID-19
as a pandemic

13 January 2020
Case of a traveler from
Wuhan was confirmed
in Thailand

29 January 2020
The coronavirus

20 January 2020

Human-to-human | | 23 January 2020
transmission was | Wuhan city was
confirmed locked down

spread to all 34
| provinces across

30 January 2020
WHO declared a

China PHEIC alert

Figure 2.1 Timeline of the key events of the COVID-19 outbreak (B. Hu et al., 2021).



Human Coronaviruses (HCoVs) are a diverse group of viruses infecting many
different animals, and they can cause diseases in humans and vertebrates (Y. Chen,
Liu, & Guo, 2020). Before 2019, there were only six CoVs including HCoV-229E, HCoV-
0C43, HCoV-NL63, HKU1, severe acute respiratory syndrome (SARS-CoV), and Middle
East respiratory syndrome (MERS-CoV). HCoV-229E, HCoV-0C43, HCoV-NL63, HKU1
were known to infect human but do not cause severe symptoms in humans (Cascella,
Rajnik, Aleem, Dulebohn, & Di Napoli, 2023; Liu, Liang, & Fung, 2021), while SARS-CoV
and MERS-CoV are zoonotic in origin and can infect lower respiratory tract and cause
severe respiratory disease in humans (Cui, Li, & Shi, 2019). A CoVs have been reported
since 2002, including SARS-CoV, MERS-CoV, and later in 2019 was identified as SARS-
CoV-2 (Sharma, Ahmad Farouk, & Lal, 2021). SARS-CoV-2 is the seventh reported
Coronavirus that has infected people after HCoV=-229E, HCoV-0C43, HCoV-NL63,
HKU1, MERS-CoV, SARS-CoV (Cui et al., 2019; N. Zhu et al., 2020). SARS-CoV-2
taxonomically belongs to the Coronavirinae subfamily of the family Coronaviridae
and fall under the order Nidoviridae, Betacoronavirus genus and its genome
sequence is similar to SARS-CoV and MERS-CoV that was shared 50% with MERS-CoV
and 79% genome sequence identity with SARS- CoV (Arya et al., 2021; Liu et al., 2021;
Lu et al., 2020; Saberiyan et al., 2022) (Figure 2.2). SARS-CoV-2 has become a major
public health concern after the outbreak of MERS-CoV and SARS- CoV in 2002 and
2012, respectively. SARS-CoV-2 is an enveloped, positive-sense single-stranded
genomic RNA virus. SARS-CoV-2 is contagious in humans and it has rapidly spread
through close human interactions or the spilled respiratory droplets such as cough
and sneeze of the infected people (Ochani et al., 2021). Since the covid-19 pandemic,
the number of confirmed infections has risen to more than 700 million worldwide,
with nearly 6 million deaths. Moreover, SARS-CoV-2 has continuously evolved with
many variants emerging across the world. These variants are classified from variants
of SARS-CoV-2 including variant of interest (VOI), variant of concern (VOC), and variant

under monitoring (VUM) (Choi & Smith, 2021; Saberiyan et al., 2022). The emerging



Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2) and Omicron (B.1.1.529)
first reported in the United Kingdom, South Africa, Brazil, India and South Africa
respectively (Cascella, Rajnik, Aleem, Dulebohn, & Di Napoli, 2022; W. Jiang et al,,
2022; Y. Jiang, Wu, Song, & You, 2021). These variants were classified as VOCs which
were associated with the increase in transmissibility or more severe disease and
reduced effectiveness of treatments or vaccines, or diagnostic detection failures (Choi
& Smith, 2021). Genotype B.1.1.7 is predominant worldwide. The distribution area of
genotype B.1.1.7 is in the United Kingdom, USA, and many European countries in the
second quarter of 2021 (Cascella et al., 2023; Chadha, Khullar, & Mittal, 2022,
Saberiyan et al., 2022). Genotype P.1 is predominantly distributed in the USA, Brazil,
and Italy and commonly in 45 other countries. Genotypes B.1.351 was predominantly
distributed and first detected in August 2020 in South Africa. The state of Maharashtra,
India is the predominant area of the genotype B.1.617. The genotype B.1.1.529 was
mostly found in South Africa in November 2021 (Cascella et al., 2023; Chadha et al,,
2022) (Figure 2.3). According to the viral zone, globally there have been VOCs of
COVID-19 including Omicron, Alpha, Beta, Delta, Epsilon, Eta, Gamnma, lota, Kappa,
Lambda, Theta, and Zeta as of 7 August 2023. As of September 1, 2023, four VOlIs
(BQ.1 (BA.5 descendent), BA.2.75 (BA.2 descendent), XBB (BA.2.10.1 / BA.2.75
descendent) and XBB.1.5 (BA.2.10.1 / BA.2.75 descendent) new VOI) and also six VUMs
(BF.7 (BA.5 descendent), BA.2.3.20 (BA.2 descendent), CH.1.1 (BA.2.75 descendent),
BN.1 (BA.2.75 descendent), XBC (Delta (211) / BA.2 recombinant) and XAY (Delta (AY.45)
/ BA.2 recombinant)) have been designated by the WHO. For Thailand, genotype A.6,
B.1.36.16, B.1.1.7, B.1.617.2, and B.1.1.529 predominated in the first, second, third,
fourth, and fifth epidemic wave respectively. These genotypes are widely distributed
throughout the country. There have been approximately 3.4 million reported cases
of COVID-19 and over 24,000 deaths in Thailand (Puenpa et al., 2023) (Figure 2.4). As
compared with MERS-CoV and SARS-CoV, SARS-CoV-2 is spreading faster and the

number of deaths is multifold higher (N. Zhu et al., 2020). SARS-CoV-2 infected



patients usually present with severe viral pneumonia (Mohamadian et al., 2021)
(Figure 2.5). Also with the complications associated with COVID-19 infection on
respiratory, cardiovascular, neurological, and metabolic system of recovered COVID-
19 patients (Davis, McCorkell, Vogel, & Topol, 2023; Fraser, Orta-Resendiz, Dockrell,

Maller-Trutwin, & Mazein, 2023; Su et al.,, 2023; Z. Yan, Yang, & Lai, 2021) (Figure 2.6).

Order: Nidovirules

Suborder: Abnidovirineae
Suborder: Arnidovirineae
Suborder: Cornidovirineae
L Family: Coronaviridae
|:Subfami|y: Letovirinae
Subfamily: Orthocoronavirinae
— Genus: Alphacoronavirus

——Subgenus: Duvinacovirus—Species: HCoV-229E
—Subgenus: Setracovirus =——Species: HCoV-NL63
— Genus: Betacoronavirus

——Subgenus: Embecovirus
I:Species: HCoV-HKU1
Species: Betacoronavirus 1
|—Subspecies: HCoV-0C43
—Subgenus: Merbecovirus — Species: MERS-CoV

——Subgenus: Sarbecovirus
Species: SARS-CoV
Species: SARS-CoV-2

Genus: Deltacoronavirus

Genus: Gammacoronavirus

Figure 2.2 Classification of coronaviruses in order Nidovirales and taxonomy of SARS-

CoV-2 (Liu et al., 2021).
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Figure 2.5 Anterior-posterior (AP) chest radiograph of a patient with severe COVID-19
pneumonia, showing bilateral dense peripheral consolidation and loss of lung
markings in the mid and lower zones (outlined arrows) (Cleverley, Piper, & Jones,

2020).
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Figure 2.6 Pathological presentations of COVID-19 versus multisystem inflammatory

syndrome (MIS) (Fraser et al., 2023).
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2.1.1 SARS-CoV-2 life cycle

SARS-CoV-2 is transmitted through direct contact via respiratory
materials (cough or sneeze), aerosol droplets, and fomite transmission during the
incubation period (J. V. Li et al,, 2020; Ochani et al., 2021; Woélfel et al., 2020; P. Zhou
et al,, 2020). The SARS-CoV-2 mainly infects lymphatic epithelial cells and type |l
pneumocytes with the initiation of the human body’s innate response by producing
interferons (IFNs). However, IFNs activate expression of human angiotensin-converting
enzyme 2 (hACE2) which acts as a receptor for virus attachment to host cells (W. Yan,
Zheng, Zeng, He, & Cheng, 2022). Upon the SARS-CoV-2 entering the body, the host
cell machinery is hijacked to facilitate viral replication and translation of essential
proteins. Ultimately, new virion are assembled and released. The life cycle of the
SARS-CoV-2 virus infection into the susceptible host cell can be divided into several
key steps including (a) attachment and cell entry, (b) transcription of viral replicase,
(c) genomic transcription and replication, (d) translation of structural proteins, and (e)
virion assembly and release (Machhi et al., 2020). The SARS-CoV-2 infection requires
the binding of the S protein to the hACE2 followed by the cleavage of the S2 subunit
by transmembrane protease serine protease-2 (TMPRSS-2). Finally, SARS-CoV-2 enters
its host cell by endocytosis.

Entry in the cell cytoplasm may occur in two ways: the viral particle is
endocytosed before fusing with the endosomal membrane (late pathway), or the
viral membrane fuses with the cell membrane at the cell surface (early pathway).
Following entry, Two large open reading frames (ORFs), ORFla and ORF1b, are
immediately translated in polyproteins (ppla and pplab). The resulting polyproteins
are processed into the individual non-structural proteins (NSPs) that form the viral
replication and transcription complex (RTC). The biogenesis of viral genomic RNA
replication occurs in protective double-membrane vesicles (DMVs). Transcription and
translation of the negative template result in the formation of structural proteins that
are inserted into the endoplasmic reticulum (ER) membrane and transit through the
ER-to-Golgi intermediate compartment (ERGIC). Here, condensates of newly produced
genomic RNA and N proteins interact with E and M proteins resulting in assembly of

viral particles. Virions are secreted from the infected cell by exocytosis in two ways:
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through the classical exocytosis pathway via the Golgi compartment or through the
incorporation in deacidified lysosomes that fuse with the cellular surface membrane

(Maison, Deng, & Gerschenson, 2023; Pizzato et al., 2022) (Figure 2.7).
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2.1.2 Genome organization of SARS-CoV-2
The genome of SARS-CoV-2 is a positive sense single-stranded RNA
(ssRNA), which an approximate length of 29.9 kilobases (kb) packed in the protein
envelope (Brant, Tian, Majerciak, Yang, & Zheng, 2021; Kadam, Sukhramani, Bishnoi,
Pable, & Barvkar, 2021; Kandwal & Fayne, 2023; Y. Zhou, Zhang, Xie, & Wu, 2022). The
genome contains coding sequence for four structural proteins, 11 accessory proteins,
and 16 NSPs. The genomic RNA consists of 5’-end and 3’-poly-A tail structure. From
5’-end to 3’-end, the genome is organized as 5’end structure, 5’ -end, ORF1lab, spike
protein (S), ORF3a-d, envelope protein (E), membrane protein (M), ORF6, ORF7a-b,
ORF8, ORF9b-c, nucleocapsid protein (N), ORF10, 3’ -end, and 3’-poly-A tail. In SARS-
CoV-2, ORF1la is the longest ORF and occupies almost two-thirds portion of the
genome and also ORF1b overlaps with ORFla. ORFla and ORF1b, are immediately
translated in polyproteins (ppla and pplab) through a -1 programmed ribosomal
frameshifting (PRF) that are processed by viral proteases (papain-like protease (PLpro)
and main-protease (Mpro) to produce nonstructural proteins (NSPs) (Arya et al., 2021;
Maison et al., 2023). The 16 NSPs are identified numerically as NSP1-16. The ppla
protein encoded by ORFla is proteolytically cleaved into 11 mature non-structural
proteins (NSP1-11). The pplab protein expressed by ORFlab is processed into 15
NSPs (NSP1-10 and NSP12-16) (Tam, Lorenzo-Leal, Herndndez, & Bach, 2023; A. Wu et
al., 2020; F. Wu et al., 2020). A structure near the junction of ORFla and ORF1b
causes PRF which in turn leads to the production of another, longer polyprotein,
pplab, wherein the short nspll is replaced by the RNA-dependent RNA polymerase
(RdRp) nsp12 and is followed by nsp13 to -16 (Kung et al., 2022). The four structural
proteins are S, E, M, and N (Figure 2.8). The structural proteins and the genome form
an enveloped virion able to infect cells. The 11 accessory proteins are ORF3a-d,
ORF6, ORF7a and b, ORF8, ORF9b and ¢, and ORF10, and serve various functions from
host interaction to immune modulation (Bai, Zhong, & Gao, 2022; Maison et al., 2023)
(Figure 2.9).
NSP1 is closely associated with the viral infection cycle and host translation

regulation (W. Yan et al., 2022). It plays a key role in accelerates mRNA degradation,
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inhibiting host translation and blocks innate immune responses (C. Bai et al., 2022;
Maison et al., 2023; V'Kovski, Kratzel, Steiner, Stalder, & Thiel, 2021).

NSP2 is an endosome-associated protein and interacts with prohibiting 1
(PHB1) and PHB2 (W. Yan et al., 2022). It plays a key role in modifying the host’s
environment suitable for viral needs and related to the reduction of IFN and NF-kB
expression found in human pulmonary cells (Anjum et al., 2022; Lacasse et al., 2023;
Maison et al., 2023).

NSP3 is an interferon antagonist and double-membrane vesicle (DMV)
formation (V'Kovski et al., 2021). It plays a key role in the viral binds to host proteins
and mediates viral replication (C. Bai et al., 2022).

NSP4 is transmembrane domains. It plays a key role in the anchors replication
transcription complex to ER and mediates the interaction with cellular membranes
(C. Bai et al., 2022; Maison et al., 2023; Raj, 2021).

NSP5 is the main protease with viral polyprotein processing activity. It plays a
key role in inhibiting interferon signaling (C. Bai et al., 2022; V'Kovski et al., 2021).

NSP6 is a major contributor to SARS-CoV-2 replication. It plays a key role in
the induction of host restricts autophagolysosome expansion and host antiviral
defenses (C. Bai et al., 2022; Bills, Xie, & Shi, 2023; Maison et al., 2023).

NSP7 and NSP8 play a key role in cofactors of the RTC, as they interact and
regulate the activity of RNA-dependent RNA polymerase and other NSPs (C. Bai et al,,
2022; Courouble et al,; 2021; V'Kovski et al., 2021).

NSP9 is nucleic acid-binding of single-stranded RNA protein (C. Bai et al., 2022;
Maison et al., 2023; VV'Kovski et al., 2021). It plays a key role in the modulation of host
cells during SARS-CoV-2 infection (Makiyama et al., 2022).

NSP10 interacts with NSP14 and NSP16. It plays a key role in viral mRNA
methylation and regulates the function of viral replicase (C. Bai et al., 2022; Maison et
al., 2023; V'Kovski et al., 2021).

NSP11 is unknowns function (C. Bai et al.,, 2022; Maison et al., 2023; V'Kovski
et al., 2021; Yadav et al., 2021).

NSP12 is RNA-dependent RNA polymerase. It plays a key role in the viral

replication step and catalyzes the synthesis of viral RNA and Inhibit nuclear
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translocation of interferon regulatory factor 3 (IRF3) (C. Bai et al., 2022; Maison et al,,
2023; Rashid et al., 2022; V'Kovski et al., 2021).

NSP13 interacts with nsp8 and nsp12 and regulates helicase activity (C. Bai et
al., 2022). It plays a key role in antagonizing IFN-I signaling by inhibiting signal
transducer and activator of transcription (STAT1 and STAT2) phosphorylation (Rashid
et al,, 2022)

NSP14 plays a key role in decreasing the incidence of mismatched nucleotides
(C. Bai et al., 2022).

NSP15 is endoribonuclease. It plays a key role in the evasion of immune
response and degrades viral RNA (C. Bai et al., 2022; Maison et al., 2023; V'Kovski et
al., 2021).

NSP16 plays a key role in evading innate immunity (C. Bai et al., 2022).

Spike protein is large and multifunctional. It lies in a trimmer on the virion
surface and gives the virion a corona or crown-like appearance. It plays a key role in
the entry of infectious virion particles into the cell through interaction with various
host cellular receptors (Chakravarti et al., 2021).

ORF3a is a viroporin that interferes with ion channel activities in host plasma
and endomembrane that exerts its effect on the viral life cycle (J. Zhang et al., 2022).
It plays a multifunctional role in importance role in induces apoptosis, pathogenicity
and virus release, mediates activation of inflammasome and induces cellular innate
and pro-inflammatory immune responses, and suppresses IFNB production (C. Bai et
al., 2022; Zandi et al., 2022; J. Zhang et al,, 2022).

ORF3b is a potent interferon antagonist. It plays a key role in suppressing the
induction of type | interferon (Konno et al., 2020; Zandi et al., 2022).

ORF3c is a protein encoded by an alternative open reading frame within the
ORF3a gene. It plays a key role in increased reactive oxygen species (ROS) production
and blocks the normal autophagy degradation process and leading to autolysosome
accumulation (Mozzi et al., 2023).

ORF3d has been reported to be potent interferon antagonists that may play a

role in immune evasion (Hachim et al., 2022).
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Envelope protein is the most enigmatic and smallest of the major structural
proteins. It plays a multifunctional role in encapsulating the RNA genome,
pathogenesis, assembly, and release of the virus (Chakravarti et al., 2021; Dhama et
al., 2020).

Membrane protein is the central organizer of coronavirus assembly. It is the
most abundant viral protein present in the virion particle and gives a definite shape
to the viral envelope (C. Bai et al., 2022).

ORF6 plays a key role in disrupting nucleocytoplasmic trafficking to advance
viral replication and activate the NF-kB pathway (Miyamoto et al., 2022; Nishitsuji,
Iwahori, Ohmori, Shimotohno, & Murata, 2022).

ORF7a and ORF7b play a key role related to virus-host interaction and activate
the NF-kB pathway and blocking IFNQ signaling and suppressing IFNB by infecting
host cells (C. Bai et al., 2022; Nishitsuji et al., 2022; Zandi et al., 2022).

ORF8 is unique among these accessory proteins. It’s a rapidly evolving
accessory protein that has been proposed to interfere with immune responses
(Flower et al., 2021; Vinjamuri, Li, & Bouvier, 2022).

ORF9b and ORF9c play a key role in inhibited types | and Ill IFN production
and NF-kB activation and facilitate viral replication and suppress antiviral responses in
cells (Dominguez Andres et al., 2020; Gao et al,, 2022; Han et al., 2021; Zandi, 2022).

Nucleocapsid protein is multipurpose. The multipurpose not only participates
in viral replication and assembly but also interferes with the interferon pathway of
the host. It plays a role in complex formation with the viral genome, encasing the
viral RNA into ribonucleocapsid (RNP), facilitating M protein interaction needed during
virion assembly, and enhancing the transcription efficiency of the viral genomic
replication (Chakravarti et al., 2021; Dhama et al., 2020; W. Yan et al., 2022).

ORF10 plays a key role in the viral replication and immune evasion processes
(Zandi, 2022).

As mentioned above, all of the SARS-CoV-2 proteins have their own functions
which are pivotal for the viral life cycle. Many of these structures are also useful as a
target for the structure-based drug design against COVID-19 (Arya et al., 2021).

Furthermore, several conserved regions in the SARS-CoV-2 genome including S, N, E,
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or RdRp protein are usually selected as the standard targets for the design of primers
for COVID-19 diagnoses (D. Li, Zhang, & Li, 2020; van Kasteren et al., 2020; Y. Zhou et
al., 2022). However, these proteins are high rate recurrent and high-frequency
mutations. The rapidly evolving characteristic of SARS-CoV-2 could result in low
diagnostic sensitivity (Abbasian et al., 2023; Hassan et al., 2022; Omotoso, Olugbami,
& Gbadegesin, 2021; Periwal et al., 2022).
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Figure 2.8 Schematic representation of the SARS-CoV-2 viral particle (Pizzato et al.,
2022).
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2.2 Nonstructural protein 2 (NSP2)

Since SARS-CoV-2 is a rapidly mutated virus, emerging variants harboring
nucleotide changes in the primer-binding sites might evade detection, resulting in low
diagnostic sensitivity. The rapidly evolving characteristic of SARS-CoV-2 could result in
a false negative diagnosis (Jeong et al., 2022). Choosing conserved target genes was a
crucial factor for the design of optimal primers. The optimization of laboratory test
protocols was important for effective detection (D. Li et al., 2020).

To our knowledge, NSP2 gene is rarely used as a target for the molecular
diagnosis of SARS-CoV-2. However, the SARS-CoV-2 NSP2 is a very conserved protein
(Zhao, Zhai, & Zhou, 2020). Development of a novel, genome subtraction-derived,
SARS-CoV-2 specific covid-19-NSP2 real-time RT-PCR assay and its evaluation using
clinical specimens reported that the new COVID-19-NSP2 assay was highly specific
without cross-reaction and did not amplify with other human-pathogenic
coronaviruses and common respiratory viruses. Further, terms of cycle threshold (Cv)
values were satisfactory, with the total imprecision (% CV) values well below 5% and
this assay showed 100% concordance using 59 clinical specimens from 14 confirmed
cases with COVID-19-RdRp/Hel reference assay. The diagnostic sensitivity and
specificity of the NSP2 assay were 100% in comparison with the COVID-19-RNA-
dependent RNA polymerase (RdRp)/helicase (Hel) assay (Yip et al., 2020). Yip et al.
reported that the specificity of multiplex PCR (mPCR) could be improved by selecting
NSP2 which led to the development of the COVID-19-NSP2 assay (Qasem, Shaw,
Elkamel, & Naser, 2021; Yip et al., 2020).

The current NSP2 was highly conserved, Jeong et al. reported that the
identification of conserved regions from 230,163 SARS-CoV-2 genomes and their use
in diagnostic PCR primer design, primer sets targeting the NSP2 was picked that
exhibited > 99.9% in silico amplification coverage against the 230,163 genomes when
a 5% mismatch between the primers and target was allowed. The primer sets
successfully detected nine SARS-CoV-2 VOC RNA samples in experimental RT-gPCR
validations (Jeong et al., 2022). Moreover, Abbasian et al. reported that the global

landscape of SARS-CoV-2 mutations and conserved regions revealed a NSP2 is a



21

conserved region in the SARS-CoV-2 genome from 10,287,271 SARS-CoV-2 genome
sequence (Figure 2.10) (Abbasian et al., 2023). This is a distinct advantage in clinical
laboratories, as results can facilitate the sensitivity and specificity of suspected COVID-
19 cases and guide infection control.

Since SARS-CoV-2 genome sequences change due to mutation and
recombination, novel mutations on the primer binding sites will cause the failure of
PCR (Abbasian et al., 2023; D. Li et al.,, 2020). Therefore, these primers need to be
updated and evaluated regularly to ensure that the rapidly evolving genome primers
can be amplified. NSP2 may play important roles in SARS-CoV-2 infection and serve
as a potential gene target for identifying conserved regions from SARS-CoV-2
genomes and their use in diagnostic primer design development and may offer
accurate high-throughput diagnosis during pandemics. Further, detecting hot spot
mutations and conserved regions could be applied to improve the SARS-CoV-2

diagnostic efficienc
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Figure 2.10 Heat maps of conserved genomic regions of SARS-CoV-2. SARS-CoV-2
genomes are divided into ten regions, and the frequency of mutations is in different

regions worldwide (Abbasian et al., 2023).
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2.3 Nucleic acid amplification tests (NAATS)

A nucleic acid amplification test, or NAATs, is a type of viral diagnostic test for
SARS-CoV-2. NAATs for SARS-CoV-2 specifically identify the RNA sequences that
comprise the genetic material of the virus. NAATs deliver highly sensitive detection of
extremely low-concentrated pathogens in the early stage of diseases, especially
newly emerging and re-emerging infectious outbreaks. NAATs are the primary method
of diagnosing COVID-19. Since the early stages of the pandemic, the current gold
standard for diagnosing COVID-19 is the quantitative real-time reverse transcription-
polymerase chain reaction (real-time RT-PCR) among other diagnostic methods for
monitoring clinical samples for the presence of the virus (Figueroa et al., 2021; Guo,
Ge, & Guo, 2022; Teymouri et al,, 2021). Hence, real-time RT-PCR has been deemed
to be the gold standard for COVID-19 diagnosis, because it has already been shown
to be very sensitive for accurately detecting the viral genome, able to detect a single
copy of the viral RNA (Y. Zhou et al., 2022). This method is highly specific with a
specificity of almost 100 % (Tahamtan & Ardebili, 2020). This method involves the
formation of complementary DNA (cDNA) from SARS-CoV-2 RNA through reverse
transcription and subsequent amplification of specific cDNA regions (Udugama et al,,
2020). The RT-real time PCR procedure for SARS-CoV-2-infected samples comprises
four steps: (a) specimen collection and processing of samples taken from suspected
individuals usually through nasopharyngeal swabs from the infected patients; (b) RNA
extraction from the isolated sample; (c) cDNA synthesis by reverse transcriptase
technique; (d) amplification using target specific primers and detection using real-time
RT-PCR method (Chavda et al., 2023; Kabir et al., 2021; Naranbat et al., 2022) (Figure
2.11). In the context of the current pandemic caused by the novel coronavirus,
molecular detection is not limited to the clinical laboratory but also faces the
challenge of the complex and variable real-time detection fields. Unfortunately,
routine diagnosis by real-time RT-PCR is still a limitation for many laboratories,
especially in developing countries where the cost of a real-time RT-PCR device. This
method demands professional skilled personnel and is associated with a high cost of

instruments and reagents like primers, probes, and real-time RT-PCR master mix are
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even higher than in developing countries due to the importation fees and a laboratory
setup with a biosafety level 2 cabinet (Dutta et al., 2022). Despite being regarded as
the most reliable technique for virus detection, RT-real time PCR targeting SARS-CoV-
2 has several challenges, especially in terms of primer design that necessitate
improvements in the way the method is used. Primers are designed to amplify the
target regions of the SARS-CoV-2 genome. The novel coronaviruses are RNA viruses
and once mutations and recombination occur primers will not be able to effectively
amplify the viral sequences. Thus, mutations and recombination can reduce the
specificity of the RT-real time PCR (Dramé et al., 2020; D. Li et al., 2020). The current
worldwide high demand for reagents supplies and equipment, but the few supplier
companies mostly located at high income countries (Dutta et al., 2022; Figueroa et
al,, 2021; Guo et al,, 2022). Moreover, false negative and false positive results have
always been a concern for nucleic acid testing. Although the sensitivity and specificity
of current detection methods such as real time RT-PCR have almost reached
approximately 100% in diagnosing COVID-19, cases of false negatives and positives
are continuously reported (Dutta et al., 2022; Y. Zhu, Zhang, Jie, & Tao, 2022).
Technically, the RT-real time PCR procedure for SARS-CoV-2-infected samples consists
of several steps and needs laboratory equipment making the process time-consuming
and difficult to conduct outside the laboratory setting and it cannot meet the growing
demand for rapid testing (Talwar et al., 2021; Teymouri et al., 2021). Moreover, this
technique requires skilled personnel and specialized equipment (Khan et al., 2020; Y.
Zhu et al,, 2022).

Currently, rapid RT-PCR is designed to deliver sample-to-result within an hour
(Dong et al., 2021). Emergency approval was given both by WHO and the United
States Food and Drug Administration (US FDA) for use of Xpert assay platform for
COVID-19 testing which is a closed nature platform, requires minimum sample
handling, poses minimum biosafety hazard and has less turnaround time (Nitika
Dhuria, 2023). Rapid RT-PCR assay delivers results in a relatively short turnaround
time of a maximum of 45 min. The test also integrates sample preparation, nucleic
acid extraction, RT-PCR amplification, and sequence detection (S. H. Kim & AlMutawa,

2022). However, there are several limitations, such as the results of rapid RT-PCR
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assay may lead to a high number of false positives thus affecting its specificity. False-
positive results can also the patient must undergo an unnecessary period of self-
isolation (Cradic et al., 2020). The cost per test is relatively higher (Nitika Dhuria, 2023).
The test has a low throughput rate compared to the lab developed test, which can
load hundreds of samples at once. It also costs expensive per kit (S. H. Kim &
AlMutawa, 2022). The ideal performance of the SARS-CoV-2 detection test is
determined based on its accuracy and examination time. However, accurate results

from testing for SARS-CoV-2 are more critical than fast testing times.
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2.4  Isothermal amplification technology for SARS-CoV-2 diagnostics
After the outbreak of SARS-CoV-2, nucleic acid testing quickly entered
people’s lives. In addition to the real-time RT-PCR which was commonly used in
nucleic acid testing, isothermal amplification methods were also important nucleic
acid testing methods (Tan et al., 2022). Several isothermal amplification techniques
for SARS-CoV-2 diagnostics have also been reported (Figure 2.12), employ
simultaneous, reverse transcriptions, and do not need special instruments.
Isothermal amplification technology is a technique for amplifying nucleotide
chains using a simple temperature controller (Boonbanjong, Treerattrakoon, Waiwinya,
Pitikultham, & Japrung, 2022). The major difference between isothermal amplification
technology and real time RT-PCR consists of two main points: (i) isothermal
amplification technology is performed at a constant temperature, whereas real time
RT-PCR requires a temperature-changing system; (ii) polymerase enzymes normally
extend primers on a single strand of the dsDNA template during real time RT-PCR. In
the other hand, some isothermal amplification technology has a special polymerase
enzyme that can directly extend primers on a double strand of dsDNA during the
amplification process (Boonbanjong et al., 2022). There are three key components of
the isothermal amplification technology system: (i) nucleic acid templates; (ii) the
initial primer for complementary binding to the target nucleic acids; and (iii)
isothermal enzymes for nucleic acid amplification. Both real time RT-PCR and
isothermal amplification technology require DNA templates, primers, nucleotide
substrates, and amplification enzymes. PCR templates are mostly dsDNA, which
require a thermal cycle step to denature, anneal, and elongate the template and
amplify the final dsDNA products (Boonbanjong et al., 2022). Isothermal amplification
technology can undertake rapid sample and reagent preparation and can also be
coupled with a variety of readouts, enhancing their ease-of-use and accessibility
(Khan et al., 2020). A comparison of common isothermal amplification methods is

shown in Table 2.1.
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Table 2.1. Comparison of common isothermal amplification methods (Khan et al,,

2020; Tan et al., 2022).

Name Template Incubation Detection
temperature (°C) time
Loop mediated DNA or RNA 60-65 30-60 min
isothermal amplification
(LAMP)
Recombinases DNA or RNA 37-42 10-20 min
polymerase amplification
(RPA)
Nicking enzyme DNA or RNA dependent on 10-20 min
amplification reaction nicking enzymes
(NEAR) and polymerase
used
Rolling circle DNA or RNA 37-65 1-3h
amplification (RCA)
Nucleic acid sequence DNA or RNA 37-42 1.5-2h
based amplification
(NASBA)
Helicase dependent DNA 60-65 30 min
amplification (HDA)
Multiple displacement DNA or RNA 30 4-18 h
amplification (MDA)
Signal-mediated DNA or RNA 41 3h

amplification of RNA
technology (SMART)
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Among several common isothermal amplification methods, two isothermal
techniques used for rapid and sensitive diagnostics are LAMP (Broughton et al., 2020)
and RPA. The method could exponentially amplify DNA rapidly to improve analytical
sensitivity and use in SARS-CoV-2 diagnostics (Sharma, Balda, et al., 2021; Tan et al,,
2022; Y.-m. Zhang, Zhang, & Xie, 2020). LAMP is the most common method to amplify
an interested gene for DNA tests. The designing primers for LAMP is more complicated
than RPA and real time RT-PCR (Y.-m. Zhang et al., 2020). Therefore, it is difficult to
design new assays and has added complexity due to the increased number of 4-6
primers (Broughton et al., 2020; Talwar et al., 2021; Tan et al,, 2022). The primer
design is complex and easy to produce nonspecific amplification. RPA was recently
paid more attention to (Tan et al., 2022). Primer design for RPA reactions is similar to
PCR, and it is thus fairly straightforward to design new assays (Khan et al., 2020). It
had the advantages of a simple operation and it could perform isothermal
amplification at 37-42 °C. RPA typically operates at a moderate temperature
isothermal amplification method to exponentially amplify DNA amount without
requiring an additional temperature step and also matching the optimal reaction
temperatures of Casl3a and Casl2a (Feng et al., 2021; Talwar et al., 2021; Tan et al,,
2022). Hence, a technique for amplifying nucleotide chains using a simple
temperature controller, is short reaction time, tolerance of certain mismatches;
simple primer design, and support for multiplex amplification reactions (Tan et al,,
2022). So, it was very suitable for detection not sophisticated instruments which was
very suitable for on-site detection in low resource environments (Cherkaoui, Huang,
Miller, Turbé, & McKendry, 2021; Munawar, 2022). Among these isothermal
amplification methods, RPA was a relatively simple method. However, non-specific
amplification is problematic with these approaches (Yuce, Filiztekin, & Ozkaya, 2021).
Following isothermal exponential amplification, CRISPR-Cas12a integrated with RPA
amplification techniques improves both analytical specificity and sensitivity (Sun et

al., 2021). RPA amplification scheme comprises six steps: (1) RPA initiates with binding
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of recombinases—-nucleotide primer complexes to homologous sequences in the
target DNA; (Il) The D-loop is stabilized by binding of single-stranded binding proteins
to the displaced strands; (Ill) Synthesis of new DNA strands is initiated by strand
displacement polymerases. (IV) The parent DNA strands are separated. (V) DNA
synthesis continues until two DNA duplexes are formed; (VI) Exponential amplification

was achieved by cyclic repetition of this process (Khan et al., 2020) (Figure 2.13).
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2.5 CRISPR-Casl2a

Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated gene (Cas) (CRISPR-Cas) systems was discovered in the genome of adaptive
immune prokaryotic organisms that used to cleave invading nucleic acids in nature
(Barrangou et al., 2007; Bharathkumar et al., 2022). These systems are gene editing
that has emerged as revolutionary genome editing tools in life science (Knott &
Doudna, 2018). The CRISPR-Cas systems are also evolving many innovations including
several promising nucleic acid detection methods giving hope to the healthcare
community (Rahman et al,, 2021; Talwar et al., 2021; Tsou, Leng, & Jiang, 2019; Wang
et al.,, 2020). CRISPR-Cas systems are divided generally into two classes (Classes 1 and
2), which are further subdivided into six types (types | through VI) and diverse
subtypes possessing signature Cas genes. Class 1 systems (types I, Ill, and IV) utilize
multisubunit Cas proteins, while Class 2 systems (types II, V, and VI) employ a single
multiple-domain Cas protein. Because of the concise composition of Class 2 systems,
they are more widely researched and applied compared to Class 1 systems. In
addition, certain Cas effector proteins, such as Cas9 (type II), Casl12a (subtype V-A),
etc., can be reprogrammed with crRNA sequences, allowing researchers to repurpose
these crRNA-Cas protein complexes as genetic tools for a wide range of applications,
including genome editing, gene silencing, and high-sensitivity nucleic acid detection
(Gasiunas, Barrangou, Horvath, & Siksnys, 2012; Nishimasu & Nureki, 2017; Shmakov et
al,, 2017).

Casl2a (formerly known as Cpfl), the class Il type V CRISPR nuclease, has
been widely used for genome editing in mammalian cells and plants (Manghwar,
Lindsey, Zhang, & Jin, 2019, Safari, Zare, Negahdaripour, Barekati-Mowahed, &
Ghasemi, 2019; Shi et al., 2021; L. Zhang et al., 2023). CRISPR-Cas12a is an RNA-guided
DNase enzyme that varies in size between 1200 and 1500 amino acids (Shmakov et
al., 2015). The key functions as a prokaryotic defense mechanism and comprises
diverse family members (F. Zhang, 2019). CRISPR-Cas12a based assay called DNA
Endonuclease Targeted CRISPR Trans Reporter (DETECTR) was discovered in 2015 and

originally called Cpfl. Cas12a is like the well-known Cas9 protein that UC Berkeley’s
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Jennifer Doudna and colleague Emmanuelle Charpentier turned into a powerful
gene-editing tool in 2012. To date, three members of Cas12a nucleases of diverse
species from Acidaminococcus sp. (AsCasl2a), Lachnospiraceae bacterium
(LbCas12a), and Francisella novicida (FnCasl12a) are characterized and used in
genome editing (H. Huang et al., 2022; Jiménez, Hoff, & Revuelta, 2020; Mohanraju et
al,, 2021; Zetsche et al,, 2015). Among others, Cas12a protein from Lachnospiraceae
bacterium (LbCas12a) is widely used for biomedical research (Misiurina et al., 2022).
Casl2a nuclease has bilobed molecular architecture and contains two major parts: a
nuclease lobe (NUC) and an alpha-helical recognition lobe (REC). The REC lobe
consists of two domains: REC1 and REC2, which have been shown to coordinate the
crRNA-target DNA heteroduplex. The NUC lobe is composed of the RuvC domain and
additional domains for cleavage of a target (TS) and non-target DNA strands (NTS)
(Bandyopadhyay, Kancharla, Javalkote, Dasgupta, & Brutnell, 2020; Misiurina et al,,
2022; Shi et al., 2021). NTS is cleaved first and followed by TS and generates double
strand staggered break (sticky ends). Unlike other Cas proteins, Cas12a processes its
own mature crRNA into 42 to 44 nt without the intervention of tracrRNA. This distinct
feature of Cas12a makes it advantageous for multiplex gene editing (Bandyopadhyay
et al., 2020; Safari et al., 2019) (Figure 2.14).

The mechanisms of Cas12 cleavage activity employ only the RuvC domain
that performs the cleavage of the target DNA strands. Cas12a contained two DNA
nuclease active sites and cleavage of the target and non-target DNA strands were
cleaved by the same catalytic mechanism in a single active site RuvC in Casl12a
enzymes. The catalytic activity of Casl2a requires recognition of the protospacer
adjacent motif (PAM) sequence located at the 5’-end of the protospacer. PAM is a
short DNA sequence that follows the DNA region targeted for cleavage by the CRISPR-
Casl2a. Most Cas proteins require a specific PAM which is a short DNA sequence that
is located next to the target region (S. Kim, Ji, & Koh, 2021). Cas12a can cleave the

target nucleic acid with site-specific cleavage at any locus containing a PAM that can
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be achieved with designed crRNA containing appropriate spacer sequences (Ghosh,
Saha, & Sharma, 2022). Cas12a has several unique features, as follows. (a) The
canonical PAM of CRISPR-Cas12a which is located at the 5 ends of the target site (b)
the binding of crRNA to target DNA activated Cas12a for both cleavages of a site-
specific double-stranded DNA molecule (dsDNA) and non-specific ssDNA (Figure
2.15). A fundamental property of Cas12 nucleases is their ability to cleave the non-
specific single-strand DNA (ssDNA) molecules also known as trans-cleavage or
collateral activity. For target recognition, the binding of the target dsDNA is initiated
by the recognition of the PAM sequence. After cleavage of the target dsDNA, the PAM-
distal cleavage product is released, and the PAM-proximal dsDNA remains bind to the
Casl2acrRNA complex. Casl2a requires a specific nucleotide sequence of PAM
(Misiurina et al., 2022). The key functional activities of the CRISPR-Cas system that are
routinely employed in the diagnostic methods: (a) target nucleic acids synthesized
with an isothermal amplification process;(b) activation of collateral activity by Cas
nucleases cut the target nucleic acid, followed by the sequence-specific binding; (c)
the reporters cut by the activated Cas effectors to liberate visual fluorescent signals
within detection platforms (S. Kim et al,, 2021; Rahman et al., 2021).

In recent years, a new strategy for nucleic acid detection based on CRISPR-Cas
seems to offer unprecedented possibilities. The coupling of the CRISPR-Cas
technology with isothermal amplification methods is fostering the development of
applications in the CRISPR-built next-generation novel coronavirus diagnostics (Bonini
et al,, 2021; Rahman et al., 2021). The CRISPR-based nucleic acid detection gives rise
to several reasonably better diagnostic methods than the others. Firstly, if we
compare the time taken for the test. Secondly, the cost associated with each test.
Thirdly, their capability of detecting SARS-CoV-2 in the clinical samples. Finally, the
CRISPR-based nucleic acid detection can be easily read with paper strips without

compromising sensitivity or specificity.
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2.6 Lateral flow assay (LFA)

As mentioned above, there are several major testing platforms for diagnosing
COVID-19 which detect the SARS-CoV-2 RNA sequences. However, it requires
instrumentation and skilled personnel to conduct and interpret the test (Pradhan et
al,, 2022). Lateral flow assay, a qualitative chromatography, is a very simple, rapid,
portable analytical platform that specifically targets the detection of antigens or
antibodies and does not require instrumentation for readout because the results are
presented as visible colorimetric bands (Alhabbab, 2022). Most LFAs are designed to
give a qualitative response ideal for naked-eye detection by non-specialized users
(Parolo et al., 2020). Lateral flow assays are technology devices popular in
biomedicine, agriculture, food, and environmental science (Koczula & Gallotta, 2016).
Broadly, LFA tests can be divided into two categories: (a) lateral flow immunoassay
tests, these assays use antibodies to recognize antigens, proteins, or hormones and
are classified into two types: (i) sandwich LFA and (ii) competitive LFA; (b) lateral flow
nucleic acid tests, these assays can be grouped into two categories (i) nucleic acid
LFA (NALF) and (ii) nucleic acid lateral flow immunoassays (NALFIA) (Koczula &
Gallotta, 2016). LFA is usually composed of four main parts: a sample pad, a
conjugate pad, a membrane with immobilized antibodies, and an adsorbent pad.
They are mounted on a nitrocellulose membrane. The membrane binds to the
capture bioreceptor that forms the test and control lines (Figure 2.16).

Part (1) Sample pad: The sample pad represents the first section of an LFA
where the sample is pipetted biological sample gets absorbed at the beginning of the
test. This pad may be treated with certain salts or surfactants to maintain the pH or
control the flow rate of the sample. The most important role of the sample pad is to
control the flow rate of the sample in a smooth, continuous. The characteristics of
the sample pad are coated with buffer salts, proteins, surfactants, and other liquids.
It should do properties for example pH, ionic strength, viscosity, purity, and

concentration of blocking agents suitable for the interaction with the detection
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system. Moreover, the pores which are to distribute the sample evenly and can act
to direct the sample to reach the conjugate pad (Parolo et al., 2020; Sachdeva, Davis,
& Saha, 2021).
Part (2) Conjugate pad: The conjugate pad is the second pad to be encountered by
the sample. It consists of immobilized pre-labeled sample recognition elements.
Different types of reporter labels — gold nanoparticles, fluorescence quenching labels,
and quantum dots can be used (Parolo et al., 2020; Sachdeva et al., 2021).

Part (3) Membrane: The membrane also called detection pad is part of the
LFA strip where the signal is generated for capturing the bioreceptor that allows
interaction of antigen and antibody or DNA/RNA hybridization. This region contains
the test line and the control line. Wherein, the antibody or nucleic acid hybrid
specific to the sample is immobilized on the test line and the control line consists of
a secondary sample recognition element. We can add several lines in this region of
the strip to check for different analyte from the same sample simultaneously. The
test line, the main role of the test line is to detect the presence or absence of the
analyte by generating a line from the capture bioreceptor that binds the labeled
analyte. The control line, which confirms the correct operation of the lateral flow
immunoassay strips when the sample reaches the control line then selective capture
of the labeled bioreceptor (Parolo et al., 2020; Sachdeva et al., 2021).

Part (4) Adsorbent pad: The absorbent pad is to control the volume of the
sample that a strip can take. This collects excess waste and ensures that there is no
backflow of the fluid (Parolo et al., 2020; Sachdeva et al., 2021).

The sample containing the target analyte is absorbed by the sample pad and
it moves toward the conjugate pad with the help of capillary forces. Here, the analyte
interacts with a specific antibody or DNA/RNA oligonucleotide (labeled with a colored
molecule) and forms a mobile conjugate that flows onto the nitrocellulose
membrane. The conjugates which are complementary to the immobilized bioreceptor
on the test and the control lines, get captured, respectively, whereas, the remaining

fluid gets wicked by the absorbent pad. A signal is generated on the lines as soon as
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the conjugate containing the reporter label along with the target analyte binds to its
bioreceptor. As a result, a change in the color of the lines can then be seen

(Sachdeva et al., 2021).
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Figure 2.16 Schematic representation of a typical diagram and several components
of LFA and working mechanism (Koczula & Gallotta, 2016). A simple LFA test strip

consists of a sample pad, a conjugate pad, a test line, a control line, and an

absorption pad.
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2.7 General mechanism of CRISPR-Casl12a mediated detection of

nucleic acids via LFA

CRISPR-Cas12a-based detection of nucleic acids via lateral flow assay methods
is generally compatible with a very intuitive and interpreted lateral flow readout. The
way LFA is used for CRISPR applications can lead to confusion about the test line (T
line) and control line (C line). Casl12a-based detection method interpretation of the
test strips can vary using different detection processes. The T line and C line is
swapped in Cas12a detection process (Broughton et al., 2020; Sagoe et al., 2023; Tsou
et al,, 2019; Y.-m. Zhang et al., 2020). Casl2a specifically and sensitively recognizes
defined amplicon-related sequences. Successful recognition leads to the activation of
the Casl2a associated collateral nuclease activity. The DNA degrading activity is the
basis for signal generation in LFA. This is achieved by using the reporter degradation
process. The key to the functionality of a Cas12a assay combined with a lateral flow
readout is the use of a reporter. The lateral flow test strip is able to give information
about the status of a so called reporter. Such a reporter is a short single stranded
DNA molecule that carries two specific labels including biotin and FAM or FITC. If the
reporter is used in a much defined concentration, the majority of the gold conjugate
is trapped at the T-line, which leads to an almost complete extinction of the C-line.
It is precisely this effect that enables the T line and C line swap for CRISPR-Cas12a-
based detection method. Switching C line and T line, the presence of the gene target
leads to a positive test result. In contrast, the absence of the specific genetic target
leads to a negative test result. The general mechanism of CRISPR-Cas-mediated
detection of nucleic acids via lateral flow readout, the presence of the genetic target
leads to a positive test result. The Cas12a recognition of target DNA by the crRNA
unleashes collateral activity. Next, activated Casl12a cleaves the dual labeled
reporter, which leads to the separation of Biotin and FITC/FAM labels. Reporter
cleavage leads to the appearance of the T line during lateral flow analysis. The signal
intensity of the C line is weakened. In contrast, the absence of the specific genetic
target leads to a negative test result. The Cas12a has no recognition of the target DNA

by the crRNA so on no collateral activity. The dual labeled reporter remains intact.
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Biotin of the dual labeled reporter is bind by a biotin ligand. The FITC/FAM label is

bind by mobile anti FITC-FAM antibodies conjugated to gold particles. This results in

a strong C line and a missing T line (Figure 2.17).

During LFA, an intact reporter is retained at the C line. The upper T line is not

visible (negative test result). Cleaved reporter leads to an increasing amount of C-line

overflowing gold conjugate, which is retained at the T line. Therefore, positive results

are characterized by an increasing intensity of the T line and a decreasing intensity of

the C line (Broughton et al., 2020; Sullivan, Dhar, Cruz-Flores, & Bodnar, 2019)

(Figure 2.18).
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Figure 2.17 Schematics of RPA-Cas12a-LFA detection (Y.-m. Zhang et al., 2020).
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CHAPTER llI

RESEARCH METHODOLOGY

3.1 Total RNA extraction

The specimens were collected under protocol approved by the Suranaree
University of Technology Institutional Biosafety Committee (SUT IBC). The ribonucleic

acids were extracted from the COVID-19-positive specimens by using Trizol™

Universal reagent (Tiangen, Beijing, China). The equal volume of Trizol™ reagent was
added into collected specimen tube and mixed well. The homogenization samples
were incubated at 25 °C for 5 minutes. After keeping at 25°C for 5 minutes, 500 pL of
each suspension were added with 200 pL of chloroform and mixed well by shaking
for 15 seconds. After keeping at 25°C for 3 minutes, the suspension was centrifuged
at 12,000x g, 4 °C for 15 minutes. The aqueous phase was transferred to a new
microcentrifuge tube. 500 pL of isopropanol were added with gentle mix by inverting
5 times. After incubating at 15-30 °C for 10 minutes, the preparations were centrifuged
for 10 minutes at 12,000x ¢ at 4 °C. The total RNA was precipitated and formed a
white gel- like pellet at the bottom of the tube. After discarding the supernatant, the
pellet was washed twice with at least 1 mL of 75 % ethanol per 1 mL of Trizol ™
reagent and mixed well by vortexing. The samples were centrifuged at no more than
7500 x g, 4 °C for 15 minutes. At the end of the procedure, the supernatant was again
discarded to remove the ethanol and briefly dry the RNA pellet by air-dry or vacuum-
dry for 5-10 minutes. To elution the RNA pellet, the pellet was resuspended in 30 pL

of ultrapure deionized water (UDW) by pipetting up and down. The concentration

and purity of the RNA were measured.
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3.2 Conversion of total RNA to cDNA

For conversion of total RNA to cDNA, total RNA extraction from 3.1 was used
to convert to cDNA by using RevertAid First Stand cDNA Synthesis Kit (Thermo
Scientific, USA), following the manufacturer’s recommended procedures. All reagents

was mixed as followed:

Ingredient Volume (uL)
Total RNA 10.0
Random Hexamer primer 1.0
Ultrapure deionized water (UDW) 1.0

Total 12.0

5X Reaction Buffer 4.0

20 U/ pL of RiboLock RNase Inhibitor 1.0

10 mM dNTPs Mix 2.0

200 U/ pL of RevertAid M-MulV RT 1.0

Total 20.0

3.3 Molecular PCR amplification of NSP2 sequence

3.3.1 Primer design

Oligonucleotide primers specific to NSP2 of SARS-CoV-2 were designed
according to gene sequence (accession number NC 045512.2), which access from
GENBANK. The detailed RPA and PCR primer sequences for the NSP2 gene is shown in
Table 3.1. The oligonucleotide primers for PCR amplification of the target sequence
were designed from conserved regions from SARS-CoV-2 genomes. The primer
sequences were: NSP2 forward: 5’-ATGTTGCTCGAAATCAAAGA-3’ and NSP2 reverse:
5’ -TTAAGTACTTTATCAATCCT-3". The primer was dissolved in ultrapure water to a
final concentration of 10 uM (Appendix B).
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Table 3.1 RPA and PCR primer sequences for the NSP2 gene

Gene  Primer Primer sequences No Tm GC%

NSP2  Forward 5’ -ATGTTGCTCGAAATCAAAGA-3’ 20nt  50.1°C  35.0%

NSP2  Reverse 5’ -TTAAGTACTTTATCAATCCT-3’ 20nt  43.0°C  25.0%

3.3.2 PCR amplification of the NSP2 sequence

The cDNA from 3.1.2 was used as a DNA template for amplification of target

sequence by conventional polymerase chain reaction (PCR). For isothermal

amplification, 25 pyL complete PCR reaction mix was prepared on ice. The

supplementary information for PCR system was followed:

Ingredient Volume Final concentration
(25 pL rxn)

Ultrapure deionized water (UDW) 15.5 -

10X Taq buffer with KCL, 2.5 1X

25 mM MgCl, 1.5 1.5 mM

10 pM dNTPs mix 2.0 0.8 pM

10 uM NSP2 forward primer 1.0 0.4 pM

10 puM NSP2 reverse primer 1.0 0.4 pM

Template DNA 1.0 1-500 ng

Tag DNA polymerase (5 U/ ul) 0.5 1.0-2.5 U/ rxn

The PCR thermal cycles were:

1. Initial denaturation
2. Forty cycles of
a. Denaturation
b. Annealing
C. Extension

3. Final extension

at 94°C for 5 minutes

at 94°C for 1 minute
at 94°C for 1 minute
at 94°C for 2 minutes
at 94°C for 10 minutes
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3.3.3 Agarose gel electrophoresis

The PCR amplicon was verified by agarose gel electrophoresis. One point
five percent agarose gel was prepared by dissolving the agarose powder (1°" BASE,
Singapore) in 1x TAE buffer. The suspension was melted by using a hotplate
(JOANLAB, Thailand). The gel was set and cooled down. Polymerization of the agarose
suspension was allowed to occur in a mini agarose gel electrophoresis apparatus
(Mupid-eXu, Thailand). The sample to be resolved was mixed with 1x DNA loading
dye and loaded into a slot made in the sample well. The DNA was run in 1x TAE
buffer at 100 Volts for 35 minutes. After electrophoresis, the DNA band was revealed

by using UV-Vis Spectrophotometer Quantum CX5 (VILBER, Thailand).

3.4 Purification of NSP2 cDNA

The NSP2 DNA amplicons were purified from the respective gel using a gel
extraction kit (Universal DNA Purification Kit, Tiangen, China), according to
manufacturer’s instructions. Column equilibration: Add 500 pL Buffer BL to the Spin
Column CB2 (in a 2 ml Collection Tube). Centrifuge at 12,000 rpm (~13,400 x ¢) for 1
min. Discard the flow-through, and set the spin column CB2 back into the collection
tube. The target DNA band was cut and transferred into a microcentrifuge tube. After
weight the gel block, each microcentrifuge tube was added equal volume of Buffer
PC to the volume of gel and incubated at 50°C for about 10 minutes with inverting
up and down the microcentrifuge tube. After the agarose gel dissolved completely,
transfer the whole solution to the spin column and centrifuge at 12000 x rpm for 1
minute. After discarding the flow-through completely, each spin column was added
600 pL of Buffer PW and centrifuged at 12000 x rpm for 1 minute and washed the
column was centrifuged at 12000 x g for 2 minutes to remove residual and allowed
the column to air dry with the cap open for several minutes to dry the membrane.
The elution DNA was transferred the column to a microcentrifuge tube, added with

30 L of ultrapure deionized water (UDW) was directly onto the column membrane
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and stand for 2 minutes. The purified DNA was collected after centrifugation at 12000

x g for 2 minutes.

3.5 Ligation of DNA sequence coding for NSP2 into cloning vector

The purified NSP2 amplicons from section 3.4 were ligated with TA cloning
vector pTG19-T (25ng/ pL) (Vivantis, Malaysia). The reaction was incubated at 22 °C
for 1 hour. The ligation product was transformed into DH5QL E. coli. The transformation
reaction was spread onto an LB agar plate containing 100 mg ampicillin/mL and
screened the colony for colony PCR. The details of the ligation reaction of NSP2/

pTG19-T ligation mixtures were prepared as the following:

Ingredient Volume (uL)
pTG19-T vector (25ng/ pL) 2.0

Fresh PCR product * (Appendix D)
10X Buffer Ligase 1.0

T4 DNA Ligase (200u/ pL) 1.0

Ultrapure deionized water (UDW) to 10.0

Total 10.0

3.6  Preparation of chemically competent DH5Q E. coli

The DH5QL E. coli was grown in 2 mL of Luria-Bertani (LB) broth in 50 mL tube
(Appendix E) and incubated at 37 °C with shaking at 200 rpm for 16-18 hours. After
overnight culture of DH5QL E. coli, 50 mL tube of the overnight culture were incubated
at 37°C with shaking at 250 rpm for 3 hours. The cell pellet was collected by
centrifugation at 1500 x rpm, 4°C for 5 minutes and removed LB to collect the cell
pellet. The pellet was suspended in 1 mL of cold 100 mM MgCl, solution, gently mixed
and stored on ice for 5 minutes. The cell suspension was centrifuged at 1500 x rpm,

for 5 minutes at 4°C, the supernatant discarded, and the cell pellet was resuspended
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in 500 pL of cold 100 mM CaCl, solution. The cell suspension was mixed very well
and aliquot into the micro centrifuge tubes with 100 pL per tube and add 0.5 pL of
ligation reaction from section 3.5 per tube and stored on ice for 20 minutes and heat
at 42 °C for 2 minute in a water-bath for insert gene. Add 1 mL of LB broth non
ampicillin and incubated at 37°C with shaking at 200 rpm for 1 hour. After incubated,
100 pL of the culture were spread onto LB agar plates containing 100 mg ampicillin/mL
(LB-A) (Appendix E). LB broth 900 uL were centrifuged at 1500 x rpm for 5 minutes.
After discarding the LB broth, take the remaining pellet 50 pL for spread onto LB agar

plates containing 100 mg ampicillin/mL (LB-A) and incubated at 37°C for 16 hours.

3.7 Transformation and screening for DH5QL E. coli transformations

The ligation mixtures from section 3.5 were introduced into DH5QL E. coli
competent cells by heat shock method. Briefly, each ligation mixture was mixed with
100 pL of competent cell suspension and kept in an ice-bath for 20 minutes. The
mixture was heated at 42 °C for 2 minutes in a water-bath and immediately moved
to an ice-bath for 5 minutes. The preparation was added into 1 mL of LB broth and
incubated at 37°C with shaking at 250 rpm for 1 hour. The culture was spread onto
LB agar plates containing 100 mg ampicillin/mL LB-A. The agar plates were incubated
at 37°C for 16 hours. The colonies of the transformed E. coli transformants were
randomly picked to screen for the colonies that carried recombinant plasmid
containing NSP2 coding sequence by means of colony PCR. Replica plates for
individual colonies were made also on LB-A agar plates (Appendix E) for subsequent

use. The PCR reaction mixture was prepared as the following:
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Ingredient Volume Final concentration
(12 L rxn)

Ultrapure deionized water (UDW) 6.75 -

10X Taqg buffer with KCL, 1.25 1X

25 mM MgCl, 0.75 1.5 mM

10 uM dNTPs mix 1.0 0.8 uM

10 uM NSP2 forward primer 0.5 0.4 uM

10 puM NSP2 reverse primer 0.5 0.4 uM

Template DNA 1.0 1-500 ng

Tag DNA polymerase (5 U/ ulL) 0.25 1.0-2.5 U/ rxn

Thermal cycles of the PCR are shown below. The PCR amplified products

were verified by agarose gel electrophoresis as section 3.3.3.

1. Initial denaturation
2. Forty cycles of
a. Denaturation
b. Annealing
c. Extension

3. Final extension

at 94°C for 5 minutes

at 94°C for 1 minute
at 94°C for 1 minute

at 94°C for 2 minutes

at 94°C for 10 minutes




51

3.8 Extraction of the NSP2/pTG19-T plasmids

The recombinant NSP2/ pTG19-T plasmids were extracted from respective
transformed DH5QL E. coli clones using GF-1 Plasmid DNA Extraction Kit (Vivantis,
Selangor, Malaysia). Individual transformed E. coli colonies carrying the respective
NSP2/ pTG19-T plasmids were inoculated into 10 mL of LB-A broth and incubated at
37°C with shaking 200 rpm for 12-16 hours. Individual E. coli pellets were collected
by centrifugation at 6000 x ¢ for 5 minutes to harvest the cells. After discarding the
supernatant completely, each bacterial pellet was resuspended in 250 pL of solution
S1 RNase A (DNase-free) and transferred to a new tube. The alkaline lysis was added
250 pL solution S2 and gently mixed by inverting the tube several times (4-6 times)
to obtain a clear lysate and kept at 25°C for 5 minutes. The neutralization was added
400 uL of Buffer NB, mixed by inverting the tube several times (6-10 times) until a
white precipitate formed. The preparation was centrifuged at 14000-16000 x g for 10
minutes. The supernatant containing plasmids was transferred 650 pL to a column
assembled in a clean collection tube. After loading the column, centrifuged at 10000
x ¢ for 1 minute, and wash the column was added 650 uL of wash buffer and
centrifuged at 10000 x g for 1 minute. The upper phase was transferred to a
microcentrifuge tube, added with 30 pL of ultrapure deionized water (UDW) directly
onto the column membrane, and stand for 1 minute. The plasmid DNA in the pellet
was collected after centrifugation at 10000 x ¢ for 1 minute. Plasmids in the pellet
were suspended in 30 yL of UDW and verified by 1% agarose gel electrophoresis as

section 3.3.3.
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3.9 Verification of carrying recombinant plasmids with inserted DNA

coding for NSP2

The presence of the NSP2 inserts in the pTG19-T vector was verified by DNA
sequencing. Homologies of the sequences with the database was verified. The
recombinant plasmid was further used as positive control in CRISPR-Cas12a cleavage

system.

3.10 Production of the CRISPR-Cas12a digestion reaction

3.10.1 LbCas12a
Lba Cas12a and NEBuffer 2.1 were purchased from New England Biolabs
Inc. Lba Cas12a (Cpfl) from Lachnospiraceae bacterium ND2006 is a site-specific DNA
endonuclease guided by a single 41-4d4 nucleotide guide RNA. Targeting requires a
crRNA complementary to the target site as well as a 5 TTTN (N is any DNA
oligonucleotide) PAM on the DNA strand opposite the target sequence. Cleavage by
EnGen Lba Casl2a occurs ~18 bases 3’ of the PAM and leaves 5 nucleotide 5’
overhanging ends.
3.10.2 CrRNA design and synthesis
The crRNA was designed to target SARS-CoV-2 NSP2. The crRNA
consists of 20 nt of common sequences (repeat) for binding LbCas12a protein and for
recognizing target sites. The detailed Guide RNA sequences for the SARS-CoV-2 NSP2
detection based on CRISPR-Cas12a is shown in Table 3.2. The crRNA sequence were
utilized Benchling Software (https://benchling.com/editor) to design specific CRISPR
guides. The crRNA was synthesized and delivered from Integrated DNA Technology
(America). The crRNA was dissolved in ultrapure water to a final concentration of 300

nM (Appendix B) and used in CRISPR-Cas12a digestion reaction.


https://benchling.com/editor

53

Table 3.2 Guide RNA sequences for the SARS-CoV-2 NSP2 detection based on CRISPR-

Casl2a
Cut Strand Guide Sequence PAM Off-Target
Position Score
131 Positive  GGTGATGACACTGTGATAGA TTTT 93.9

3.11 CRISPR-Cas12a digestion

The NSP2 plasmid was used as template for target CRISPR-Cas12a digestion
reaction. The reactions were mixed as followed according to manufacturer’s
instructions. The reactions were incubated at 25-37°C for 20-30 minutes. The
NSP2/pTG19-T plasmid digestion by Casl2a was verified by agarose gel

electrophoresis.

Ingredient Volume (L) Final
(30 pL rxn) concentration
Ultrapure deionized water (UDW) 20.0 -
10X NE buffer 3.0 1X
300 nM crRNA 3.0 30 nM
1 uM Casl2a 3.0 0.1 uM

NSP2/pTG19-T plasmid 1.0 -
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3.12 Production of the lateral flow strips test based on CRISPR-Cas12a
combined with RPA for SARS-CoV-2 NSP2 detection

3.12.1 RPA

For testing each sample, set up three RPA reactions, for detection of the
NSP2 gene target, positive test control, and negative test control respectively. One
microliter of the cDNA template was used as direct input into RPA. The RPA reaction
was performed and run as instructed using TwistAmp ™ Basic Kit (TwistDx, United
Kingdom) according to the manufacturer instructions. Briefly, the cDNA was used as a
template for RPA reactions. One microliter of the cDNA template was used as direct
input into RPA. The 47.5 pL RPA reactions mixture contained the following reagents:
10 pL forward primer, 10 uL reverse primer, primer free rehydration buffer, ultrapure
deionized water, and template. 47.5 uL of reaction mixture were mixed with freeze-
dried RPA enzyme powder. Resuspended each lyophilized RPA pellet using 47.5 ulL of
reactions mixture supplied in the RPA kit. Then, 2.5 pL of 280 mM Magnesium Acetate
(MgOAc) was added to start RPA reaction. For isothermal amplification, the RPA
reaction mixture was prepared on ice and immediately incubated at 39 °C for 20
minutes in the pre-warmed heat box. After incubation, place the reaction back on ice
immediately until ready to add to the reaction in the detection of viral RNA sequence
using Casl2a. Ten microliters of RPA reaction were used as direct input as section
3.12.2.

The RPA reaction mixture is shown below. The RPA reaction mixture was

verified by 1% agarose gel electrophoresis.
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Ingredient

Volume (L)

10 uM Forward primer

10 uM Reverse primer

Primer free rehydration buffer
cDNA

Ultrapure deionized water (UDW)
280 mM MgOAc

Total

2.4
2.4
29.5
1.0
12.2
2.5
50.0

The positive test control of RPA reaction mixture is shown below. The

RPA reaction mixture was verified by 1% agarose gel electrophoresis in section 3.3.2.

Ingredient Volume (L)
Primer mix 8.0

Primer free rehydration buffer 29.5

Positive control DNA 1.0
Ultrapure deionized water (UDW) 9.0

280 mM MgOAc 2.5

Total 50.0

The negative test control of RPA reaction mixture is shown below. The

RPA reaction mixture was verified by 1% agarose gel electrophoresis in section 3.3.2.

Ingredient

Volume (uL)

10 pM Forward primer

10 uM Reverse primer

Primer free rehydration buffer
Negative control DNA

Ultrapure deionized water (UDW)
280 mM MgOAc

Total

2.4
2.4
29.5
1.0
12.2
2.5
50.0
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3.12.2 RPA-CRISPR-Casl12a-reporter assay

For target gene detection using Casl12a; the ssDNA reporter
(BIOTIN/TTATTATTATTATTATT/FITC) was synthesized (Serve Science Company Limited,
Thailand). The detection of viral RNA sequence using Casl2a reaction mixture
included the following reagents: 10X NE buffer, 300 nM crRNA, 1 uM Cas12a enzyme,
25 nM reporter, RPA product, and ultrapure deionized water. For LFA detection, 50 pL
Cas12a digestion reaction mix was incubated with a reporter at 37 °C for 20 minutes.
After all reactions are set up, vortex to mix thoroughly and incubate at 37°C for 30
minutes in a pre-warmed heat box. After incubation, place reaction tubes back on ice
and analyze by agarose gel electrophoresis. (Figure 3.1). For each NSP2 gene RPA

reaction, set up a Cas12a detection reaction as follows:

Ingredient Volume (pL) Final
(50 pL rxn) concentration

10X NE buffer 5.0 1X

300 nM crRNA 6.0 36 nM

1 M Caslza 1.0 0.02 uM

25 nM Reporter 24 1.2 nM
RPA product 10.0 -
Ultrapure deionized water (UDW) 25.6 -

3.12.3 Target gene detection using RPA-Cas12a and LFA

After section 3.12.2, 100 pL of DNA running buffer was added and
mixed thoroughly. Place the diluted reaction in a tube rack and incubate at room
temperature for 5 minutes. Place a lateral flow strip into each reaction tube and wait
for the reaction to flow through the dipstick. One lateral flow strip was then dipped
into the reaction tube and held upright for 5 minutes to develop a visible color in T-
line and C-lines. To enable the on-site diagnosis of SARS-CoV-2 NSP2, we designed a
lateral flow readout based on the destruction of a biotin and FITC-labelled ssDNA

reporter, which allows the presentation of results with a lateral flow strip In our
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lateral flow strip assay, the anti-FITC antibody conjugated gold nanoparticles
specifically bind to FITC and show the band signal on the strip. On the control line,
the abundant anti-Biotin can bind and capture biotin-labelled ssDNA, and only the
CRISPR-Cas12a cleaved ssDNA reporter can flow through the control line. Anti-mouse
IsG antibodies on the test line bind the cleaved ssDNA with FITC-gold nanoparticles.

The test starts when a sample is placed on the sample pad (left end).
The liquid sample is first loaded onto the sample pad and then allowing for it to
migrate to the conjugate pad by capillary force, where previously dried nanoparticle
receptors (such as AuNPs) are resuspended in the DNA running buffer. In this process,
the target in the sample is captured by an anti-FITC antibody coated nanoparticle
embedded in the conjugate pad. As the complexes formed by the analyte and
nanoparticles continue to flow forward, they specifically bind to the anti-Biotin
capture antibodies, and anti-mouse IgG antibodies are also pre-embedded on the C
line and T line in the nitrocellulose membrane. After a few minutes, the target is
captured and forms a specific signal at the test line (T line) and control line (C line),
representing the presence or absence of the target and the successful completion of
the reaction (Figure 3.1).

The target gene is cut specifically Cas12a by specifically guide crRNA
and induce collateral cleaved so on the reporter were cut by Casl12a. Reporter is
labelled by biotin and FITC. After the reporter is cleaved completely, biotin is bind
with anti-biotin at C line. Thus, the color do not shown in C line. On the other hand,
FITC is bind to both of gold nanoparticle conjugated anti-FITC and anti-mouse IgG
antibody and show the band signal on the T line, representing the positive result.
However, reporter is not cleaved successful completely by Casl12a that the gold
nanoparticle conjugated anti-FITC bind intact biotin-FITC. Thus, the color is shown
faint band in C line. However, most of reporter bind to the Gold nanoparticle
conjugated Anti-FITC and anti-mouse IgG antibody. Therefore positive results are
characterized by an increasing intensity of T line and decreasing intensity of C line.

For negative result, crRNA is not bind specificity to target gene. The intact reporter is
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bind to anti-biotin with biotin and gold nanoparticle conjugated anti-FITC with FITC.
Therefore negative result is characterized by a decreasing intensity of T line and

increasing intensity of C line.
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Figure 3.1 Schematic illustration of a SARS-CoV-2 detection-based LFA.



CHAPTER IV

RESULTS

4.1 NSP2 gene PCR amplification

After PCR amplification was performed; the gene fragment was verified by
1.5% agarose gel electrophoresis in TAE buffer. The expected size of NSP2 gene

fragment amplicon was 200 bp. In figure 4.1 shown the NSP2 PCR amplification.

Marker
1 kb 1 2 3

1000 bp

500 bp —

100 bp —

Figure 4.1 Gel electrophoresis image of PCR amplification of SARS-CoV-2 NSP2 cDNA
fragments, the expected size was 200 bp and indicated by the respective arrow.

Lane M, Gene Ruler DNA ladder mix 100 bp
Lane 1-2, NSP2 gene at ~200 bp
Lane 3, Negative control (without DNA template)

Numbers at the left are DNA sizes in bp
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4.2 Cloning of the DNA amplicons coding for NSP2 into cloning

vector

The PCR amplicons of NSP2 coding sequence were ligated separately into
pTG19-T PCR cloning vector. The ligation products were individually transformed into
E. coli stain DH5Q cloning host. The colonies (transformed E. coli) were randomly
screened by colony PCR using specific primers. The clones that carried the NSP2
inserts gave positive PCR amplicons at the expected sizes (Figure 4.2). The
recombinant plasmid confirmed as positive was selected to obtain the NSP2 fragment
to be cloned. All positive colonies were collected and kept in 20% glycerol in Luria-

Bertani (LB) broth medium at -80 °C as gene stocks.

Merkiey 1 2 3 4 5 6 7 8 9 10

100 bp
1000 bp —
500 bp ——
e ew we Pra—
100 bp —
Marker
100bp 11 12 13 14 15 16 17 18 19 20
1000 bp —
500 bp —— -

-— e - e —
100 bp —
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100 bp

Figure 4.2 Gel electrophoresis image of PCR amplicons of the NSP2 sequences (~200
bp; arrow) from randomly picked transformed NSP2-plasmid-transfromed E. coli.

Lane M, Gene Ruler DNA ladder mix 100 bp
Lane 1-41, NSP2 amplicons from E. coli clones 1-41, respectively

Numbers at the left are DNA sizes in bp
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4.3  Extraction of NSP2/pTG19-T plasmid

The recombinant plasmids synthesized by incorporating the cDNA fragment of
the SARS-CoV-2 nsp2 gene into a pTG19-T vector were used in this study. The
extracted plasmids were initially analyzed with PCR where a clear band was observed
for ~3080 bp primers in 1% agarose gel electrophoresis. After a successful
confirmation, the plasmid products were subjected to NSP2/pTG19-T plasmid
digestion by Cas12a.

Marker
1kb 1 2 3 q 5 6

6000 bp =—
3000 bp =—

2000 bp —

1000 bp =—
750 bp =—

500 bp =—

250 bp =—

Figure 4.3 Gel electrophoresis image of plasmid extraction of NSP2/pTG19-T plasmid
amplicons ~3080 bp from plasmids extraction at the expected size.
Lane M, Gene Ruler DNA ladder mix 1 kb
Lane 1-5, NSP2/pTG19-T plasmid amplicons from E. coli clones 1-5 (~3080 bp)
(arrow)
Lane 6, Negative control (without NSP2 plasmids template)

Numbers at the left are DNA sizes in bp
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4.4  Verification of DNA sequences coding for NSP2

To verification of DNA sequences coding for NSP2, the DNA sequences were
successfully verified as coding sequences of NSP2. The respective sequences were
searched for homology by comparing with the sequences in the database. The SARS-
CoV-2 NSP2 sequence of specific coronavirus variant as indicated was aligned using
NCBI Multiple Sequence Alignment Viewer and Bio Edit Program and found the
locations of sequence of NSP2 from 2 NSP2/pTG19-T plasmid were similar to most
SARS-CoV-2 NSP2. They were found to have 99.5% similar with the database
sequences of the SARS-CoV-2 NSP2 (Figure 4.4). After a successful confirmation, the
NSP2/ pTG19-T plasmid were subjected to be known positive for test whether the
crRNA could enable CRISPR-Cas12a to specifically detect SARS-CoV-2 NSP2 in NSP2/
pTG19-T plasmid.

NCBI Multiple Sequence Alignment Viewer, Version 1.23.1
Sequence ID start | Aiignment
a 10 20 30 0 s0 60 70 80 s0 100 110 120 130 140 150 160 170 180 10 187

End

consensus ( 197
NSP2_NCBI 197
HIN AT 1IN I NI O T 196
HIEST NES THEN | NI T 11 HI T Tl T 196

1
1
NSP2_G “+) 1
1

10 20 30 40 50 60 70

r= - 2N ---- - llf T .-- V.- -1 .- -.1....| ... 0.0 o]
ATGTTGCTC AATCARAGAJCACAGRAAAAGTACTGTGCCCTTGCACCTAAJTATGATGGTAJACAAACAATGCCTTCAC
ATGTTGCTCGRAAATCAAAGARCACAGAAAAGETACTGTGCCCRTTGCACCTAATATGATGGTARACAAACAAT Y CCTTCAG
ATGTTGCTC AATCAAAGARCACAGAAAAGRETACTGTGCCCRTTGCACCTAARTATGATGGTA ACAAACAATEIC TTCAQ
ATGITGCIC AATCAAAGARCACAGAAAAGHTACTGTGCCCHTTGCACCTAARTATGATGGTARACAAACAAT!

lcl | consensus
lcl|NSP2_NCBI
lcl|NSP2_F
lcl|NsSP2_G CRITCAQ
120 130 140 150 160 170 180

B STl o0 LY A/ I T Y T
lcl|consensus |fielesier-Vierle FYenfe el iy AGTGCAAGGTTACAAGAGTIGTGAATATCAJCTTTTGAACTTGATGAAAGGJATTGATA
1cl|NSP2_NCBI |ueleiderbfer\e rleifesderyv.! AGTGCAAGGETTACAAGAGTRGTGAATATCANCTTTTGAACTRTGATGAAAGGRATTGATA
1cl|NSP2_F TGGTGATGACHACTGTGATA! AGTGCAAGGETTACAAGAGTRGTGAATATCARCTTTTGAACTRTGATGAAAGGRATTGATA

lcl|NSP2_G IGGIGATGACRACTGIGATA AGIGCAAG GTGAATATCAJCTTTTGAACTRTGATGAAAGGEATTGATA

[ TTACAAGAGT]

Figure 4.4 DNA multiple alignment of NSP2.
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4.5 The Casl2a can directly detect SARS-CoV-2 NSP2 in NSP2/ pTG19-T

plasmid using specific crRNA

To obtain efficient and specific crRNA applicable for detecting SARS-CoV-2
NSP2, the recombinant plasmids synthesized by incorporating the cDNA fragment of
the SARS-CoV-2 NSP2 gene into a pTG19-T cloning vector were used in this study. To
test whether the crRNA could enable CRISPR-Cas12a to specifically detect SARS-CoV-
2 NSP2 in NSP2/ pTG19-T plasmid, this method perfectly shows the excellent CRISPR-
Casl12a can directly and specifically detect NSP2/ pTG19-T plasmid. Casl2a exhibited
variable targeted DNA cleavage efficiencies using crRNA. We used NSP2/ pTG19-T
plasmid as an example to apply Cas12a specific digestion test for SARS-CoV-2
diagnosis. These results clearly showed that Casl12a was specific digested when
induced with specific crRNA and not digested when left un-induced with no crRNA.
The lane 1 indicated Cas12a digested specific crRNA. Lane 2 is a control contamination
(Casl2a digestion reaction without plasmid). Lane 3 is a control crRNA specification
(Cas12a digestion reaction without gRNA). Lane 4 is an uncut (plasmid without Cas12a
digestion reaction). The agarose gel electrophoresis that belongs to Figure 4.5

showing the NSP2/pTG19-T plasmid digestion by Casl2a.
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Figure 4.5 1% Agarose gel electrophoresis showing NSP2/pTG19-T plasmid digestion
by Cas12a.

Lane M: Gene Ruler DNA ladder mix

Lane 1: NSP2/ pTG19-T plasmid+crRNA+Cas12a

Lane 2: no NSP2/ pTG19-T plasmid+crRNA+Cas12a

Lane 3: NSP2/ pTG19-T plasmid+ no crRNA+ Cas12a

Lane 4: Uncut NSP2/ pTG19-T plasmid
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4.6 Establishment of NSP2/pTG19-T plasmid digestion by Cas12a
assay for SARS-CoV-2 NSP2 detection and directly visualized the results
on LFA

To determine whether the results of NSP2/pTG19-T plasmid digestion by
Cas12a assay for SARS-CoV-2 NSP2 detection and could be directly read the results
on lateral flow strips, we used DNA dipstick chromatography (Serve Science, Thailand)
to readout the results. To obtain efficient and specific crRNA applicable for detecting
SARS-CoV-2 NSP2, the recombinant plasmids synthesized by incorporating the cDNA
fragment of the SARS-CoV-2 NSP2 gene into a pTG19-T cloning vector were used in
this study. The synthesized plasmids were initially analyzed with PCR where a clear
band was observed for 3080 bp primers in 1.5% agarose gel electrophoresis. After a
successful confirmation, the PCR products were subjected to lateral flow readout of
CRISPR-Cas12a activity using biotin-FITC reporter. The lateral flow dipstick was dipped
into the reaction mixture and incubated for 15 minutes at room temperature. The
results were observed after fifteen minutes. A sample with containing NSP2/pTG19-T
plasmid demonstrated a signal significantly increasing strong band intensity on the
test line and decreasing on the control line was considered to have a positive result.
A sample without NSP2/pTG19-T plasmid was used as a control and had an intense
line at the control line. Positive results were recognized by the T-line on the strip’s
upper side while negative results were recognized by the C-line on the strip’s bottom

side (Figure 4.6).
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Figure 4.6 The LFA result interpretation of NSP2/pTG19-T plasmid digestion by Cas12a

assay after 2, 5, and 15 min.
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4.7 SARS-CoV-2 detection using RPA-Cas12a and LFA

To further simplify the detection procedure, we adapted the instrument-free
lateral flow assay in RPA-Cas12a detection. The lateral flow strips were used in the
reaction. If the target gene was presented in RPA product, the reporter is cleaved by
Casl2a and thus develops a dark color at the T line in the LFA strip. By contrast, if
the target was not presented, the intact reporter only develops a dark color at the C
line. The cDNAs were initially analyzed with RPA where a clear band was observed for
200 bp primers in 1% agarose gel electrophoresis (Figure 4.7). After a successful
confirmation, the RPA products were subjected to lateral flow readout of CRISPR-
Cas12a activity using biotin-FITC reporter. We first examined whether RPA-Cas12a-LFA
could detect SARS-CoV-2 NSP2 gene using the RPA products. The crRNA was used
RPA-Cas12a-LFA detection. The results showed that sample numbers 19, 35, and 37
developed clear positive T lines, implying successful detection of the NSP2 gene of
SARS-CoV-2. In contrast with a negative sample, the crRNA failed to detect the SARS-
CoV-2 NSP2, probably due to the target was not presented, the intact reporter only
developed a dark color at the C line (Figure 4.8). These results indicate that RPA-

Casl2a-LFA is able to detect the NSP2 gene of SARS-CoV-2.
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Figure 4.7 Gel electrophoresis image of RPA amplification of SARS-CoV-2 NSP2 cDNA
fragments.

Lane numbers 19, 35 and 37, RPA product (~200 bp) (arrow)

Lane Pos, Positive control

Lane Neg, Negative control

Numbers at the left are DNA sizes in bp
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Figure 4.8 The LFA result interpretation of SARS-CoV-2 NSP2 cDNA fragment digestion
by Cas12a assay after 2, 5, and 15 min.
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4.8 The evaluation of the diagnostic performance of the assay for

the detection of SARS-CoV-2

To evaluate the diagnostic performance of the assay for the detection of
SARS-CoV-2 in comparison with real time RT-PCR using 15 positive clinical samples. Of
these 15 samples, the real time RT-PCR detected 15 samples as positive. In the RPA-
Casl2a-LFA assay, the samples were first amplified by RPA and then the amplified
products were transferred into the Cas12a solution for cleavage and read out by LFA.
The cDNAs were initially analyzed with RPA where a clear band was observed for 200
bp primers in 1% agarose gel electrophoresis (Figure 4.9). After a successful
confirmation, the RPA products were subjected to lateral flow readout of CRISPR-
Cas12a activity using biotin-FITC reporter. The RPA-Cas12a-LFA assay detected 15/15
positive samples as positive. The results from the assay were 100% concordant. The
results of the RPA-Cas12a-LFA assay and real time RT-PCR are presented in Table 4.1.
Two sample, number 1 and 3, which exhibited highest reporter activity in RPA-Cas12a-
LFA-assay. The results showed that Cas12a/ crRNA/ NSP2 developed clear positive T-
line which is implying successful detection of the targeted gene of SARS-CoV-2 NSP2.
However, the other thirteen samples still to detect the target gene but successful
detection requires highly active crRNA due to their weak reporter cleavage activities.
These results indicate that RPA-Cas12a-LFA is able to detect the SARS-CoV-2 NSP2,
but successful detection requires highly active crRNA. The advantage of the RPA-
Casl12a-LFA assay for SARS-CoV-2 detection is that it is very convenient without the

need for special equipment and the results can be visualized in 50 min.
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100bp 1

100bp 11

Figure 4.9 Gel electrophoresis image of RPA amplicons (200 bp; arrow) of SARS-CoV-2
NSP2 cDNA fragments. The positive samples of COVID-19 were converted to cDNA,
and then were detected by agarose gel electrophoresis. Numbers at the left are DNA
sizes in bp. Numbers at the upper are positive samples of COVID-19. “Neg” represents

negative control (without DNA template); “Pos” represents positive control.
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Figure 4.10 The qualitative analysis results of LFA. The positive samples of COVID-19

—

were extracted and converted to cDNA, and then were detected by LFA. Numbers at
the light are positive samples of COVID-19. “Neg” represents negative control

(without DNA template).



75

Table 4.1 The RPA-Cas12a-LFA results were consistent with the real-time PCR results,

with 15 of 15 samples showing NSP2 detection. “/” band in RPA; “Pos” represents

the strip test showed positive.

Sample Std. RT-PCR DNA RPA: Strip: NSP2

No. ORFl1lab/CT E/CT amount NSP2

1 18.21 18.59 a.7 / Pos; T-line only
2 18.35 18.59 5.0 / Pos; T-line only
8 16.00 16.09 9.1 / Pos; T-line + C-line
11 16.32 16.46 5943 / Pos; T-line + C-line
13 15.93 16.03 4.8 / Pos; T-line + C-line
31 21.47 21.78 6.3 / Pos; T-line + C-line
33 22.49 2261 6.6 / Pos; T-line + C-line
51 20.77 20.76 7.2 A Pos; Thin T-line + Thick C-line
11 22.81 23.28 10.5 / Pos; T-line + C-line
12 22.08 22.21 5.1 / Pos; T-line + C-line
17 33.16 34.99 5.1 y Pos; T-line + C-line
21 32.78 34.38 4.8 Vi Pos; T-line + C-line
22 28.38 28.71 3.8 / Pos; T-line + C-line
23 32.79 34.97 57 A Pos; T-line + C-line
25 33.48 35.22 2.9 / Pos; T-line + C-line




CHAPTER V

DISCUSSION

As the rapidly evolving characteristic of SARS-CoV-2 might evade detection
could result in low diagnostic sensitivity (Jeong et al., 2022). Reported prompt
availability of the SARS-CoV-2 genome sequences was important for the development
of COVID-19 diagnostic procedures notably the real-time RT-PCR (Sagoe et al., 2023).
Real time RT-PCR is the current gold standard in COVID 19 diagnostics. The multiple
temperatures employed in the real time RT-PCR reaction allow for tuning a range of
properties, including primer annealing temperature, denaturation temperature, and
extension temperature (Khan et al., 2020). However, this necessitates expensive
instrumentation. Similarly, readout requires a skilled technician, or real-time
fluorescence readout, requiring a real-time PCR instrument and typically limited to
laboratories and requires skilled personnel and specialized equipment (Khan et al,,
2020; Y. Zhu et al., 2022). A lack of accessible testing for identifying cases and close
contacts has allowed SARS-CoV-2 to spread uncontrollably (Shihong Gao, Zhu, & Lu,
2021). As a result, this study aimed to use SARS-CoV-2 as a model for the
development of CRISPR-Cas12a based molecular diagnostic tool that would be more
appropriate in environments with resource-constrained regions. In our study, we
combined RPA amplification and the advantages of Cas12a for SARS-CoV-2 detection
based lateral flow strips test that allows the results could be visualized by the naked
eye. The SARS-CoV-2 NSP2 was used for diagnostic primer design. The use of as much
sequence data as possible is key to the identification of conserved viral sequences
(Jeong et al,, 2022). The COVID-19-NSP2 assay was highly specific without cross-
reaction and did not amplify with other human-pathogenic coronaviruses and
common respiratory viruses. Further, terms of cycle threshold values were

satisfactory, with the total imprecision values well below
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5% and also this assay showed 100% concordance using 59 clinical specimens from
14 confirmed cases with COVID-19 (Yip et al., 2020). Moreover, the global landscape
of SARS-CoV-2 mutations and conserved regions revealed a NSP2 is a conserved
region in the SARS-CoV-2 genome from 10,287,271 SARS-CoV-2 genome sequence
(Abbasian et al., 2023). Thus, detecting hot spot mutations and conserved regions
could be applied to improve the SARS-CoV-2 diagnostic efficiency.

To date, most laboratory diagnostics for COVID-19 are require highly trained
professional operators and require sophisticated instruments which are difficult to
deploy in low resource regions. Hence, a technique for amplifying nucleotide chains
using a simple temperature controller, and it is potentially used for point-of-care
testing in fields or general laboratories at constant temperature that is of great value
for resource-constrained regions. Currently, the outbreak of SARS CoV-2 in 2019
further promoted the application of RPA in nucleic acid detection (Y. Bai et al., 2022).
RPA is a technique for amplifying nucleotide chains using a simple temperature
controller. The major difference between RPA and real time RT-PCR is that RPA is
performed at a constant temperature, whereas real time RT-PCR requires a
temperature-changing system. The RPA is a highly sensitive and selective isothermal
amplification technique, Due to its advantages like a simple operation, and low
requirements for equipment, reaction at 37-42°C, with minimal sample preparation
and so on it was expected to replace PCR (Lobato & O'Sullivan, 2018; Talwar et al,,
2021; Tan et al., 2022). However, non-specific amplification is problematic with these
approaches which weakens analytical specificity if target-specific detection probes are
not used (Feng et al., 2021; Yuce et al., 2021). Following isothermal exponential
amplification, CRISPR-Cas12a integrated with RPA amplification techniques improves
both analytical specificity and sensitivity (Sun et al., 2021). The reaction temperature
of the CRISPR-Cas12a is usually compatible with RPA and the optimum reaction
temperature of Cas12a is 37 °C (M. Hu et al., 2022). CRISPR diagnostic approaches are
high sensitivity and specificity because the sequence specificity needed for both the
nucleic acid amplification phase and the CRISPR-Cas detection step (Y. Li, Li, Wang, &
Liu, 2019). Cas12a is guided by a crRNA to cleave next to a specific RNA target
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sequence and unique collateral cleavage activity (Talwar et al., 2021). Thus, methods
of combining RPA with CRISPR-Cas12a have been successfully applied to the
detection of SARS-CoV-2, the causative agent of the coronavirus disease of 2019
(COVID-19). CRISPR-Cas12a recognition is possible at room temperature, our approach
has significant potential as it can be optimized as a single-step, room-temperature-
operable detection tool.

The LFA detection can be used in the readout of Cas-mediated nucleic acid
probe cleavage and making it suitable for point-of-care diagnostics (Kaminski,
Abudayyeh, Gootenberg, Zhang, & Collins, 2021). In this study, we present an
approach for the visual detection of the NSP2 gene of SARS-CoV-2 using CRISPR-
Casl2a system. By a combination of a sample processing method and the RPA
amplification with Cas12a-based detection, the sample to result can be obtained in
50 minutes via the naked eye. Because our assay does not need special equipment
for a visual detection of SARS-CoV-2, its application may help the control of this
pandemic.

In this study, the LFA used for the RPA-Cas12a detection has anti biotin and
anti-mouse IgG antibodies inserted into the control line (C-line) and test line (T-line).
The 5’ and 3’ ends of the lateral flow reporter were labeled with biotin and FITC,
respectively. The dual-labeled reporter, in which the biotin/FITC label is bind by
mobile gold conjugated anti-FITC antibodies and the biotin is bind by anti-biotin, will
remain intact if the crRNA is unable to recognize the target DNA. In such an incidence,
a C-line with strong intensity and faint or no T-line is seen. However, collateral
cleavage occurs when the activated Casl12a cuts the dual-labeled reporter if the
crRNA recognizes the target DNA. A strong T-line intensity and/or a weak C-line
intensity results from the separation of biotin and FITC labels caused by the cleavage.
The appearance of the test line indicates that the results are positive, which was the
case in our results. When the target was not present, it was found during the
experiment that the no template control had a weak T-line present. The presence of
a faint T-line could be explained by the dose hook effect, where the amount of
reporter added impacts the C- and T-line, which might cause misinterpretation of

results, leading to false positive results (Breitbach, 2020).
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Finally, we evaluated our system using 15 clinical samples initially diagnosed
by real time RT-PCR. The results showed 100% consistency between our assay and
the real time RT-PCR readouts for the positive samples. A major limitation of this
study is that the size of the cohort (15 cases of positive samples) is small. With the
small sample size, the diagnostic performance of the nucleic acid detection using
CRISPR-Cas technologies in the clinical specimens could not be reliably evaluated.

The performance of the lateral flow strips based on CRISPR-Cas12a combined
with RPA for SARS-CoV detection method does not require sophisticated equipment
such as thermocyclers, and, with minimal training, can be carried out by personnel.
Thus, our study is the first to develop a novel LFA strip that can be adopted as a
simple, rapid, sensitive, on-site, and specific diagnostic tool to benefit future
investigations for the detection of SARS-CoV-2 NSP2 and the design of proper
prevention and control strategies for this devastating disease, especially in resource-
limited areas. These results should be carefully interpreted due to the insufficient
number of samples. A larger cohort would be helpful to better understand the
sensitivity and specificity and also provide confidence that this assay is adequate to

address the pandemic’s needs for scalable and accurate testing.



CHAPTER VI

CONCLUSION AND RECOMMENDATION

In this work, we demonstrated the LFA based on CRISPR-Cas12a combined
with RPA for the fast detection of SARS-CoV-2 NSP2 with specificity and sensitivity as
a proof of concept for COVID-19 diagnosis. The plasmid was prepared by incorporating
the NSP2 gene segment of the SARS-CoV-2 genome into a pTG19-T vector and
transformed into E. coli cells. The presence of the desired gene in the plasmid was
confirmed by DNA sequencing and PCR reactions. Additionally, we proved the
possibility of a NSP2 gene as a target for detection for developing the lateral flow
strips based on CRISPR-Cas12a combined with RPA for detecting SARS-CoV-2 infection.
By using lateral flow strips based on CRISPR-Cas12a combined with RPA, the approach
shows that CRISPR-Cas12a combined with RPA is a viable alternative for diagnosing
SARS-CoV-2 NSP2 in samples. Our assay facilitated in does not require equipment
such as thermo cyclers. Altogether, these results demonstrated that the whole test
procedure is instrument-free and enables the detection NSP2 gene at body
temperature with short incubation time and a robust method for revolutionizing the
nucleic acid amplification-based detection of SARS-CoV-2 cDNA fragments. However,
a good alternative would be to use more specimens for other respiratory syndrome
virus specificity. The study recommends increasing the number of experimental
samples as well as conducting tests with other respiratory syndrome viruses with the
gold standard for detecting clinical samples and examining their sensitivity and
specificity for accuracy and reliability. In the future, we envision bringing the entire
process to develop a fully integrated LFA platform for rapid, sensitive, and real-time
POC diagnostics of infectious pathogens, which may be a more suitable diagnostic

technology for detecting infectious pathogens, including COVID-19 in under- resourced
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populations in low- and middle-income nations, as there is still a need for screening
and testing. The technology can also be researched for use against similar viral
infections and may aid the development of reliable infectious pathogens diagnostic

tools or possible other pandemic outbreaks.
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Sequences of RPA and PCR primers, guide RNA, and reporter

substrates

Primers for RPA and PCR

NSP2 F ATGTTGCTCGAAATCAAAGA

NSP2 R TTAAGTACTTTATCAATCCT

Guide RNA Sequence (5’->3’)

crRNA-NSP2 UAAUUUCUACUAAGUGUAGAAGGUGAUGACACUGUGAUAGA
Substrates Sequence (5’->3’)

ssDNA-Probel BIOTIN/TTATTATTATTATTATT/FITC

reporter
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Reagent for primer and guide RNA preparation

1. Forward Primer (100 UM stock)

The stock of Forward Primer was prepared by dissolving the below ingredients
in 100 pL of ultrapure deionized water (UDW):

100 uM Forward Primer (Ward medic) 10 uL

UDW (HyClone) 90 uL

Working Forward Primer was prepared by diluting 10 pL of the Forward Primer

with 90 pL of UDW.

2. Reverse Primer (100 MM stock)

The stock of Reverse Primer was prepared by dissolving the below ingredients
in 100 pL of ultrapure deionized water (UDW):

100 uM Reverse Primer (Ward medic) 10 uL

UDW (HyClone) 90 L

Working Reverse Primer was prepared by diluting 10 uL of the Reverse Primer

with 90 uL of UDW.

3. Lba Cas12a crRNA (2 nmol stock)

The preparation of amount of Lba Cas12a crRNA was prepared by dissolving

100 pL of ultrapure deionized water (UDW) in 2 nmol of Lba Cas12a crRNA.

4. 300 nM Lba Cas12a crRNA (10 M stock)

The stock of Lba Cas12a crRNA was prepared by dissolving the below
ingredients in 100 ulL of ultrapure deionized water (UDW):
2 nmol of NSP2 Guide Sequence (Ward medic) 3 uL

UDW (HyClone) 97 uL
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Working 300 nM Lba Cas12a crRNA was prepared by diluting 3 pL of the Lba

Cas12a crRNA with 97 pL of UDW.
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Plasmids and their compatible bacterial strains used in this

study
Plasmid Application Promoter Selection marker Compatible
E. coli strain
pTG19-T  Gene cloning 7 Ampicillin resistance DH5QL

and blue-white colony

selection




APPENDIX D
CALCULATE THE AMOUNT OF INSERT FOR LIGATION



Calculate the amount of insert for ligation

1. Calculate the amount of insert for ligation based on the example below

For 500bp insert with 50ng of pTG19-T vector (2880bp)

(Vector is 5.76x larger than insert, you need 5.76x less insert)

For 50ng pTG19-T vector

50 ng . PP
o W OO0 18
8.68 ng of insert for 1:1 ratio
50 ng P A%
Sl % E
=8.68ngx3

= 26.04 of insert for 1:1 ratio
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2. Conversion table for amount of PCR product required per ligation reaction

Size of PCR product (bp)  Amount needed for 1:3 vector and insert molar

ratio
100 521 ng
300 15.63 ng
500 26.04 ng
1000 52.08 ng
1500 78.13 ng
2000 104.17 ng

3000 156.25 ng
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Bacterial culture media preparation

1. Luria-Bertani (LB) broth
The medium was prepared by dissolving the following ingredients in 1000 mL

of UDW and autoclaved:

Tryptone Type-1 (Casitose Type-I (Himedia) 10 g
Yeast extract powder (Himedia) 5 g
NaCl (1*' Base) 5 g

2. LB-ampicillin (LB-A) broth

The LB broth prepared as described above was added with ampicillin to a

final concentration of 100 uL/mL. The medium was kept at 4°C until use.

3. LB agar

This agar was prepared by dissolving the following ingredients in 1000 mL of

UDW.
Bacto-tryptone (Himedia) 10 g
Bacto-yeast extract (Himedia) 5 g
NaCl (1 Base) 5 g
Agar powder (Himedia) 15 g

The preparation was sterilized by autoclaving. After cooling down to ~55-60
°C, 25 mL aliquots were poured into 90-15 mm Petri-dishes. The agar was allowed to
set in a biosafety cabinet. The plates were kept at 4 °C. The agar surface was dried

appropriately before use.
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4. LB-ampicillin (LB-A) and LB-ampicillin agar

For preparing the LB-A agar and the LB agar were prepared as described above
in (3). After cooling down ~55-60 °C, ampicillin was added to the final concentration
of 100 ML/mL. Twenty-five mL aliquots of the preparation were poured into 90-15
mm petri dishes; the agar was allowed to set and the plates were kept at 4 °C until

use.
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Reagent for DNA and RNA manipulation

1. dNTPs
The dNTPs for master mix PCR reaction were prepared by dissolving all of

below ingredients in of ultrapure deionized water (UDW):

100 mM of dATP (Themoscientific) 2 uL
100 mM of dATP (Themoscientific) 2 uL
100 mM of dATP (Themoscientific) 2 uL
100 mM of dATP (Themoscientific) 2 uL
UDW (HyClone) 92 uL

The volume was made to 100 pyL with UDW

2. Tris-acetate-EDTA (TAE) (50X stock)

The stock of TAE buffer was prepared by dissolving the below ingredients in
1,000 mL of UDW:

TAE (Themoscientific) 20 mL

UDW (HyClone) 980 mL

Working TAE (1X) was prepared by diluting 20 mL of the stock buffer with 980
mL of UDW.
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