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Abstract

Nucleic acids are prominent biomarkers for diagnosing infectious pathogens using nucleic acid amplification techniques
(NAAT:s). PCR, a gold standard technique for amplifying nucleic acids, is widely used in scientific research and diagnosis.
Efficient pathogen detection is a key to adequate food safety and hygiene. However, using bulky thermal cyclers and costly
laboratory setup limits its uses in developing countries, including India. The isothermal amplification methods are exploited to
develop miniaturized sensors against viruses, bacteria, fungi and other pathogenic organisms and have been applied for in situ
diagnosis. Isothermal amplification techniques have been found suitable for POC techniques and follow WHO’s ASSURED
criteria. LAMP, NASBA, SDA, RCA and RPA are some of the isothermal amplification techniques which are preferable for
POC diagnostics. Furthermore, methods such as WGA, CPA, HDA, EXPAR, SMART, SPIA and DAMP were introduced
for even more accuracy and robustness. Using recombinant polymerases and other nucleic acid-modifying enzymes has
dramatically broadened the detection range of target pathogens under the scanner. The coupling of isothermal amplifica-
tion methods with advanced technologies such as CRISPR/Cas systems, fluorescence-based chemistries, microfluidics and
paper-based sensors has significantly influenced the biosensing and diagnosis field. This review comprehensively analyzed

isothermal nucleic acid amplification methods, emphasizing their advantages, disadvantages and limitations.
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Introduction

DNA, a unique molecule in each organism, signifies a prom-
ising recognition molecule for identifying living organisms.
Viruses are also essential molecules, as they play an impor-
tant role in our life. The identification of viruses is critical
to check substantial economic losses. Altogether, DNA and
RNA are both important biomarkers for diagnostics and
biological studies. This is possible as they show comple-
mentarity binding. In addition, DNA and RNA show high
affinity toward ions, signaling molecules like hormones and
proteins, and even whole cells (Yan et al. 2014).

Many molecular diagnostic methods have drastically
evolved to sense nucleic acids in past decades (Martzy
et al. 2019). Most of these molecular methods are based on
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nucleic acid amplification (NAA). NAA are of two types:
(i) thermocycling amplification and (ii) isothermal ampli-
fication; the former is extensively used with a number of
variations, whereas the latter is new and offers plenty of
scope (Ignatov et al. 2014). For NAA, the prime requirement
is access to DNA or RNA. The process can be done sepa-
rately: performing the isolation, amplification and detection
or combining the isolation, amplification and detection in
one step. The latter is more challenging, but it is a method
of choice for biosensor development that is about to enter
the market in the coming years and will replace the multiple-
step process (Craw and Balachandran 2012; Ho et al. 2018).

The commercial NAA-based detection kit primarily uses
polymerase chain reaction (PCR) to amplify and detect spe-
cific DNA/RNA targets. Kary Mullis in 1983 first introduced
PCR, which became the most extensively used technique for
NAA. It can produce billion-fold copies of nucleic acid with
the help of enzymatic reactions carried out in a thermocycler
(Gill and Ghaemi 2008; Prasad et al. 2011).

The first step in PCR is denaturation, which is carried
out at a temperature of 95° C and results in the separation
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of the two strands of DNA into single strands, serving as a
template for the next steps. The primers and other required
enzymes get attached at the 5’ end of the template strand in
the second annealing step. Sequence information is essential
for GC content and primer designing. The third step is in
which primers are extended with the help of DNA polymer-
ases on the template strand from 5’ to 3’ direction to produce
copies of the target (Rajalakshmi 2017). PCR has limita-
tions in resource-compromised settings, such as requiring
trained technicians, costly equipment and sample transporta-
tion to the laboratory (Fakruddin et al. 2013). Accordingly,
the World Health Organization (WHO) has summarized
the requirements for point-of-care (POC) analysis in their
ASSURED guidelines (affordable, sensitive, specific, user-
friendly, robust, and rapid, easy to use and deliverable to
people in need) (Martzy et al. 2019).

In the past three decades, several platforms of isothermal
amplification techniques (IAT) were developed to meet the
minimum requirements of ASSURED guidelines. These
techniques are fast, reliable and performed in a thermostat
water bath/dry bath with minimum expenditure (Oriero et al.
2015). These IAT use strand displacement activity to carry
out NAA without thermocyclers, thus eliminating the tem-
perature cycling step (Zhao et al. 2015). The most widely
used IAT include loop-mediated isothermal amplification
(LAMP), strand displacement amplification (SDA), nucleic
acid sequence-based amplification (NASBA), helicase-
dependent amplification (HDA), rolling circle amplification

(RCA), etc. Various kits based on different IAT have been
developed, making diagnosis easier for unskilled personnel,
as summarized in Table 1.

Isothermal amplification techniques

Unlike PCR, IAT is a simple technique that amplifies DNA
at a constant temperature. The amplification process is
swift, as it does not involve additional denaturation steps in
between. The credit goes to DNA polymerases, RNA poly-
merases and other nucleic acid-modifying enzymes, mak-
ing this process happen in isothermal conditions. Bst DNA
polymerase (utilized in LAMP) was first isolated by Stenesh
and Roe from a moderately thermophilic bacteria Bacillus
stearothermophilus having optimum growth temperature of
60°-70° C (Aliotta et al. 1996) and shows maximum activity
close to 65° C. The large fragment of Bst DNA polymerase
shows 5'—3' polymerization along with strand displacement
activity, making it capable of dissociating hydrogen bonds
between the two strands of DNA.

One of the key parameters for evaluating the effect of
an amplification reaction is its ‘digital efficiency’, i.e., the
percentage of templates that are successfully amplified
from the total template pool. To increase this efficiency
for nucleic acid amplification, many improvements were
made. IAT produces high copy number in minimum time
at constant temperature (Fakruddin et al. 2013). NASBA is

Table 1 Overview of various kits and assays used in this study based on isothermal amplification techniques

Product name IAT Sensitivity/speci- Organism tested Time of detec- Type Company name  References
ficity tion
ProbeTec Becton SDA 99.2/99.3 Neisseria gonor- 1.5to2h Automated assay Dickinson & Co, Akduman et al.
rhoeae USA (2002)
Nuclisen- NASBA 95/100 HIV l1h Automated assay Biomeriux Capaul and Gor-
sEasyQ® gievski-Hrisoho
HIV-1v2.0 (2005)
OligoC-TesT NASBA 96.8/90 Leishmania lh Kit Coris Bio Con-  Saad et al. (2010)
cept, Belgium
BESt Cassette HDA 100/100 Staphylococcus 60 min Kit BioHelix, USA  Tong et al. (2011)
Type II aureus
Tllumigene LAMP  95/99 Clostridium dif- 40 min Kit Meridian Biosci- Noren et al. (2014)
ficile ence, Cincin-
nati, OH, USA
3 M™ Molecu- LAMP 93.2/91.7 Salmonella sp. 75 min Real-time instru- 3 M, USA Abirami et al.
lar detection ment (2016)
system
Solana assay HDA 100/98.9 Trichomonas lh Kit Quidel Corpora- Gaydos et al.
Vaginalis tion, USA (2017)
Genie IIT LAMP  100/97.9 Zaire ebolavirus  15-20 min Real-time instru- OptiGene, UK Kurosaki et al.
ment (2016)
LoopAmp LAMP 45.5/95.1 Mycobacterium 30 min Kit Human Diagnos- Nguyen et al.
MTBC Detec- tuberculosis tics Worldwide (2018)
tion Kit®
Oy £) Springer
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an isothermal amplification technique faster than PCR but
limited by RNA secondary structure, which complicates
primer designing and multiplexing. Further multiple heat-
ing and lateral entry of amplifying enzyme make NASBA
clumsy. However, LAMP does not require pure template/
sample preparation and the organism serves as an ana-
lyte. This technique proved to be a promising alternative
to other IAT, as it can be performed at remote locations
at POC sites without trained technicians and sophisti-
cated laboratory (Zanoli and Spoto 2013). The isother-
mal amplification techniques can be classified based on
DNA replication, enzyme-based DNA digestion or reac-
tion kinetics. IATs are expanded to detect different targets,
including proteins, cells, small molecules and ions (Niemz
et al. 2011). The combination of isothermal amplification
and nanotechnology has also become a point of interest.
Isothermal amplification can provide a large number of
nucleic acids as materials for developing complex nucleic
acid nanostructures and nucleic acid hydrogels with wide
applications in biosensing, bioimaging and nanomedicine.
Use of molecular beacons (MBs) is also considered in
many isothermal amplification assay developments. These
single-stranded oligonucleotide hybridization probes,
which form a stem loop structure, are used for nucleic acid
detection, which was introduced in the 1990s. Both arms
of the stem loop are labeled with a fluorophore at one end
and a quencher at another end, so when both arms are in
proximity, fluorescence is dimmed, but when it is attached

to a complementary strand, the stem loop opens up, result-
ing in the restoration of fluorescence (Yan et al. 2014).

Recent developments in microfabrication have led to
the association of these methods with microfluidic chips,
capillary platforms and paper-based devices. Microfluidic
methods helped in shorter amplification reaction times and
reduced reaction volume. It has also enabled digital quanti-
fication as an alternative to real-time (kinetic) quantification
(Zhang et al. 2019a, b, c, d). The recent pandemic of SARS-
CoV 2 has led the whole world to a serious concern for the
need for rapid, sensitive and onsite diagnostic techniques
for COVID-19. A comparative study of different IAT for
COVID-19 diagnosis can be found in Tran et al. (2020).

Here, we will discuss various IATs described in Table 2
and Fig. 1. Few methods are complex and are not adopted
in routine use.

Loop-mediated isothermal amplification (LAMP)

LAMP was developed for sequence-specific isothermal
DNA amplification suitable for clinical diagnostics. The
amplified product includes multiple different sizes of DNA
structures, which are identified by a smear of banding pat-
tern on gel electrophoresis (Yao et al. 2016). It uses Bst
DNA polymerase isolated from Bacillus stearothermophi-
lus to carry out amplification. This isothermal amplification
process produced approximately 10° copies in 30-60 min at
60°-65° C. This technique requires four primers: backward

Table 2 Examples of isothermal amplification techniques, the target nucleic acids and their characteristics

IA techniques Sensitivity —Target

Reaction time Enzymes and

Primers/probes Temperature References

(copies/ proteins
ml)
LAMP 107-10° DNA, (RNA) 1-2h Bst DNA pol, RTase 4-6 60°-65° C Notomi et al. (2000)
NASBA 10°-10° RNA (DNA) 90 min AVM RTase, T7 2 41°C Compton et al. (1991)
RNA pol, RNAse
H
SDA 10"-10° DNA 1-1.5h DNA pol and NEase 24 37°-70°C  Walker et al. (1992a,
b)
RCA 103107 DNA (RNA) 1h DNA polymerases, 2 65°C Baner et al. (1998)
ligase
CPA 10%-107 DNA 1-2h Bst DNA pol 5 60°-65°C  Xuetal. (2012)
EXPAR 10°-10° Short DNA (mi 1-2h DNA pol, NEase - 60° C Van et al. (2003)
rna’s)
WGA 10*-107 DNA lh T7 gp4 primase, Phi  — 37°C Li et al. (2008)
29 DNA pol
RPA 103-10° DNA 1h Recombinase pro- 2 37°-42°C  Piepenburg et al.
tein, SSB protein, (2006)
DNA pol
HDA 107-10° DNA 1-2h Helicase, DNA pol 2 37°C Vincent et al. (2004)
SMART 10*-10° RNA 2h RNA pol 2 41°C Hall et al. (2002)
SPIA 10"-10° DNA, RNA 30-90 min DNA pol, RNase H 1 47°C Kurn et al. (2005)
DAMP 10"-10° DNA 1-2h DNA pol, RTase 6 60° C Ding et al. (2019)
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Fig. 1 Types of isothermal amplification techniques used for biosens-
ing applications

inner primer (BIP), forward inner primer (FIP), forward
outer primer (F3) and backward outer primer (B3) (Notomi
et al. 2000). To accelerate the amplification process, two
additional primers named forward and reverse loop primers
can be incorporated into the reaction (Nagamine et al. 2002).

Fig.2 Schematic representa-

During the initial phase, strand displacement activity leads
to the formation of a dumbbell-shaped structure, while in
the secondary phase, cycling amplification is carried out
which requires only two inner primers. The result produces
stem loop DNA, which contains several repeats of target
sequence and cauliflower-like multiple loop structure. The
detection efficiency of LAMP can be improved by additional
loop primers (LF/LB) (Fig. 2) (Notomi et al. 2015). This
specificity has allowed the insoluble pyrophosphate reac-
tion by-product to be employed in a turbidimetric detection
strategy for either qualitative visual indication or real-time
quantitative turbidimetry (Yang et al. 2018a, b, ¢). LAMP
technique can also be used for RNA detection by the imple-
mentation of reverse transcriptase enzyme, which transcripts
RNA into cDNA (RT-LAMP), dependent on both RTase and
Bst polymerase enzyme.

New findings and modifications are ongoing for the devel-
opment of better LAMP techniques, such as modifications
in components, efficiency and detection methods. LAMP
has been extended to different field of microfluidics such
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as classical microfluidics (single gene detection, multi-
gene detection and RT-LAMP), paper-based microfluidics
(nitrocellulose-based FTA and glass-based FTA) and digital
LAMP. LAMP technique is currently used in different ways
for the detection of LAMP amplicons such as gel electro-
phoresis, naked eye detection, turbidimetric, colorimetric,
bioluminescence, fluorescence, electrochemical sensors/
chips, ELISA and lateral flow dipstick (LFD) (Zhong and
Zhao 2017). Shang et al. in (2018) classified LAMP tech-
niques in their review article based on their detection meth-
ods, i.e., (i) end point detection methods (turbidity, dyes,
electrochemical, electrophoresis and immunoassay) and (ii)
real-time detection methods (RT-turbidity, RT-fluorescence,
RT-electrochemical and surface plasmon resonance). Shang
et al. (2018) also described the efficiency, sensitivity, and
specificity of different detection methods integrated with
LAMP. Other techniques used for detection include multi-
plex analysis (Jang et al. 2021), droplet digital LAMP (Fan
et al. 2022), nano-Au probe (Habiburrahman et al. 2021),
field effect transistors (Park et al. 2021), magnesium pyroph-
osphate precipitation (Mori et al. 2004), Cu(OH)? precipita-
tion (Kanchanaphum 2018 etc. which are current areas of
research (Fig. 3).

The LAMP technique has been used mainly in the diag-
nostics of pathogens. Since its introduction in 2000, many
researchers have worked to improve and modify this tech-
nique (Table 3). LAMP technology was used to detect Sal-
monella species for initial analysis and food applications
(Hara-kudo et al. 2005). Since then, many LAMP assays
have been developed and employed with different primer
designs for the detection of non-typhoidal Salmonella in
various applications as well as the detection of other differ-
ent pathogens by designing specific primers (Table 4) (Oht-
suka et al. 2005; Zhong and Zhao 2017). Panek and Frac
(2019) designed a LAMP technique for detection of Talaro-
myces flavus, a soilborne fungus, which is responsible for
contamination of fruits. They performed a test with 5 strains
of T. flavus and 35 other fungal isolates. The results showed
the LOD of 1 fg of genomic DNA and approximately 64
ascospores in 1 g of strawberry fruit and soil sample. Takano
et al. (2019) developed a novel LAMP method for rapid
identification of B-lactamase-producing Pseudomonas aer-
uginosa strain. They developed two types of primers which
target bla genes (GES-LAMP) and point mutation target site
(Carba-GES-LAMP). Limit of detection of novel LAMP
assay was evaluated using DNA spike in clinical samples
to obtain better sensitivity and specificity. The result con-
cluded that this novel method was better in terms of sensitiv-
ity which was tenfold more than conventional PCR. Nzelu
et al. (2019) tested LAMP amplification technique for detect-
ing sensitivity and specificity toward leishmaniasis-causing
protozoan parasites. The test resulted in 80—100% sensitivity
and 94%-100% specificity compared to other methods. This

resulted in the discovery of an efficient leishmania detection
method as POC analysis. Avelar et al. (2019) was able to
develop a novel LAMP technology for detection of visceral
leishmaniasis, a tropical disease. They targeted the K-26
antigen-coding gene of the L. donovani complex. They col-
lected 219 blood samples which included VL and non-VL
samples, which are tested with parasitological and serologi-
cal tests as a reference to calculate the diagnostic accuracy.
The result concluded that this technique was better than
kDNA Leishmania PCR and is specific for L. donovani as
it was able to detect 1 fg of L. infantum complex in sample
with 100 parasites/ml in just 60 min. This technique proved
to be a rapid identification technology for visceral leishma-
niasis detection. Mohon et al. (2019) described an ultrasensi-
tive loop-mediated isothermal amplification for the detection
of malarial parasites from dried blood spots and whole blood
cells. They modified P. falciparum (Pf)-specific primers and
compared with a previously described set of genus-specific
primers of Plasmodium (Pan). He et al. (2019) compared
the LAMP technique with HRCA (hyperbranched rolling
circle amplification) technique for the rapid detection of
lethal Amanita species. They designed ten sets of LAMP
primers using Primer Explorer V5 and ten padlock probes
(PLPs) were designed according to the previously described
method. They reported that the LAMP technique was able
to discriminate between introcalade species but not intra-
calade, while HRCA was able to discriminate both types of
species. The LOD reported for both the technique was 10 pg
for LAMP and 1 pg for HRCA of genomic DNA copies per
reaction. Therefore, they concluded that both the technique
was able to detect Amanita species rapidly in comparison of
conventional PCR assays.

Dye-based detection technique or naked eye detection
technique is easier to use for the rapid detection of patho-
gens using LAMP. Many researchers till now have worked
to test different types of dyes for the detection of various
pathogens. Ding et al. in (2015) reported a mixed dye con-
taining HNB and SYBR Green I, which could improve the
detection sensitivity and avoid the empirical pre-set of cutoff
intensity values, making the result more accurate. Lee et al.
in (2017) used LAMP for the detection of Middle East res-
piratory syndrome coronavirus (MERS-CoV). The primers
were designed according to the nucleocapsid region of the
virus and employed in RT-LAMP (One pot RT-LAMP) tech-
nology. The technique detected four genome copies of the
virus in 60 min. They used Eva-green dye instead of SYBR
Green dye, which is more compatible with DNA polymer-
ase. Nguyen et al. (2019) used cheap metal indicators (such
as hydroxynaphthol blue or Eriochrome Black T) instead of
using the high-priced fluorescence probes, for evaluating
the success or failure of LAMP reaction. They demonstrated
how the shift of specific absorbance peaks of EBT dye can
be utilized for the development of an EBT-based quantitative

pisllase ol ay .
e e O) Springer



200 Page60of23

3 Biotech (2023) 13:200

SARS-CoV-2 virus SSDNA RT-LAMP primers
A enome \/\’\/\ (SARS-CoV-2 RNA N-gene)
° t

5 ORFfa ¥
ORF1b No primer consumption
AN
Negative |- |
v % =L @ oo

RT LAMP (65°C)
Swab to 25% VTM

B COVID-19 Patient

N
N-gono amplification
v > Primor consumption
Q&

= Thormal lysis

Positive
(95°C, 10 min) -

RT-LAMP product
(dsDNA)

RT LAMP (65°C)

COVID-19 Nogativo

{ y 1 s g
- stacking \ s §
]
| 5 7 » i
covor sowco s DR R g Joan § | — oicpointshin
1 ¢ - cgFET sensor Vgae (V)
Vo ] Roskive, ~a COVID-19 Positive
= dsDNA sample é
Source cam. @y e Drain -8}
som ® @ - 3
/ R T PG H
- G S o H
¥ chambor TR O s
Crumpled grapheno Vo V)

Centifuge
——)

Extraction

- Primer
- Water
- dNTP
- DNA Polymerase
- Betaine

Clinical Sample Target Strain

(Sputum) Water Bath (60-65°C)

HAuCl, + ol /ﬁ;@ . o e Dia-ulrafiration

Sodium Citrate Tribasic Dihydrate Au-Nanoprobe Calonmetry

Adding MgCl, and MgSO,

Fig.3 (I) Schematic diagram of SARS-CoV 2 detection using crum-
pled graphene field effect transistor (cgFET) device. A Genome target
site of SARS-CoV 2. B Workflow of sample collection and isother-
mal amplification for detection. C Crumpled graphene (cg) is used
as a sensing material for FET and the chamber is used for isolating
virus samples (reprinted with permission from Park et al. (2021),
Copyright © 2021, American Chemical Society). (I) Droplet gen-
eration by inkjet printer. a—c Droplet generation from inkjet printer
and its microscopic view (reprinted with permission from Fan et al.
(2022), Copyright © 2022, MDPI, Basel, Switzerland). (III) Colori-
metric detection of Mycobacterium tuberculosis from sputum sam-

LAMP reaction. The initial state of the LAMP mixture was
violet, which shows the maximum peak at 570 nm, while the
final color of the LAMP mixture after a successful LAMP
reaction was sky blue, which displayed the maximum peak
at 640 nm. Therefore, they evaluated the LAMP reaction by
just calculating the shift between the two peaks.

Liu et al. in (2018) compared three assays of LAMP
technology for the detection of the SVCV virus. The three
assays (SYBR dye, lateral flow dipstick and agarose gel elec-
trophoresis) were used to conclude which assay was better.
The result concluded that the LFD-LAMP assay could be
employed for the detection of SVCV virus in comparison to
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tribasic dihydrate. (5) Dia-ultrafiltration of the prepared AuNP, (6)
MgSO, and MgCl, are added to induce aggregation in the absence of
DNA. Detection through colorimetric method (reprinted with permis-
sion from Habiburrahman et al. (2021), Copyright © 2021, Journal of
Infection in Developing Countries). (IV) Design of a turbidimeter for
MgPO, quantification. (A) Turbidimeter consists of eight light emit-
ting diodes and photodiodes and eight sample positions. (B) Ortho-
graphic view of the turbidimeter (reprinted with permission from
Mori et al. (2004), Copyright © 2003 Elsevier B.V.)

others for field-based detection. The LFD-LAMP detected
860 fg of genome copies of cDNA per reaction. Rohatensky
et al. in (2018) reported the efficiency of LAMP in the detec-
tion of high-risk subtypes of HPV responsible for causing
oropharyngeal squamous cell carcinoma (OPSCC). They
compared this with their previous study in which they per-
formed HPV LAMP assay with DNA purification. In this
study, they did not purify the DNA and designed the primers
for HPV 31 and 35. For HPV 16 and 18 subtypes, they used
already established primers (Saetiew et al. 2011). The result
indicated an excellent clinically relevent assay that is rapid,
cost-effective and easy readout system.
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Table 3 Summary of LAMP variants, detection techniques and LOD for various target organisms

LAMP assays/coupled Target/organism Detection technique LOD References
analytical techniques
LAMP Salmonella sp. Fluorescent and turbidimet- 1.9X10" Hara-Kudo et al. (2005)

Electrochemical DNA sen-
sor LAMP

eLAMP (based on PERL
script)

LAMP
Paper microfluidic LAMP

Centrifugal LAMP-based
microchip

PDMS microchip LAMP

Mixed dye containing
LAMP

One-pot RT-LAMP

SYBR dye-based LAMP
AGE-LAMP

LFD-LAMP

HPV-LAMP

Colorimetric LAMP-micro-
fluidic chip

LAMP
Arduino LAMP

Precipitation LAMP
LAMPAuris
TF-LAMP
GES-LAMP

Duplex-LFD-LAMP
ICS-LAMP

LAMP TR-4 assay
Multi-LAMP

SmMIT-LAMP
EBT-LAMP
RT-LAMP
LAMP

MP-LAMP

US-LAMP

Yersinia sp.

Staphylococcus sp.

Didymella bryoniae
Plasmodium sp.
DNA

E. coli

Staphylococcus aureus,
Vibrio parahaemolyticus

MERS-CoV

SVCvV
SVCvV

SVCV

OPSCC (HPV)

Allergen genes of Arachis
hypogaea, Sesamum indi-
cum and Glycine max

Ustilaginoiedia virens

Pseudomonas syringae

Human DNA
Candida auris
Talaromyces flavus

Pseudomonas aeruginosa

Listeria spp.

S. aureus and E. coli

Fusarium odoratissimum

Bacillus cereus and Staphy-
lococcus aureus

Schistosomia mansoni
DNA
Dengue virus

Plasmodium falciparum
Mpycoplasma pneumoniae

Plasmodium falciparum

ric technique
CILE

Manuscript for digitization
of LAMP for easy predic-
tion of target sequence
amplification

Visual detection by fluo-
rescence

Paper origami-based colori-
metric technique

Microfluidics, EBT dye

Calcein dye

Self-priming compartmen-
talization (SPC) chip

Used EvaGreen dye instead
of SYBR Green dye 1

SYBR Green dye 1

Agarose gel electrophore-
sis—=SYBR Green 1 dye

Lateral flow dipstick-hybrid
probe-labeled fluorescein
amidite

Turbidimetric

Colorimetric

SYBR Green 1 dye

Electronics and open-
source programs, SYBR
Green dye

Precipitation by Cu (OH),
Turbidimetric
Turbidity detection method

Guiana-extended spectrum
B-lactamase genes

Lateral flow dipstick

Paper-based detection and
immunochromatographic
strip

Diversity arrays technology
sequencing

Multiplex assay-agarose gel
electrophoresis

Fluorescent detection
Colorimetric-EBT dye
Polyester toner microdevice

Paper-based microfluidic
device

Nanoparticle-based lateral
flow biosensor

Fluorescent dyes

1.76 X 1072 mol/L

0.1 fg/ulL
5 parasites/uL
0.2 ng/uL

21.5 copies/uL, 20.9 cop-
ies/ulL
0.4 RNA copies/reaction

860 fg/ulL
86 fg/uL

860 fg/uL

10° copies/reaction
0.4 ng/uL

1077 ug/uL

10 pg/uL

2X10' copies/uL

1 fg/uL

10 DNA copies/reaction

20 cfu/gm

10'-10° cell number/ml
107 copies/uL

10 fg/ uL

10 ng/uL

10% Copies/uL
0.8 fg/ uL

10° IU/m1

60 fg/uL

50 parasites/mL

Sun et al. (2010)

Salinas and Little (2012)

Yao et al. (2016)
Xu et al. (2016)
Oh et al. (2016)

Chen et al. (2017)
Pang et al. (2018)

Lee et al. (2017)

Liu et al. (2018)
Liu et al. (2018)

Liu et al. (2018)

Rohatensky et al. (2018)
Yuan et al. (2018)

Yang et al. (2018a, b, ¢)
Velder et al. (2018)

Kanchanaphum (2018)

Yamamoto et al. (2018)
Panek and Frac (2019)

Takano et al. (2019)

Ledlod et al. (2019)
Lee et al. (2019a, b)
Ordonez et al. (2019)
Deng et al. (2019)

Diego et al. (2019)

Nguyen et al. (2019)
Mendes et al. (2019)
Reboud et al. (2019)

Wang et al. (2019a, b)

Mohon et al. (2019)
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Table 3 (continued)

LAMP assays/coupled Target/organism Detection technique LOD References

analytical techniques

K-26 LAMP Leishmania sp. Turbidimetric method 1 fg/uLL Avelar et al. (2019)

LAMP Alexandrium catenella Lateral flow dipstick, FITC  4.63 X 10~ ng/uL Wang et al. (2019a, b)
labeled DNA probe

CFD-LAMP Mycobacterium tubercu- Paper-based technique 10 copies/reaction Das and Panigrahi (2020)

losis using CFD simulation

iLACO SARS-CoV 2 Colorimetrics and agarose 10 RNA copies/reaction Yu et al. (2020)
gel electrophoresis

RT-LAMP SARS-CoV 2 Fluorescence 107 copies/reaction Fowler et al. (2020)

Table 4 List of microbes and their specific genes targeted for nucleic acid-based detection

S.no Organism Gene Amplification Detection References
1 E. coli stx2 Thermal cycler Agarose gel electrophoresis Yan et al. (2017)
2 Salmonella sp. invA Loop-amp DNA amplifica- Fluorescence Hara kudo et al. (2005)
tion kit
3 Leishmania K26 Water bath (Lindberg/ Blue M) Turbidimetric Avelar et al. (2019)
4 T. flavus rif 7500 Fast thermocycler, Opti-  Turbidimetric Panek and Frac (2019)
gene ISO 001
5 Salmonella enteritidis, Salmo-  sefA Loop-amp real time turbidim-  Turbidimetric Gong et al. (2016)
nella gallinarum eter
6 Salmonella sp. invA RT-thermal cycler Fluorescence Mashooq et al. (2016)
7 Salmonella sp., E. coli, V. invA Microfluidic device Colorimetric Sayad et al. (2018)
cholerae
Clostridium perfringes cpa RT-thermal cycler Fluorescence Priya et al. (2018)
Salmonella enteritidis protoE Optigene Genie 111 Colorimetric Hu et al. (2018)
10 Salmonella sp. hilA 1Q5 real-time thermal cycler ~ Lateral flow dipstick, Fluores- Mei et al. (2019)
cence
11 P. aeruginosa bla Loop-amp real-time turbidim-  Turbidimetric Takano et al. (2019)
eter
12 Sclerotinia sclerotium Sso5 Water bath Colorimetric Duan et al. (2013)
13 Salmonella sp. siia LAMP-LFD LFD, gel electrophoresis Zhao et al. (2017)
14 Schistosomia mansonii coxl Loop-amp DNA amplifica- Fluorescence Diego et al. (2019)
tion kit
15 Ustilaginoidea virens Uvg-B1 Thermal cycler Fluorescence Yang et al. (2018a, b, ¢)
16 Mpycobacterium tuberculosis Rrs Chromo 4™ Real-time PCR Fluorescence Seyrig et al. (2015)
detector
17 Salmonella enterica invA Loop-amp DNA amplifica- Pulsed-field gel electrophoresis Ohtsuka et al. (2005)
tion kit
18 Listeria monocytogens Hly Turbidometric master mix Turbidimetric, Microfluidics Texeira et al. (2020)
(Optigene)
19 Salmonella sp. invA Thermal cycler Fluorescence Priya et al. (2020)
20 Salmonella enteritica, Campy- hilA, Cj0414 DNA engine thermocycler Fluorescence Quyen et al. (2019)
lobacter jejuni
21 Fusarium sp. SegA Genie II (Optigene) Colorimetric Ordonez et al. (2019)
22 Mycoplasma pneumoniae P1 Thermal cycler Lateral flow biosensor Wang et al. (2019a, b)
23 S. aureus and E. coli spA and yliE Paper-based LAMP reactor Immunochromatographic Lee et al. (2019a, b)

strips (ICS)
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Velders et al. (2018) developed an Arduino-based DNA
detection technology for LAMP amplification. According
to them, the previous LAMP technique was not stable to be
performed for a long time and with heavy DNA samples, as
well as it was hard to operate for untrained personnel. So,
they developed KISS (keep it simple, silly) technology for
the detection of DNA through LAMP. The new modified
version was battery operated and easy to use with proper
indications, which made it much easier for untrained per-
sonnel to operate. Schneider et al. (2019) developed a math-
ematical model for LAMP to avoid false positive results by
predicting DNA banding patterns and size of DNA based
on LAMP structure. This mathematical model emerged as a
new breakthrough for predicting the amplification results, so
that the LAMP technique can be performed easily without
consuming time.

LAMP on a chip (LOAC) is a term for different types of
POC devices based on microfluidics, paper-based and digi-
tal variants (ALAMP). The capability of LOAC depends on
simple hardware, sample preparation and loading steps and
its compatibility with LAMP (Zhang et al. 2019a, b, c, d).
A magnetic bead-based LAMP assay was developed for the
single gene detection of methicillin-resistant Staphylococ-
cus aureus. Nucleotide-coated magnetic beads, washing
buffer and reaction mixture were loaded in chambers of
three different chips and then subjected to LAMP. Results
were analyzed through a spectrophotometer and the LOD
was approximately 10 fg/uL (Wang et al. 2011). Multi-gene
detection was performed by fabricating an octopus-like
multi-channel chip, and the sample was loaded in each well
using capillary force. LOD obtained was less than 10 cop-
ies/uL. Although these devices are efficient for pathogen
detection, the use of pumps for capillary force increases the
cost and complexity of the system (Fang et al. 2011). Shang
et al. (2018), in their review, summarized the use of LAMP
technology with different microfluidics techniques. Chen
et al. in (2017) developed a PDMS microchip, in which each
reaction chamber contains low-melting point agarose and
all LAMP reagents except the DNA samples. This micro-
chip can simultaneously detect four pathogens. Calcein dye
was used to detect the amplicons with a limit of detection
(LOD) of three copies per liter for Escherichia coli. Pang
et al. in (2018) found that mixed dye was very suitable to
be applied on microchips, so a self-priming compartmen-
talization (SPC) microchip was developed to detect Vibrio
parahaemolyticus by applying a mixed-dye-loaded LAMP
reaction.dLAMP was first developed by Gansen et al. (2012)
using the properties of dPCR, but with more advantages
such as absolute quantitative determination of nucleic acid,
higher accuracy and sensitivity and decreased complex-
ity of instruments, making it useful in developing POCT
(point-of-care techniques). However, dLAMP has a lower
digital efficiency which causes inaccurate quantification. To

tackle this problem, a prehybridization-induced enhance-
ment strategy was applied to enhance its digital efficiency
up to 2-40 times (Xue et al. 2021). Other techniques for
dLAMP include gLAMP (gel LAMP), which uses a gel
matrix prepared by mixing LAMP mixtures in polyethylene
glycol hydrogel, whereas bead-based LAMP is developed
by using magnetic beads to capture DNA and then emulsi-
fying with LAMP mixtures. Both gLAMP and bead-based
LAMP have some advantages and disadvantages: gLAMP
is much simpler in terms of fabrication, unlike microflu-
idic dLAMP, but it can detect only a low number of cop-
ies, whereas bead-based LAMP can quantify an absolute
number of copies (5-150 copies per uL), but lower than
microfluidics dLAMP (25-2.5x 107 copies per uL) (Huang
et al. 2018). Commercial membrane-based dLAMP uses a
commercial porous membrane allowing to compartmentalize
LAMP mixtures in the pores and each pore functions as a
single nanoreactor. This microfluidic-free device can detect
up to 11-1.1x 10° copies per pL (Lin et al. 2019), leading
to the elimination of cost used in fabricating a PDMS or
plastic-based microfluidic device. Microfluidics is one of
the important aspects for a POC device for which dLAMP
has been used in the development of chamber-based micro-
fluidic devices and droplet microfluidic devices. Chamber-
based devices have compartments where LAMP mixtures
are stored, while droplet microfluidics compartmentalizes
LAMP mixtures through emulsification (Yuan et al. 2020).
Droplet microfluidics devices have the upper hand compared
to chamber-based devices such as automatization, low costs
and adjustable reaction volume (Yuan et al. 2020). Paper-
based microfluidics have an advantage over classical micro-
fluidics systems such as user friendliness, low cost, simple
design and robustness. The most common materials used
for paper-based microfluidic systems are nitrocellulose-
based FTA or glass beads (Zhang et al. 2019a, b, c, d). In
recent years, paper origami-based microfluidic chip tech-
nique has evolved widely and become an area of interest for
researchers working on the improvement of DNA amplifica-
tion technologies. Xu et al. in (2016) reported a diagnostic
platform that uses paper folding (origami) to integrate the
different blood sample preparation steps that are required for
LAMP onto a paper microfluidic device. The paper substrate
is inexpensive and has a high surface-to-volume ratio, and
paper-based microfluidic devices have emerged as a low-cost
and easy-to-use platform. Using poly(methyl methacrylate)
(PMMA), a cassette was developed consisting of a single
amplification chamber connected to the inlet for the detec-
tion of HIV. The FTA membrane was incorporated into the
chamber for RNA isolation, concentration and purifica-
tion. This method was able to achieve an LOD of < 10 HIV
virions (Liu et al. 2011). A magnetic strip coupled with an
FTA-based disc was fixed between two magnetic layers. This
contains serial ports for sampling, washing, amplification
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and detection. The probe's fluorescence was detected using
a handheld ultraviolet source, achieving an LOD of five cells
(Connelly et al. 2015). Lateral flow assay (LFA) is a type
of simple and low-cost POC technique which is used in the
field for diagnostic purpose without the requirement of large
equipment. This LFA can be coupled with LAMP for faster
diagnosis of various diseases. LFAs are based on specific
antibodies and bacteria. However, this method has a very
low sensitivity detection and can detect only a high pathogen
concentration (10° CFU per mL) (Gong et al. 2021; Kim
et al. 2022). In an experiment, NALFA (nucleic acid lateral
flow assay) is used for multiplex detection of Salmonella and
Staphylococcus aureus. NALFA strips were designed using
NC membrane, backing card and absorbent pad for easier
capillary movement. The developed assay detected 1.6 CFU
of Salmonella sp. (Fig. 4) (Kim et al. 2022). Lateral flow
dipstick assay was used to detect Mycoplasma ovipneumo-
niae using LAMP. This method uses a biotin LAMP product

LAMP reaction

& &

Sample collection

> - )
Barcode sequence NKJE

i v
LAMP : LAMP products
] O0—"\) @—v
. ‘ . - S < /
Positive Negative

NALFA

>
@ + Biotin o : Monoclonal anti-biotin gold con]ugzte?  Control Capture é + Biotin-inner primer = : Outer primer

+ Forward loop barcode | + Forward loop capture + Backward loop barcode | + Backward loop capture

Fig.4 Schematic diagrams of LAMP reaction and working of
NALFA strips. The flowchart shows: sample collection and thermal
lysis for DNA extraction for LAMP. Amplified DNA was added to
the NALFA strips to detect Salmonella and Staphylococcus aureus
(reprinted with permission from Kim et al. (2022), Copyright ©
2022, Elsevier)
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hybridized with a digoxin-labeled DNA probe that is com-
plexed with a gold-labeled anti-digoxin antibody. Minimum
detection limit of this method was found to be 1x 10> CFU/
mL indicating that this method has higher sensitivity, speci-
ficity and is easier to operate (Zhang et al. 2019a, b, c, d).
A multiplex LFA-LAMP coupled with neutravidin-tagged
gold nanoparticles was developed for the detection of sea
and seb genes of Staphylococcus aureus. Digoxigenin and
biotin were used to label sea genes, while FITC (fluorescein
thiocyanate) was used for seb genes. LOD was found to be
10* CFU per mL, while in real samples it was 10*> CFU per
mL resulting in a faster and more efficient method for the
detection of S. aureus (Yin et al. 2016). E. coli was detected
using an LFA-LAMP-based assay labeled with a digoxy-
genin-labeled LAMP amplicon and biotinylated probe. LOD
was found to be around 10° CFU per mL showing that this
method has ten times higher sensitivity than PCR and will be
useful in detecting real samples (Kim and Oh 2019).

The recent outbreak of novel coronavirus SARS-CoV 2
has threatened global health and is a serious cause of con-
cern. New diagnostic techniques using LAMP have been
introduced for rapid and sensitive detection of coronavirus
which can be used on POC sites. In a study, colorimetric-
based RT-LAMP was able to detect as low as 100 copies of
SARS-CoV 2 RNA (Park et al. 2020). In another study, a
technique named iLACO (isothermal LAMP-based method
for COVID-19) was developed to amplify the fragment of
the ORF1ab gene. Species specificity was assured by com-
paring the genome of 11 related virus using BLAST. This
colorimetric RT-LAMP-based coronavirus detection tech-
nique achieved LOD of as low as ten copies, which was
much more sensitive compared to the RT-qPCR technique
(Yu et al. 2020). A nanoparticle-based lateral flow biosen-
sor was developed using multiplex RT-LAMP for diagnosis
of COVID-19. Two set of LAMP primers for ORFlab and
N-nucleoprotein gene were used for simultaneous amplifi-
cation of in a single tube reaction. The primer were labeled
with ITC/digoxin and biotin, which were determined by
LFB. Accumulation of nanoparticles leads to the visu-
alization of a crimson band showing multiplex analysis of
ORFlab gene and N gene. LOD was found to be 12 cop-
ies per reaction with an analytical sensitivity of 100% for
SARS-CoV 2 (Zhu et al. 2020). A paper-based assay was
developed for the detection of Candida albicans by our
group (Sudarsan et al. 2023). Herein, DNA was amplified
using LAMP and compacted with CTAB and PEG 8000. The
compaction of DNA has increased the fluorescence signal
up to twofold. The impact of an enhanced signal can also be
attributed to LAMP, as it can efficiently amplify DNA with
high yield in a short duration with high specificity. How-
ever, non-specific results in LAMP could occur due to dimer
hybridization of primers, due to high concentration of Bst
DNA polymerase. The problem of non-specific amplification
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of LAMP may be reduced by the addition of 1% pullulan in
the reaction (Xueqin Gao et al. 2019b, a). Becherer et al. in
(2020) described in their review about different technique
developed using LAMP based on their homogeneity and
heterogeneity. This is further divided into particle-based
and particle-free detection, which is further classified into
types of detection techniques. LAMP has become a prom-
ising approach in the field of clinical diagnostics. LAMP
kits for tuberculosis and malaria are quite developed and
already commercialized. (available in Human Diagnostic
Worldwide; https://www.human.de/products/molecular-
dx/) (Diego et al. 2019). Besides the several advantages,
LAMP has few limitations: it is not ideal for amplifying
small fragments of target nucleic acid, the primer designing
is complex, usually four to six primers are required, and
two primers of the set are usually long incurring extra cost
in synthesis.

Nucleic acid sequence-based amplification
(NASBA)

Nucleic acid sequence-based amplification (NASBA) was
proposed by Compton in (1991), which is very similar to
transcription-mediated replication (TMA) and self-sustained
sequence replication (3SR). The enzymatic reaction for
amplification requires three enzymes, avian myeloblastosis
reverse transcriptase, T7 RNA polymerase and RNase H,
and two primers: P1 and P2. P1 carries a binding site for T7
DNA polymerase and helps in the synthesis of RNA from
the RNA-DNA hybrid with the help of reverse transcriptase.
Once the RNA is extracted from the hybrid, it is degraded by
RNAse H; the rest of the cDNA is accessible to P2, which
helps synthesize complementary strands (Fakruddin et al.
2012). Due to the involvement of reverse transcriptase, this
technique is better than any other for RNA amplification.
NASBA can be performed to achieve RNA amplification up
to 10°-fold copies in approximately 90 min at 41 °C without
using a thermocycler. RNA detection using NASBA can be
achieved by using different types of techniques such as the
dideoxy method which includes reverse transcriptase and
a labeled oligonucleotide primer, enzyme-linked gel assay
(ELGA), electrochemiluminescent detection, molecular bea-
con detection, southern hybridization and fluorescent cor-
relation spectroscopy (Compton 1991). Kievits et al. (1991)
described the use of NASBA in the detection of HIV-1; since
then, it has been improved considerably and became com-
mercially available as NASBA HIV-1 QT by Biomerieux
Ltd.

Gabrielle et al. (1993) combined enzyme-linked gel assay
(ELGA) with NASBA for rapid species-specific identifica-
tion of mycobacterium in clinical samples. They designed
specific probes according to the conserved region of 16 s

rRNA of different mycobacterium species with other similar
bacteria. The technique was able to identify Mycobacterium
tuberculosis correctly in less than 6 h by the formation of
Mycobacterium tuberculosis complex single probe. Loef-
feler et al. (2001) used NASBA to detect Aspergillus species,
which is the main causative agent of aspergillosis in humans.
He compared the NASBA technique with previously pub-
lished RT-PCR technique by sequencing of 18 s rRNA from
five types of Aspergillus species. The NASBA technique
was able to identify the Aspergillus species in 6 h which was
less than that using the RT-PCR technique. Sugiyama et al.
(2003) combined southern hybridization with NASBA for
the identification of the rabies virus. They also compared
the test result with a parallel-running RT-PCR technique
combined with southern hybridization. Although it took
8 h for the complete detection of the DNA yet, it proved
to be a better option for specific RNA detection than RT-
PCR. Saeedinia et al. (2008) identified coxsackievirus B3
in virus-infected cell culture through RT-PCR and NASBA
techniques. They performed the test on a cell line and speci-
men organs of artificially infected mice. They evaluated that
both the techniques can be used for detection of CVB3, but
NASBA is simpler to perform in comparison to RT-PCR.

G-quadruplex DNAzyme assay is an emerging technique
in molecular diagnostics and its integration with NASBA
has proved useful for visual detection of DNA. Lu et al.
(2017) developed a novel method by integrating G quadru-
plex DNAzyme assay with NASBA to detect different strains
of classical swine flu virus (CSFV). The reaction was carried
out for approximately 3 h, after which the assay detected ten
copies/ml of CSF viral RNA. RNA Mango technology is
also one of the very useful techniques in detecting RNA by
using a thiazole orange bifunctional dye. This fluorogenic
method was used for detection through NASBA by nesting
the primers and modifying the inner primers so that they
can encode RNA Mango aptamer sequence. This technique
detected ~25 pM (1.5 x 10’ RNA/pL) of E. coli ClpB RNA
template (Abdolahzadeh et al. 2019). NASBA has also been
used to detect Apple scar skin viroid in apple cultivars. This
technique uses a molecular beacon and provides a real-time
quantification assay to certify disease-free apple cultivars.
Results were compared with RT-PCR and it was found that
RT-NASBA can detect 1x 10° copies and was more sensitive
(Heo et al. 2019).

NASBA has also been integrated into miniaturized lab-
on-a-chip systems, which can help in detection mecha-
nisms in novel pathogen capture technology. Its sensitiv-
ity to laboratory-based NASBA system has been described
in many previous publications in both nano and microliter
volumes with molecular beacon detection using centrifugal
microfluidic devices. In conclusion, NASBA has the advan-
tage of directly amplifying target RNA. It generates a high
copy number at constant temperature and is commercially
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available as a miniature device. However, it has a few limi-
tations: it is less efficient in amplifying longer RNA tar-
gets, requires a denaturation step to initiate the process and
requires multiple enzymes, which make the process costly.

Strand displacement amplification (SDA)

Strand displacement amplification (SDA) is truly an iso-
thermal amplification technique and does not require DNA
denaturation for initiation, as it is carried out by strand dis-
placement activity with the help of DNA polymerase and
restriction enzyme to produce copies of DNA (Walker et al.
1992a, b). In the same year, Walker and his co-workers
improved the early design of the SDA technique with the
target generation step, which was not present in the earlier
step. In the previous design, target molecules were ampli-
fied instead of their use in the target generation step. Nearly
10"-fold amplification is achieved in 2 h at 37 °C. The
three main important parts of this technique are repeated
nicking of target sequences with the help of restriction
enzymes, which are copied through a target generation pro-
cess, followed by exponential amplification of those target
sequences. The target DNA sample is heat denatured in the
presence of an excess of four primers. Two primers, SI and
S2, are important SDA primers, which have target-binding
regions at their 3'-ends and Hincll recognition sequences
(5'GTTGAC) located at the 5'-ends to the target sequences.
The other two primers (B1 and B2) consist simply of target-
binding regions (Walker et al. 1992a, b).

The SDA technique was later coupled with many types of
detection techniques for rapid identification of pathogens in
biological samples. Spargo et al. (1993) combined SDA with
chemiluminescent detection method in which they used non-
isotopic microtiter plate assay employed with biotinylated
oligodeoxynucleotide probe and an alkaline phosphatase-
conjugated oligodeoxynucleotide probe. They amplified
target DNA in IS6110 insertion element of species within
the Mycobacterium complex, which included five types of
species with different target nucleic acid sequence copies.
Walker et al. (1996), described the use of the fluorescence
polarization (FP) technique with SDA. According to them
the previous studies that include the use of the padlock
probe and chemiluminescent assay were not suitable to be
performed in a closed system, as they require separation
of strands, whereas the FP opens the door to use SDA in
a closed system thus terminating the initial heat denatura-
tion step. Later on, Hellyer et al. (1999) used reverse tran-
scriptase enzyme with SDA technique to detect mRNA in
the Mycobacterium tuberculosis complex. According to
them, the presence of mRNA is a good indicator of bacte-
rial viability compared to DNA and rRNA for therapeutic
diagnosis.
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Shi et al. (2014) described the use of miRNAs for the
detection of pathogens using the exponential SDA technique.
They used Klenow fragment, nicking enzyme Nt.Alwl and
two primers, and the miRNA target can trigger two cycles of
nicking, polymerization and displacement reactions. These
reaction cycles amplified the target miRNA exponentially
and generated dsDNAs detectable with SYBR Green I in
real-time PCR. Du et al. (2016) integrated the SDA tech-
nique with G-quadruplex DNAzyme-based sensing system
and tested the activity of uracil-DNA glycosylase to evaluate
the sensitivity of the technique. They used DNA templates
with different nicking sites and compared them to conclude
an optimal nicking site number which is increased from
one to two sites. This enhanced the SDA technique as an
exponential amplification technique for the development of
a sensor with a sensitivity range of 1x10™*-1 U/mL. The
use of three-way junction probes is a concept of nucleic acid
hybridization for DNA target recognition and signal ampli-
fication. Wang et al. 2017 used this concept in which G-rich
single sequence is formed by a downstream strand displace-
ment amplification. This sequence has similar properties to
peroxidase, which can be quantified using H,0, and TMB
(Figs. 5, 6,7, 8).

A fluorescent method for the detection of virus DNA is
developed by coupling the carbon nanodots (CDs) with iso-
thermal strand displacement amplification (iSDA) technol-
ogy. This technique proved to be ultrasensitive and specific
for viral DNA detection with an LOD of 4.6 x 10~' for H7
gene and 3.4 x 10715 m for N9 gene, respectively. Hence,
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Fig.5 Methyltransferase (MTase)-assisted SDA technique for detec-
tion of MTase activity. Molecular beacons labeled with FAM and
TAMRA as fluorophore for visual detection. Reprinted with per-
mission from Cui et al. (2019). Copyright © 2019, Royal Society of
Chemistry
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this technique proved to be a better option for viral DNA
detection in biological samples and can contribute to wide
applications in the field of clinical diagnostics (Yang et al.
2019). MTase-assisted SDA is used to develop a DNA-based
biosensor that can detect MTase activity with a one-step
method of achieving LOD of 3.3X107% U mL~!. Molecular
beacons used in this technique are labeled with FAM and
TAMRA fluorophores at both ends (Cui et al. 2019). A sim-
ple and label-free method was developed for the detection

Fig. 7 Detection of p-estradiol
(E2) using electrochemical

of S1 nuclease activity by designing a DNA probe which
will serve as a substrate to carry out the amplification. They
showed that in the presence of the S1 nuclease enzyme, the
DNA probe is cleaved, resulting in reduced fluorescence
of nucleic acid-specific dye SYBR Green I, while in the
absence of S1 nuclease, fluorescence was maintained. This
technique detected S1 nuclease activity down to 0.000087
U/pL (Lee et al. 2019a, b).

Wang et al. (2020a, b) developed an electrochemical bio-
sensor based on Nsbl restriction enzyme-mediated strand
displacement amplification integrated with four-way DNA
junction. This biosensor was used to detect PIK3CAH!47R
gene mutation by inducing the increase in the number of
DNA copies of target gene with the help of Nsbl restriction
enzyme. DNA junction coupled with methylene blue was
able detect PIK3CAH!%R target gene with LOD as low as
0.001%.

The SDA is being used in miRNA detection, making it
a useful tool for screening and diagnosing various disease
conditions. However, the nuclease selection and sample
preparation make it challenging.

Rolling circle amplification

Rolling circle amplification was reported in 1998, which can
utilize circular templates to produce long linear strands with
the help of DNA polymerases. The linear strand contains
multiple copies of the target sequence. It can be associated
with ligating a padlock probe to provide sensitive detection
of nucleic acids (Baner et al. 1998). If compared to SDA,
which requires nicking endonucleases (NEase), RCA only
requires DNA polymerases to carry out the whole reaction,
but an additional ligase is also required to use for the specific
circularization of a padlock probe using the target sequence
of DNA, which acts as a template in ligation reaction (Ali
et al. 2014). Since the development of this technique, it has
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Fig.8 Schematic diagram of SPIA. SPIA has a blocker, RNAse H
and DNA polymerase. A, B DNA/RNA primer is first amplified
at constant temperature where (C, D) RNAse H dissolves the RNA
and extension continues. E, F A new DNA/RNA primer binds on the
exposing part and extension continues. G Blocker stop the ssDNA
amplification once the extension proceed to the blocker subsequently
producing large number of ssDNA © 2020, Elsevier)

been improved and has been used by many researchers for
amplification procedures.

Marciniak et al. (2008) used circularized oligonucleo-
tide probes, because it could detect short DNA sequences
using RCA coupled with LAMP to obtain better results.
RCA and antibody-induced DNA strand displacement were
integrated to generate repeated G-quadruplex DNAzymes
in large quantities to develop a colorimetric technique to
detect anti-HCV antibodies (Gao et al. 2019a, b). An RCA
technique was developed for telomerase activity detection
using the catalytic hairpin assembly (CAR) method, which
was successfully implemented for highly sensitive in vitro
and in- itu detection of telomerase activity (Liu et al. 2020a,
b). Ravikumara et al. (2020) synthesized nucleotide dUrkTP
which was a highly fluorescent naphthalimide deoxyuridine
triphosphate that undergoes aggregation-induced emis-
sion (AIE). They used this fluorescent material in primer
extension during amplification to detect microRNA 24-3P.
The proposed method detected targets with high sensitivity
and LOD of 3.58 M. In another study, a label-free fluores-
cent assay was used to detect microRNA. Here in nicking
enhanced RCA induced by G-Quadruplex formation with
quenching of MoS, quantum dots by inner filter effect was
demonstrated. The proposed method was highly selective
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toward microRNA with LOD of 4.6 fM (Ge et al. 2020).
PDMS microfluidic chip earned a great response in the field
of diagnostics, but due to some limitations the need for a
new microfluidic technique for RCA has been aroused. This
need was fulfilled by Feng and his co-workers by develop-
ing an open space microfluidic chip for semi-quantitative
detection of vascular endothelial growth factor (VEGF)
using RCA (Feng et al. 2019).

In the past few years, viral diseases have emerged as a
serious concern worldwide and, due to a lack of resources,
on-site and fast diagnosis of these diseases is still an issue.
Ciftci et al. (2020) developed a padlock probe (PLP)-based
rolling circle amplification for the detection of the Ebola
virus. They used two PLP-based assays for Ebola virus
detection and demonstrated multiplexing capability for
simultaneous detection of Ebola, Zika and dengue virus.
They also developed a microfluidic RCP enrichment (MRE)
chip based on capillary flow for digital quantification with-
out need of any special instrument. A modification in RCA
was done by Tian et al. (2020) by combining two padlock
probes and RCA reaction rounds in a one-pot amplifica-
tion reaction named circle to circle amplification (C2CA).
The developed method was used to detect SARS-CoV2
with simultaneous real-time detection with amplification
of nucleic acid. The developed method was able to achieve
LOD of about three magnitudes lower than the LOD of the
single round-based RCA assay.

Another variant of RCA called the ramification ampli-
fication method (RAM) is a modified version of RCA also
known as hyperbranched RCA, cascade RCA or exponential
RCA. RAM works with two primer amplification, unlike
RCA, a single primer-initiated amplification. Yao et al.
(2009) developed a sensitive and specific real-time assay
for the detection of miRNAs. The developed method has a
dynamic range of seven orders of magnitude for quantifica-
tion ranging from 10° to 10'° copies per reaction. Beals et al.
(2010) showed that electrophoresis of RAM products yields
characteristic dSDNA ladder. Their experiment showed that
equal fluorescence with increasing size of bands suggests
a decrease in molecule number, which is proportional to
the length of a DNA molecule. Ramified RCA reaction was
used to produce milligrams amount of nucleosomal DNA.
The experiment was performed by producing genomic DNA
from human LIN28B locus and showed that it can form
functional nucleosomes capable of binding transcription
factor Oct4 (Emmerik et al. 2019). In PCR-based nucleic
acid amplification, the amplified products are template DNA
clones. However, the amplified product in RCA is a long
repeating DNA. In RCA, an additional step is required to
synthesize the circular DNA. These circular DNAs show
unusual topological issues and hinder the activity of DNA
polymerase; Phi29 DNA polymerase has been employed
in RCA to address the topological issues as it has fantastic
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strand displacement abilities at isothermal conditions. The
3’exonuclease activity of Phi29 DNA polymerase enables
the RCA to use mRNA as a template and PLP simultane-
ously. However, RCA faces challenges in specifically binding
targets due to mispriming caused by nonspecific interaction.
In RCA, the target binding is limited to a single interaction
between the target and primer compared to primer binding
at multiple locations in PCR, CPA and LAMP. The diverse
application of RCA makes it a powerful tool for the sensitive
detection of DNA, RNA, protein and other analytes includ-
ing whole cell. In addition to detecting the above-mentioned
targets, RCA has industrial use in the production of DNA
aptamers and cell-free protein, rolling circle transcription,
nanoribbons and DNA nano-scaffolds for synbodies-based
method development. However, RCA has a few limitations
such as the requirement of circular template, complex primer
and linear amplification process resulting in low yield of the
amplified product.

Other isothermal amplification techniques
Whole genome amplification

Whole genome amplification by isothermal methods was
reported lately by Li et al. which is a primase-based DNA
amplification system. The so-called whole genome amplifi-
cation (WGA) method from Harvard University has shown
promising results in case when total DNA needs to be ampli-
fied (e.g., DNA archiving, single cell analysis, tracing of
DNA contaminations, or forensics). Three types of strate-
gies are used for whole genome amplification: single cell
comparative genomic hybridization (SCOMP), multiple
displacement amplification (Repli-G) and a combination
of displacement pre-amplification and PCR amplification
(Picoplex and MALBAC) (Borgstrom et al. 2017). There are
many preferred methods to perform this technique based on
the target and primers used such as multiple strand displace-
ment amplification and whole genome strand displacement
amplification (Deleye et al. 2017). In the first one, two sets
of primers are used, which are denoted as left set and right
set, whereas in another method a random set of primers is
used to amplify a genomic nucleic acid. Multiple displace-
ment amplification technique requires multiple primers for
strand displacement replication of nucleic acids (Lovmar
and Syvanen 2006). Multiple cross displacement amplifica-
tion is another method that includes a set of ten primers i.e.,
two cross primers (CP1, CP2), two displacement primers
(F1, F2) and six amplification primers (D1, C1, R1, D2,
C2, R2) along with a polymerase, which works complemen-
tarily to achieve a successful amplification of nucleic acid
(Wang et al. 2015). The WGA is applicable in Y chromo-
some short tandem repeat analysis in forensic, SNP detection

and haploid typing. However, there are few disadvantages
in WGA: large amplification deviation in case of low abun-
dance of template and poor miniaturization capabilities.

Cross priming amplification

Cross priming amplification (CPA) is another class of
iNAAT’s reactions which utilizes multiple primers and
probes, in which one or more is a cross primer. Unlike other
methods that require additional proteins to nick the DNA
to allow amplification by strand displacement, it does not
need any additional protein (Xu et al. 2012). In the CPA
assay, the 5’ end of the cross primer is not complementary
to the template and will be displaced when DNA polymerase
extends the upstream displacement primer using multiple
cross-linked primers (six to eight primers), and a DNA target
sequence can be amplified at a constant temperature. The
detection of amplified products is performed on a lateral
flow strip housed in an enclosed, sealed plastic device to
prevent the leakage of amplicons (Zhang et al. 2012). Zhang
et al. (2019a, b, c, d) labeled two primers of CPA with bio-
tin and fluorescein isothiocyanate (FITC), which allows the
amplified dual labeled product to be detected using dispos-
able contamination-proof cartridge that contains a nucleic
acid detection strip (NADS). This technique is used for the
rapid detection of B. cereus, which is visible to the naked
eye as colored lines with a sensitivity of 3.6 x 10! CFU/mL.
CPA has also been coupled with test strips for the detection
P. aeruginosa. Primers targeting the oprl gene of P. aerugi-
nosa were designed for rapid detection, which resulted in
LOD of 1.18 x 10? copies/pL for plasmid DNA and 4.4 CFU/
mL for bacteria in pure culture, and were found to be more
sensitive than the conventional PCR methods (Yong et al.
2020). Zheng et al. (2020) developed a technique for mul-
tiplex detection of different meats by coupling CPA with
colloidal gold nucleic acid detection strips to differentiate
between meat of cow, Arctic fox, sheep and pig. Meat of fox
and pig was found to be feasible with a detection limit of 1%
for fox meat. The CPA offers flexibility in primer designing
and the flexibility of the ratio of primers in the reaction. The
CPA has application in the determination of specific alleles
and lateral flow stripes in the spot detection of viruses. The
limitation of CPA is the long amplification time and diffi-
culty detecting a trace number of targets.

Helicase-dependent amplification

In 2004, helicase-dependent amplification (HDA) was
introduced, based upon the naturally occurring process of
DNA replication. In this amplification process, the helicase
enzyme helps unwind the target DNA strand at a temperature
of 37 °C to carry out the heat-induced denaturation step of
PCR (Vincent et al. 2004). The unwinding is stimulated by a
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protein known as MutL protein and a second protein known
as single-stranded binding protein (SSB), which prevents the
re-hybridization of the separated ssDNA targets. Primers and
DNA polymerases hybridize to the ssDNA and the extension
process is carried out. This exponential reaction can pro-
duce million-fold copies of target DNA in 60—120 min. An
experiment was performed to determine fecal pollution in
environmental waters with the help of HDA. Test strips were
coupled with HDA to detect ruminant-associated genetic
markers (16 s rRNA) in fecal members of phylum Bacte-
roides with the help of sandwich DNA hybridization reac-
tions. Analytical LODys,, for HDA strip assay was 7.3 copies
per reaction, which was better than qPCR assay: 3.7 copies
per reaction (Kolm et al. 2019). A fluorescent biosensor was
also developed for the detection of f-glucosyltransferase, in
which the amplification of nucleic acid is triggered with the
help of 5-hydroxymethylcytosine glucosylation. When expo-
nential amplification is achieved, dsDNAs produced were
detected using a specific dye SYBR Green 1 with LOD of
2.79% 107 U/mL (Liu et al. 2020a, b). Unlike PCR, HDA
uses helicase enzyme as opposed to temperature-dependent
denaturation, leading to temperature-independent amplifi-
cation of DNA. This offers a DNA amplification to occur
in a point-of-need setting. However, the primer binding at
constant temperature tends to be nonspecific due to the lack
of stringent temperature requirements for primer binding,
leading to nonspecific priming and false positive results.

Exponential amplification reaction

Exponential amplification reaction (EXPAR) is used for
amplification of short oligonucleotides in addition to pol-
ymerase strand extension and single strand nicking (Shi
et al. 2014). The reaction can yield 10°- to 10°-fold copies
of target DNA under isothermal conditions within minutes.
Consequently, it is a simple, low-cost, and highly sensitive
method that can contribute in the future advancement in
research on the biological roles of short oligonucleotide
sequences in clinical diagnostics (Van et al. 2003). Jia and
co-workers demonstrated that this method can be used
for efficient amplification of short miRNAs. This assay
results in a huge range of over ten orders of magnitude
and high specificity to clearly discriminate even a one base
difference in sequences. An improvement in EXPAR is
introduced known as Nicking enzyme amplification reac-
tion (NEAR), as it can allow any target amplification by
inserting nicking enzyme recognition sites inside of the
targeted gene sequence (Troger et al. 2015). EXPAR is
used to develop a label-free ‘one-pot’ biosensor for ultra-
sensitive detection of polynucleotide kinase (PNK), which
was also successfully used for screening of PNK inhibi-
tors and PNK activity in a single cell (Zhang et al. 2019a,
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b, ¢, d). A sensitive fluorescent biosensor was developed
for the detection of 17 B-estradiol (E2) which is present
in environment and food and is responsible for endocrine
disruption which affects the growth and development
in organisms. Both the techniques, EXPAR and HCR
(hybridization chain reaction), were used to amplify cDNA
to multiple copies of long dsDNA, which were labeled
with FAM (Carboxyflourescein) and BHQ-1 (Black hole
quencher). This two-step method EXPAR showed a LOD
of 0.37 pg/mL compared to the LOD of 34.33 pg/mL
obtained from single HCR method. This method was also
used to detect E2 in water and milk and is found suitable
for the detection of actual samples (Wang et al. 2020a,
b). Application of EXPAR includes detection of nucleic
acids, protein, enzyme activity and metal ions. Addition-
ally, EXPAR can amplify nucleic acid at room temperature
with low tolerance to biological substances and inhibi-
tors. However, it requires a nicking enzyme to facilitate
the reaction.

Recombinase polymerase amplification
(RPA)

Recombinase polymerase amplification (RPA) was first
introduced by Nial Armes in 2006 which uses a recombinase
protein (with ATP as an energy source) and SSB protein to
match primers to the target on the template strand. A DNA
polymerase isolated from Staphylococcus aureus, i.e., Sau
polymerases, then extends the primer which then displaces
the native strand. It can produce millions of copies in 40 min
at 37°-42° C. One of the main advantages of RPA is that
it can be conducted in a single tube and results are given
in ‘real time’ (Piepenburg et al. 2006). It has been associ-
ated with FRET-based fluorescence probes and lateral flow
strip-sensing systems for clearance of background noise and
instrument-free analysis. Various RPA kits have also been
commercialized by Twist Dx, Cambridge, UK (Craw and
Balachandran 2012). A fluorescence assay using RPA was
developed for the detection of Schistosoma haematobium
by targeting Dral genomic repeat region, which showed
a positive fluorescence result and found to be suitable for
detection of S. haematobium (Rostron et al. 2019). A novel
method for ultrasensitive detection of E. coli O157:H7 was
developed using RPA-based LFD. LOD was found to be
4.4x 10 CFU/mL, which was 100 times lower than that of
PCR, resulting in higher sensitivity of RPA for detecting E.
coli in food samples (Hu et al. 2020). RPA is a rapid method
mainly applied to detect HIV, tuberculosis and food quality
control. However, the high template concentration inhibits
RPA, and the detection of amplified products is difficult
using gel electrophoresis.
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Signal-mediated amplification of RNA
technology (SMART)

Signal-mediated amplification of RNA technology
(SMART) is based on three-way junction (3WJ), which
works on signal amplification rather than thermocycling
and copying of target sequences (Hall et al. 2002). It can
be used to detect specific target sequences of RNA or
DNA. It consists of two single-stranded oligonucleotide
probes. One is called an extension probe, and another is
a template probe. These two probes, upon target binding,
forms a 3WJ similar to a holiday junction. The longer tem-
plate probe contains T7 RNA promoter sequence, followed
by the transcription template overhang region. The tran-
scription region generates multiple copies of RNA using
RNA polymerase, which further serves as a target analyte.
To enhance the sensitivity of SMART, in the near future it
can be coupled with CRISPR-based SHERLOCK (specific
high-sensitivity enzymatic reporter unlocking) technology
(Gootenberg et al. 2018).

Besides genome editing tool, CRISPR has been adapted
for RNA detection. The CRISPR-associated enzyme
Cas13/Cas12 exhibits nonspecific endonuclease activity
after binding to the target RNA. The collateral activity of
the Cas endonuclease cleaves the reporter molecule to gen-
erate a signal. The crRNA can be designed, as it can dis-
criminate the single nucleotide polymorphism among the
variants. Coupling of SMART with CRISPR/Cas system
will enhance the specificity and sensitivity of detection
to at par level and may be useful in handling COVID-19
kind of situations. SMART is a highly sensitive method for
detection of very low copy numbers of target analyte. The
generated RNA molecule could be coupled with enzyme-
linked oligosorbent assay (ELOSA), molecular beacon or
the above-mentioned CRISPR-based detection. However,
the linear amplification process comparatively requires
more time to generate a detectable signal. The requirement
of T7 promoter and polymerases makes it tricky and costly.

Single primer isothermal amplification

Single primer isothermal amplification (SPIA) technique is
a novel rapid iNAAT method, which depends on a target-
specific primer containing 3’-DNA sequence portion and
5'-RNA sequence portions (Kurn et al. 2005).

The SPIA comprises DNA polymerase with strong
strand-displacement activity, RNase H and blocker (helps
in stopping primer extension). Yang et al. (2018a, b, )c
developed a method based on SPIA for detection of S.
aureus in food by targeting accessory gene regulator

(agr). Compared with conventional PCR, the developed
method has 100-fold higher sensitivity with LOD of 4.3 X
10° CFU/mL. Alicyclobacillus acidoterrestris is a major
spoilage causing pathogen in foods, and it has the ability
to survive and multiply during the pasteurization process.
A method based on SPIA for detection of this pathogen in
apple juices was developed by (Yang et al. 2017) target-
ing 16 s rRNA gene with a DNA/RNA chimeric primer.
The developed SPIA method was highly sensitive for spe-
cific pathogen with LOD of 4.8 CFU/mL. SYBR Green
1 dye is used with SPIA for rapid detection of Listeria
monocytogens in raw chicken targeting hlyA gene. This
real-time rapid method was able to show sensitivity of
1.4x 10" CFU/mL by precipitate and 1.4 x 10° CFU/mL by
fluorescence which was tenfold higher than conventional
PCR methods (Yang et al. 2020). Similar to SMART, SPIA
could be coupled with ELOSA, molecular beacons and
CRISPR-based assays for enhanced sensitivity and speci-
ficity. However, there are a few limitations such as using a
single primer, low temperature reaction and initial dena-
turation step.

Dual priming isothermal amplification
(DAMP)

A novel technique was reported named dual priming iso-
thermal amplification (DAMP), which has the advantage of
dual priming strand extension strategy, due to which it is
highly sensitive for rapid nucleic acid detection with very
low nonspecific signals. It uses six primers: (i) two outer
primers (FO and RO), (ii) two inner primers (FI and RI)
and (iii) two pairing-competition primers (FC and RC). It
is based on two steps: (i) basic structure-producing step
and (ii) cycling amplification step. This assay was used for
the detection of HIV-1 DNA/RNA and E. coli DNA with a
slight increase in sensitivity in shorter duration as compared
to LAMP and PCR. However, the technique can be more
improvised in the future and can replace the currently used
techniques (Ding et al. 2019). The DAMP assay is capable of
detecting target analytes rapidly. More importantly, is shows
ultralow signal background. However, a long list of primers
and prior sequence information of the target nucleic acid are
a few obligations.

Conclusion

NASBA, SDA, EXPAR, HDA, RPA and SPIA are complex
protocols that require multiple enzymes (two or more), rig-
orous optimization and special reagents. Only a few assays
(e.g., RCA, LAMP, and CPA) can be efficiently carried out
at a fixed temperature using one enzyme. However, RCA
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was restricted to amplifying the circular target DNA, limit-
ing the usefulness of the technique, whereas SDA needs
an initial denaturation step and a longer processing time
limiting its use in POC. Although LAMP and CPA meth-
odologies have been verified to be useful for basic, clinical
and applied research, the trace amounts of target sequences
were still difficult to detect in various samples. LAMP has
been found to be the most popular and preferred technique
in recent years due to its simplicity and reliability. RT-
LAMP is considered as a rapid and sensitive diagnostic
technique for the recent pandemic of COVID-19 and other
viral infections in patients. Although LAMP produces high
noise background signals when used for multiple target
sites, an improvement called DAMP can be used for short
analytes to gain highly sensitive molecular detection with
low nonspecific signals. The nonspecific amplification is
obvious in isothermal amplification due to the stringency
of primer binding being compromised. Several additives
have been used to enhance the specificity of isothermal
amplification methods, namely, polyethylene glycol, dex-
tran, proline, betaine, pullulan and helicases. Pullulan
has also been reported to increase the activity of CPA.
The coupling of isothermal amplification techniques with
methods such as colorimetric, nanoparticles, lateral flow
biosensor etc., leads to the development of novel sensing
technique. However, some techniques need to be optimized
to produce better results and increase their use at POC site
for diagnosis. Notably, each amplification technique has its
specialty, which increases when coupled with other meth-
ods. Still, PCR has the advantage of nucleic acid cloning
that IAT cannot perform.
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