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ARTICLE INFO ABSTRACT

Keywords: Loop-mediated isothermal amplification (LAMP) method has been demonstrated to bea reliable and robust
LAMP‘ method for detection and identification of viral and microbial pathogens. LAMP method of amplification,
Detection coupled with techniques for easy detection of amplicons, makes a simple-to-operate and easy-to-read molecular
E;Zgigom diagnostic tool for both laboratory and on-field settings. Several LAMP-based diagnostic kits and assays have

Point-of-care

been developed that are specifically targeted against a variety of pathogens. With the growing needs of the

demanding molecular diagnostic industry, many technical advances have been made over the years by
combining the basic LAMP principle with several other molecular approaches like real-time detection, multiplex
methods, chip-based assays.This has resulted in enhancing thethe sensitivity and accuracy of LAMP for more
rigorous and wide-ranging pathogen detection applications. This review summarizes the current developments in
LAMP technique and their applicability in present and future disease diagnosis.

Introduction

Nucleic acid amplification methods have been very effectively uti-
lized in the diagnosis of a variety of infectious diseases. Since nucleic
acids (NA) are considered to be important biomarkers of pathogen-
mediated diseases, techniques to detect their presence are used
routinely to accurately detect and identify the causative organism. Po-
lymerase chain reaction (PCR) is widely regarded as the gold standard in
NA-based molecular diagnostic applications. PCR leverages the patho-
genic NAs present in clinical samples and amplifies specific target DNA
sequencesin an exponential mannerwhich can be detected by gel elec-
trophoresis. To increase the specificity and sensitivity of detection,
several modifications were introduced like fluorescent probes for real-
time amplification detection, reverse-transcriptase PCR, multiplex
PCR, nested PCR, etc. Despite these advancements in PCR techniques, it
still presents certain challenges in resource-poor and non-laboratory
settings. Significant drawbacks related to requirement of expensive
and sophisticated thermocycler equipment, trained technical personnel
and extended reaction times limits its potential for being a rapid point-
of-care diagnostic technique. Also, non-specific annealing of primers
and increased risk of false positives result in low specificity which
further hinders the development of PCR-based techniques for field-based

* Corresponding author.
E-mail address: fjahmad@jamiahamdard.ac.in (F.J. Ahmad).

https://doi.org/10.1016/j.crmicr.2022.100120

diagnostics. (Yang and Rothman, 2004; Demeke and Jenkins, 2010)
Isothermal amplification methods have been developed for nucleic
acid detection in clinical samples to circumvent the problems associated
with regular PCR. (Zanoli and Spoto, 2012; Ding et al., 2015; Zou et al.,
2020; Keikha, 2018) Loop-mediated isothermal amplification (LAMP)
methods have been the most popular techniques for NA amplification
and detection. (Mori and Notomi, 2009) This technique utilizes three
primer pairs for specific binding in presence of a DNA polymerase with
high strand displacement capability. LAMP has proven its superiority
over PCR by specific amplification of target DNA even in the co-presence
of non-target sequences while eliminating the need for multiple tem-
perature cycles, lengthy reaction times and sophisticated laboratory
settings which are responsible for amplification errorsand longer
turn-over times. (Foo et al., 2020; Khan et al., 2018) However, LAMP
also suffers from non-specific binding through formation of form primer
dimers. The use of multiple primers increases the risk of primer—primer
hybridizations resulting in template-free amplification, leading to
false-positive results. (Rolando et al., 2020) Several advances have been
made over the years to enhance the efficiency of LAMP assay. It has been
combined with various molecular approaches like real-time and multi-
plex detection methods in combination with various colorimetric and
visual-detection methods for easy identification of positive samples to

Received 2 September 2021; Received in revised form 18 February 2022; Accepted 20 February 2022

Available online 23 February 2022
2666-5174/© 2022 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license


mailto:fjahmad@jamiahamdard.ac.in
www.sciencedirect.com/science/journal/26665174
https://www.sciencedirect.com/journal/current-research-in-microbial-sciences
https://doi.org/10.1016/j.crmicr.2022.100120
https://doi.org/10.1016/j.crmicr.2022.100120
https://doi.org/10.1016/j.crmicr.2022.100120
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crmicr.2022.100120&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

N. Garg et al.

convert it to a fast, field-deployable and easy-to-operate sample
screening technique. (Wong et al., 2018) With the state-of-art revolu-
tions in diagnostic applications, LAMP technique has been modified to
develop tools for point-of-care testing with enhanced efficiency and
rapidity. This review comprises the advanced LAMP based techniques
that have been utilized for sensitive, high-end molecular diagnostic
purposes.

Search strategy and selection Criteria

Data for this review was identified by searches of MEDLINE, NCBI,
PubMed, and references from relevant articles, using the search terms
“LAMP diagnosis”, “LAMP amplification”, “RT-LAMP”, “Multiplex-
LAMP” LAMP detection methods and “Digital and chip-based LAMP”.
Articles published in the last 5 years were majorly referred.

LAMP detection Techniques

The basic method of LAMP was first developed by Notomi et al.
(2000). Major components of the assay reaction mix are nucleotides, Bst
DNA polymerase, primer sets and reaction buffer containing magnesium
ions. The principle relies on the recognition of six specific sequences on
target DNA by four sets of primers viz. outer forward (F3), inner forward
(FIP), outer backward (B3) and inner backward (BIP)primers, in the
presence of DNA polymerase having high strand displacement activity.
The process is enhanced by an additional loop-primer pair which hy-
bridizes with the stem-loop structures and provides increased number of
starting points for exponential target amplification. The whole process is
done at a single temperature using simple heating equipments like a
water bath or heating block and the reaction takes less than an hour.
(Nagamine et al., 2002)

Detection of the amplified products can be done by simple agarose
gel electrophoresis or using fluorescent DNA intercalating dyes like
SYBR green I, propidium iodide or Picogreen. It can also be done by
monitoring magnesium pyrophosphate precipitation through visualiza-
tion of turbidity by naked eye or using a turbidimeter. (Parida et al.,
2005) The increase in amplification products in the reaction mix gen-
erates pyrophosphate ions which in the presence of magnesium ions
form insoluble complexes to make the solution turbid, with the intensity
of turbidity being a measure of the strength of amplification reaction.
Real-time turbidity monitoring can also be done for quantitative assays.
(Mori et al., 2004)

For colorimetric observations, several types of fluorescent dyes have
been used for detection of notable color change. Calcein dye, used for
fluorescent detection of amplified products, gives a color change from
yellowto green in presence of magnesium ions (Safavieh et al., 2016)
Additionally, metal ion indicators like hydroxy naphthol blue are
employed for colorimetric reading of LAMP amplicons. (Goto et al.,
2009)Researchers have demonstrated a pH shift at the end point and
have used pH-sensitive dyes like phenol red, neutral red, cresol red and
m-cresol for visual color change for amplicon detection. (Tanner et al.,
2015)

The colorimetric reading of these methods may be variable and
subjective to field-settings; therefore, lateral-flow dipsticks (LFD) have
been employed for point-of-care testing as they are generally user-
friendly and affordable. Here, the biotin-labelled amplicons are hy-
bridized with FITC that get attached to gold-anti-FITC biotin binding
proteins to yield red stripe. This forms the basis of gold nanoparticles
biosensors. (Li et al., 2019) LFD methods are regarded as more practical
to use as compared to the colorimetric, turbidimetric or
gel-electrophoresis methods owing to their ease of use and rapidity of
detection. Electrochemical chips containing DNA probes immobilized
on silica or glass were used for real-time voltametric monitoring for
LAMP amplicons. (Hashimoto et al., 2017)This method is more appli-
cable in high-throughput automated system where detection is simpler
to read.
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Fluorescent resonance energy transfer (FRET) based LAMP assay has
been demonstrated for target amplicon-specific detection in which FRET
probes were used to hybridize single stranded LAMP products at the loop
region, to provide real-time monitoring of the FRET-bound region.
(Chou et al., 2011; Hardinge and Murray, 2019)LAMP in combination
with enzyme-linked immunosorbent assay (ELISA) has been developed
for easy, sensitive and specific diagnosis. It works by incorporating
labelled nucleotides during the amplification process, followed by hy-
bridization with specific probes and finally, detection of the captured
probe by immunoassay. ((Ravan and Yazdanparast, 2012; Sun et al.,
2017), (Becherer et al., 2020)Similarly, DNA functionalized gold
nanoparticles (GNP) have also been used to hybridize with the targeted
amplicons and prevent the aggregation of GNP in high salt concentra-
tion. The negative samples, on the contrary, cause GNP aggregation,
leading to a color shift from red to blue, making this method an
easy-to-read colorimetric LAMP amplicon detection method. (Dehgha-
nEsmatabadi et al., 2015) — (Wachiralurpan et al., 2018) Recent studies
have been focused on developing rapid,enhanced and specific detection
methods of LAMP assay and several modifications are being made to
improve the molecular diagnostic parameters. LAMP technique has been
proven to be a versatile and flexible method applied in diagnostic
methods of diseases caused by several microorganisms including bac-
teria (Huang et al., 2018), virus (Parida et al., 2005) and parasites
(Avendano and Patarroyo, 2020).

Diagnostic applications of conventional LAMP

Right from its development, LAMP has been one of the most widely
applied amplification methods in molecular diagnostic tools. It has
shown to detect a wide range of pathogens from simple Escherichia.coli
(Teh et al., 2014) to the newest SARS-CoV-2 (Chaouch, 2021)

From the past two decades, it has gained enormous popularity as a
rapid and cost-effective detection method for numerous infectious dis-
eases. Its utility and efficacy have been well demonstrated by various
researchers in neglected tropical diseases (NTD), a group of around 20
diseases caused by bacteria, virus, fungi or parasites and mostly preva-
lent in the poorest regions of the world (WHO 2021). These diseases are
often linked with the social stigma and poverty which makes the reach of
their diagnosis and treatment further difficult. Due to poor resources and
limited lab settings in these areas, LAMP has proven to be a revolu-
tionary technique for therapy monitoring, early disease diagnosis and
contact tracing Table 1. briefly summarizes recent studies of the suc-
cessful detection of NTD causative organisms through LAMP method.

Mycobacterium leprae, causing leprosy, shares close genomic simi-
larity with Mycobacterium tuberculosis. LAMP assay has been demon-
strated to specifically amplify the 16S rRNA target sequence of M. leprae
in the presence of M. tuberculosis bearing the same gene. (Garg et al.,
2021)This proved the applicability of LAMP to differentiate between
closely related species and avoid risk of misdiagnosis and false positives.
(Selvarajah et al., 2020) suggested that LAMP-based assays can detect
even low levels of Plasmodium parasite in malaria. Almost all the agents
of neglected parasitic diseases have been shown to be detected with high
sensitivity and specificity through conventional LAMP. LAMP for
Mycobacterium tuberculosis (TB-LAMP) in the form of a diagnostic kit, has
been recommended by WHO (WHO 2021). It requires less than an hour
for the assay to be completed and results can be visualized under UV
light. Rapid LAMP diagnostic assays have been recently used in human
respiratory diseases like pneumonia caused by Pseudomonas aeruginosa,
Acinetobacter baumannii, Klebsiella pneumoniae, Staphylococcus aureus
and Stenotrophomonas maltophilia. (Vergara et al., 2020) Additionally,
LAMP was also developed for pathogens causing food-borne diseases
such as E.coli (Ramezani et al., 2018), Salmonella typhi (Zhuang et al.,
2014), Clostridium perfringens (Priya et al., 2018), Campylobacter jejuni
(Romero and Cook, 2018), Enterococcus faecalis (Martzy et al., 2017)and
Entamoeba histolytica (Mwendwa et al., 2017)

In the current COVID-19 pandemic situation all over the globe, rapid
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Table 1
LAMP detection studies for NTD diagnosis.
Disease Pathogen Marker Sensitivity References
Trypanosomiasis Trypanosomacruzi Satellite repetitive 5fg CL, 50fg DM28 (Ordonez et al., 2020)
sequence
18S rRNA 50 parasites/mL (Rivero et al., 2017)
Echinococcosis Echinococcusgranulosus complex cox1 10-100fg (Avila et al., 2020)
Trematodiases Fasciola hepatica 1GS 1 egg (Ghodsian et al., 2019)
African sleeping Trypanosoma brucei gambiense, T. b. 18S rRNA 72%, 80% (Hayashida et al., 2020)
sickness rhodesiense
Leishmaniasis Leishmaniasiamensis 18S rRNA 94.4% (Sukphattanaudomchoke et al.,
2020)
Filariasis Wauchereriabancrofti, Brugiamalayi WbDLDR, Hha I repeat 1/5000th of microfilaria, 1/100th of (Poole et al., 2017)
(BmHha I) microfilaria (1 pg)
Onchocerciasis Onchocerca volvulus 0-150 1pg (Alhassan et al., 2016)
Schistosomiasis Schistosomamansoni ITS-1 S. mansoni and S.intercalatum: 1 pg (Fernandez-Soto et al., 2020)
S. intercalatum S. haematobium: 0.1 pg
S. haematobium S. bovis: 10 pg
S. bovis
Helminthiases Trichuris trichiura ITS-2 Single egg (Ngari et al., 2020)
Scabies Sarcoptesscabiei ITS-2 0.02ng (Fraser et al., 2018)
testing and accurate contact tracing are essential for detection and
tracking of the virus. Since its outbreak, a number of researchers have ;abletzLAMP devel ¢ for b .
. . . . ecen assay development for human viruses.
demonstrated LAMP as the most effective diagnostic tool for coronavirus y P
infection. (Dong et al., 2021), (Huang et al., 2020) Similarly, LAMP has Pathogen Time Sensitivity Detection Method  References
shown the potential to detect a number of other viruses, for instance, Zika 20 min 10° PFU Colorimetric (Calvert et al.,
adenovirus (Yuan et al., 2019), influenza A (Poon et al., 2005), herpes 2017)
virus, varicella zoster (Kaneko et al., 2005) and cytomegalovirus (Wang Ebola 15-20 256 copies Real time (Oloniniyi
t al., 2015) min fluorometer et al., 2017)
etas, : ) ) o HIV 60min 10" RNA RT Quencher (Rudolph
The regular pathological screening of fungal infections is time- copies/mL probe et al., 2015)
consuming and expensive. LAMP offers a rapid and high throughput Influenza 60min 0.1 RNA Phenol-red pH (Ahnet al.
alternative for detection of several types of disease-causing fungi viz. - ' copies indicator et al., 2019)
Candida albicans, Cryptococcus neoformans and Mucor racemosus Hepatitis B 15 min 2.2fg/ul Fluorometer (2(3;11;; etal,
(Nakayama et al., 2017), Trichosporonasahii (Zhou et al., 2015), Asper- Dengue 15min 0.8 fg/ul Colorimetric (Mendes et al.,
gillus fumigatus (Jiang et al., 2021), Pythium insidiosum (Htun et al., (SYBR Green I) 2019)
2020), etc. These studies have shown the requirement of a very low HPV 60 min 10 copies Colorimetric (Mudhigeti
amount of DNA for LAMP assay which shows the high sensitivity of this (SYBR Green I) etal, 2019)
thod HIN1 <40 10 copies Real-time (Kubo et al.,
metnod. min RNA turbidimeter, UV~ 2010)
Encephalitis 70 min 50 pg RNA Lateral flow (Deng et al.,
Reverse transcription lamp (RT-LAMP) dipstick 2015)
MERS-CoV 60 min 4 RNA copies Colorimetric (Lee et al.,
. (EvaGreen) 2017)
L.1ke 'RT-PCR., RTTLAMP has also bee1.1 developefi for a number (.)f West Nile 17min 0.1 PFU Real-time (Parida et al.,
applications to identify the RNA of the disease-causing pathogen. This virus turbidimeter 2004)

has opened a new domain for disease diagnosis through LAMP, using
reverse transcriptase enzyme to make complementary DNA from RNA
which is then amplified and detected. This assay is practically very
simple and effective as the whole reaction is done in a single step: all the
reagents including both enzymes (reverse transcriptase and DNA poly-
merase) are incubated in a single tube at a constant temperature.
(Notomi et al., 2000) RT-LAMP has been established as a potential
technique for clinical diagnosis and surveillance of several disease out-
breaks in developing countries. Successful LAMP diagnostic methods
have been developed for various viruses. Currently quantitative RT-PCR
(qRT-PCR) is the gold standard for diagnosing viral diseases. However,
its high cost and low sensitivity prohibit its usage in surveillance pro-
grams where large number of testing is required. Therefore, RT-LAMP
has been used as a superior alternative for cheaper and faster detec-
tion Table 2. shows recent developments in LAMP assay for detection of
highly virulent viruses which have been responsible for some of the
deadliest viral outbreaks and caused severe morbidities. Several com-
mercial kits have been developed by companies, some of which have
been officially recommended for routine screening and surveillance
programs of the diseases.

Several of the viral disease outbreaks and epidemics witnessed in the
last few decades occurred in the impoverished and under-developed
regions of the world. Without the presence of vaccines, chemothera-
peutic agents or advanced healthcare facilities, these types of outbreaks

can only be controlled by early, rapid and accurate field diagnosis. RT-
LAMP methods have been developed which played a major role in rapid
detection of new viruses at point-of-care without the need of elaborate
lab facilities. For instance, RT-LAMP was developed by several re-
searchers for rapidly detecting Ebola virus Oloniniyi et al. (2017).
demonstrated a RT-LAMP technique for Ebola that has a short turn-
around time and can produce results in 15 min. It also has high sensi-
tivity and specificity. Recently, Silva et al. (2019)developed a fast
one-step RT-LAMP method which can detect ZIKA in mosquitoes in
around 20 min without the need of RNA isolation. The results could be
easily read by naked eye through colorimetric observation and are
highly sensitive, detecting very low amounts of viral nucleic acid.
Similarly, dengue, causing seasonal attacks, is still prevalent in large
parts of the world, and needs early diagnosis before the multiplication of
the virus. Mendes et al. (2019) developed RT-LAMP which can produce
results in 15 min with high sensitivity (in femtograms). The detection
can be done simultaneously using colorimetric agents like SYBR Greenl.

Apart from the human viruses, LAMP method for detection of several
plant viruses (tobacco mosaic virus, banana streak virus, cauliflower
mosaic virus, tomato spotted wilt virus, yellow mosaic virus, potato
virus Y to name a few) and animal viruses (foot and mouth disease virus,
duck enteritis virus, monkey pox virus, Newcastle disease virus, classical
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swine fever, etc.) have also been developed. (Saharan et al., 2013)

A major breakthrough the RT-LAMP has given is in the diagnosis of
coronavirus SARS-CoV-2 responsible for the recent pandemic. Many
researchers from across the world have demonstrated RT-LAMP as an
efficient point-of-care rapid molecular diagnostic tool for this highly
infectious disease. (Dong et al., 2021), (Huang et al., 2020), (NEB; Park
et al., 2020; Schermer et al., 2020) (Thi et al., 2020)Research is being
done continuously to improve the current diagnostics and time of
exposure during testing. (Alekseenko et al., 2021) have developed a
method for direct detection of the virus without performing the sample
purification steps and extraction of nucleic acid. They used unextracted
nasopharyngeal samples directly from the infected patients and
demonstrated the successful detection of positive samples by RT-LAMP
without RNA purification steps. They have compared and developed a
method which used inexpensive alternatives to the commercial LAMP
enzymes and reagents.

Multiplex LAMP

The specificity in diagnosing a particular microbial strain is many-a-
times compromised by the co-presence of closely related species sharing
a common evolutionary lineage. The overlap of similar genomic se-
quences impedes the designing of non-specific primers for detecting the
NA of a particular species. This leads to erroneous results, leading to
misdiagnosis. Multiplex LAMP (mLAMP) utilizes more than one gene to
detect multiple target sequences simultaneously, which enhances the
specificity and accuracy of this technique. It has also been applied to
differentiate between divergent strains or serotypes of the same path-
ogen. Major merits of the method are short analysis time (<30 min),
quantifying a large dynamic range, ability to use unprocessed samples
(saliva, tissue), high sensitivity (1-10 copies), compatibility with
advanced technological devices (smartphones).

Recently Kim et al. (2021) reported a mLAMP assay to differentiate
between tuberculosis (MTB) and non-tuberculosis Mycobacterium (NTM)
species by designing primers for [S6110 genes that are specific for MTB
and rpoB genes that are common to both. This assay was validated using
clinical samples containing both types of mycobacteria with 98.97%
analytical sensitivity and 100% specificity. This method coupled with a
fluorescent-based detection system showed superiority over the PCR
method or traditional LAMP method.

A study by Mahony et al. (2013) for the detection of Influenza A/H1,
A/H3 and B demonstrated the superior performance of the mLAMP
assay - having 40 min total turnover time using the mLAMP method.
With amplification time of 12 min and specimen preparation time of 10
min, the mLAMP time was way faster than PCR (90-120 min).They
targeted the matrix genes for Influenza H1 and H3 and NS1 gene for
Influenza B and the sensitivity of the test was shown to be one genome
equivalent. A few recent mLAMP diagnostic techniques for identifying
various pathogens are listed in Table 3.

Nurul Najian et al. (2016) fabricated a mLAMP based biosensor to
detect pathogenic Leptospira using gold nanoparticle-based detection in
a lateral flow dipstick. This biosensor simultaneously detected the target
DNA, LAMP internal control and a chromatographic control. Positive
results showed all three red lines while negative showed only two. The
detection limit was found to be as low as 3.95 x 10~} genomic equiv-
alent ml~ .

Real-Time LAMP

The need for large scale sample analysis demands quantitative results
in minimum time, preferably without the additional steps of elaborate
steps of sample preparation or amplicon quantification. Traditionally,
the quantification of LAMP products relies on end-point analysis using
detection methods like non-specific dyes incorporation or turbidity
visualization. This can sometimes give ambiguous results. For more
precise results, real-time quantitative and colorimetric LAMP can be
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Table 3
Recent Studies using Multiplex-LAMP.
Pathogen Targets Sensitivity Specificity ~ References
colistin- mcr-1 to mer-5 10 copies/u.  100% (Zhong
resistant for mer-1, et al.,
bacteria mcr-2, mcr-4 2019)
and mcr-5,
and10°®
copies/pL for
mer-3
SARS-CoV-2 open reading 10° copies 100% (Kim et al.,
frame 1b (ORF1b) 2019)
and N
(nucleocapsid)
genes
Foot-and- 0O, A, Asial, 98.0% 98.1% (Yamazaki
mouth SAT1, SAT2, etal,
disease virus SAT3 2013)
Salmonella spp.  nvA of Salmonella 100 fg 100% (Shao
And shigella spp. and ipaH of etal,
spp. In milk Shigella spp. 2011)
samples
Influenza A (A/  segment 7 of 94.62% for 100% (Jang
H1 and A/ influenza A and influenza A et al.,
H3) and the nucleoprotein and 97.50% 2020)
influenza B gene of influenza for influenza
B B
Acinetobacter recA an oxa-23 102 CFU pl ™! 100% (Yang
baumannii etal.,
2018)

established on an economical and portable diagnostic device, the use of
which requires minimal skill or training.

Real-time LAMP was optimized (Lopez-Jimena et al., 2018) in a
single-tube for specific detection of dengue serotypes using different
primer mixes extensively searched in available viral genome sequences.
The assay was undergone quality control for molecular diagnostics and
was found to be 100% reproducible and specific for each serotype. It did
not cross-detect other flaviviruses and showed high sensitivity (95.8%).

A portable hand-held biomedical device was fabricated (Papadakis
et al., 2020) for performing real-time quantitative colorimetric LAMP
that can be operated with a smartphone application. A mini-digital
camera was introduced to monitor the color change during amplifica-
tion which could be subjected to digital image analysis. The device was
clinically validated using SARS-CoV-2 samples. False positives and
non-specific binding are sometimes regarded as the major disadvantages
of the LAMP method. Another approach for real-time detection and
quantitative measurements of amplicons is the application of
self-quenching and dequenching fluorogenic probes in the LAMP
primers. Here, a labelled fluorogenic primer-probe, quenched in an
unbound state, produces fluorescence when bound to its target. There-
fore, this improved technique is referred to as Fluorescence of Loop
Primer upon Self Dequenching-LAMP (FLOS-LAMP). It allows for more
specific detection of target sequence in realtime. (Gadkar et al., 2018)
used FLOS-LAMP for rapid detection of Varicella-zoster virus using
clinical samples. The clinical sensitivity and specificity of the target was
found to be 96.8% and 100%, respectively. This method eliminates
non-specific and false results and makes the detection more sensitive.
Furthermore, Hardinge and Murray (2019) demonstrated the robust-
ness, flexibility and increased sensitivity of LAMP by using different
quenched fluorescent primer labels.

FRET (Fluorescence Resonance Energy Transfer) LAMP is another
approach for real-time quantification of the amplification process. It
employs probes containing a fluorescent dye and a quenching dye. Upon
irradiation, the fluorescent dye, like SYBR Green I, transfers its energy to
the quenching dye molecules, producing a non-fluorescent substrate
Chou et al. (2011). and Severi et al. (2020) used FRET LAMP analysis to
detect white spot syndrome virus with a sensitivity of 102 copies.
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LAMP-on-a-chip

Extensive sample testing is required to control the transmission and
execute contact tracing of a highly contagious infectious disease. This
may prove to be tedious work and cause delayed results, further leading
to the spread of the disease. The consumption of high amounts of re-
agents also makes the sample processing expensive. Also, insufficient
quantity of sample material hinders the diagnosis. High throughput
microarray systems based on miniature chips have been designed for
amplification methods which require minimal sample and reagents, and
can perform multiple tests at the same time. Several miniaturized LAMP
techniques, for instance, microfluidic, electrochemical, paper-based and
digital methods, have been developed for rapid sample processing.
(Zhang et al., 2019)

Microfluidic LAMP

Micro/nanofluidics has emerged as a highly acceptable platform for
manipulating single molecule and nano volume fluidic control. A chip-
based microfluidic device for LAMP was fabricated (Trinh and Lee,
2018) for direct detection of foodborne pathogens through paper
embedded LAMP reagents and fluorescence detection. The reagents and
sample were loaded in the reaction chambers of the chip where the
target amplification took place. The device was shown to be sensitive,
and cost-effective. Recently Zhou et al. (2020) developed a RT-LAMP
microfluidic chip for on-field detection of porcine coronaviruses which
showed high sensitivity and specificity, along with short reaction time
(40 min).

Digital LAMP

Digital DNA amplification relies on the partitioning of a sample into
several individual chambers. A droplet array microfluidic chip was
fabricated by Ma et al. (2018) which was capable of executing LAMP in
an array of several trapped uniform droplets in nanolitres with a
detection limit of single molecule. In another study, a polycarbonate
membrane was developed which was track-etched for droplet formation.
(Lin et al., 2019) One-step digital LAMP was performed on the mem-
brane. This was shown as a simple alternative to the complex chip
fabrication. It offers an advantage for point-of-care detection and anal-
ysis in a flexible, simple and rapid way.

Conclusion

For precise disease management, the diagnosis of a disease can only
be done by accurate detection of the causative pathogen. Since its dis-
covery, LAMP has evolved with the demanding diagnostic needs of the
healthcare system. The original LAMP protocol has often been combined
with several other molecular approaches like reverses transcription,
real-time quantification and multiplex amplification system to improve
its performance. It has shown compatibility with various amplification
detection techniques like real-time fluorometry, turbidimetry and
colorimetry. Though there have been certain limitations like complex
fabrication, cross-contamination or variability of results related to the
advanced LAMP methods, further research and development work are in
progress to address these issues. The applicability of LAMP has been
demonstrated for diagnosis of a wide variety of pathogens, including
bacteria, viruses, parasites as well as allergens. LAMP has been used in
developing mobile operated biosensors and integrated on-chip models.
Studies have shown the technique to have potential in sensitive, specific
and rapid detection and analysis of pathogenic agents. Briefly, LAMP is a
promising tool for disease identification in developing regions of the
world due to its robustness, ease of operation and cost-effectiveness, and
satisfies the ASSURED criteria of diagnostics as proposed by WHO.
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