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Abstract—Increasing the accuracy of pathogen identification and reducing the duration of analysis remain
relevant for modern molecular diagnostics up to this day. In laboratory and clinical practice, detection of
pathogens mostly relies on methods of nucleic acid amplification, among which the polymerase chain reac-
tion (PCR) is considered the “gold standard.” Nevertheless, in some cases, isothermal amplification meth-
ods act as an alternative to PCR diagnostics. Upon more than thirty years of the development of isothermal
DNA synthesis, the appearance of loop-mediated isothermal amplification (LAMP) has enabled new direc-
tions of in-field diagnostics of bacterial and viral infections. This review examines the key characteristics of
the LAMP method and corresponding features in practice. We discuss the structure of LAMP amplicons with
single-stranded loops, which have the sites for primer annealing under isothermal conditions. The latest
achievements in the modification of the LAMP method are analyzed, which allow considering it as a unique
platform for creating the next-generation diagnostic assays.
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INTRODUCTION

Nucleic acid amplification methods have found
wide application in various fields of molecular biology
and become an indispensable foundation for genetic
engineering and a valuable source of information on
the causes of infectious and hereditary diseases. The
polymerase chain reaction (PCR) method is still in
great demand in solving a wide range of research prob-
lems. Despite the important role of this method in
healthcare, when creating mobile diagnostic methods,
a group of various methods based on isothermal
amplification technology has become an attractive
alternative to PCR [1, 2].

With isothermal amplification, in contrast to PCR,
there is no need for temperature cycles for denatur-
ation of nucleic acid and annealing and elongation of
oligonucleotide primers, since all these stages proceed
sequentially and without separation of each process in
time. The possibility of performing amplification
under isothermal conditions largely depends on the
structure and number of primers, use of special
enzymes and other auxiliary proteins in the reaction
mixture, and careful selection of other reaction com-
ponents [3]. Notably, the principle of some variants of

isothermal amplification, not without significant
modifications, was inspired from various mechanisms
of viral genome replication. Thus, historically, the first
method of isothermal amplification was the 3SR (self-
sustained sequence replication) method, which
appeared owing to the studies on modeling of retrovi-
ral replication in vitro [4]. Rolling circle amplification
(RCA) [5] is based on replication of viroids and some
viruses with a circular genome [6–8]. Loop-mediated
isothermal amplification (LAMP) has many struc-
tural homologies with the way the poxvirus genome
replicates [9, 10]. In this regard, the importance of
fundamental research on prokaryotic and viral repli-
cation enzymes is obvious, since the discovery of new
thermostable, precise, and processive reverse tran-
scriptases and DNA polymerases can bring LAMP
technology to a completely different level of practical
application, as had happened once in the field of PCR
with the discovery DNA polymerase I from Thermus
aquaticus, or Taq polymerase [11].

The LAMP method turned out to be the most pop-
ular method of isothermal amplification for a number
of reasons: the small number of components of the
reaction mixture, their availability for routine practice,
and also high specificity of the reaction, which is pro-
vided by 4–6 primers [12, 13]. The simplicity of the
amplification reaction allowed running LAMP under
the most limited conditions on board the International
Space Station [14]. Even though the LAMP technol-
ogy still has disadvantages associated with currently
used enzymes, the method has some advantages over

Abbreviations: Bst LF, large fragment of DNA polymerase I of
Geobacillus stearothermophilus; LAMP, loop-mediated isother-
mal amplification; Taq polymerase, DNA polymerase I of Ther-
mus aquaticus.

1 Corresponding author: phone: +7 (906) 114-70-00; e-mail:
shrshkv@ya.ru.
1159



1160 SHIRSHIKOV, BESPYATYKH

Table 1. Nucleotide sequences of the DAT primer set [20] developed with the MorphoCatcher and PrimerExplorer software

Primer Nucleotide sequence, 5'→3'

FIP TCTTTTTCCCAACGTCCGGCGTCGTATCGCAGAAGAGG

BIP CACCGAGGACGCTGATTACCTTCTCATCTTCCGCTTCAC

F3 CGTCGTAAGGTCGAGGAA

B3 CCTTCCACCTGACGATCA

LF ATTTTCTTCTGCCATCTGG

LB ACGTAACCACCTCTCATCAC
PCR, which are especially valuable for clinical prac-
tice. The LAMP technology has found many applica-
tions of in-field diagnostics, when it is necessary to
perform amplification outside the laboratory [15–19].

This review considers the possibilities of the LAMP
method and some of its features that must be taken
into account when developing new test systems. Many
of the methods mentioned in the review have been
tested by the authors during the development of
LAMP-based assays. Corresponding theoretical and
practical aspects of the method were illustrated using a
specific set of primers as an example (Table 1) [20].
For the first time, the results of molecular modeling of
the spatial structure of dumbbell-shaped starting
structures formed during the LAMP reaction are
demonstrated. The procedures for the selection of tar-
get genes and primer design are described in detail; the
importance of such a stage as the prediction of
unwanted secondary structures in the nucleotide
sequences of the target and amplicon is noted. The
main stages of optimizing the composition of the reac-
tion mixture and amplification conditions are consid-
ered; the main characteristics of the enzymes used in
the LAMP method are given; and methods for detect-
ing a positive amplification signal and increasing the
specificity of the reaction are described.

PRINCIPLE OF THE METHOD

The LAMP method was developed and patented by
a group of Japanese researchers from the Eiken Chem-
ical Co. LTD in 1998 [21]. One of the main goals of
creating a new amplification method was to increase
the specificity of detection of nucleotide polymor-
phisms in comparison with the capabilities of PCR.
Currently, the patent for LAMP technology has lost its
protective force, which partly explains the increased
interest in this amplification method.

The reaction mechanism of LAMP with many
intermediate DNA secondary structures is provided by
the unusual structure of primers and resembles the
Japanese art of origami [9]. For amplification by the
LAMP method, it is necessary to find six annealing
sites in the target gene for two pairs of primers, which,
with an average length of one annealing site of 20 nt,
RUSSIAN JOURNAL OF
would cover ~120 bp of the target gene. This increases
the potential analytical specificity of the LAMP
method by at least three times when compared to PCR
based on forward and reverse primers.

The LAMP method is based on a special structure
of inner primers—forward inner primer, FIP, and
backward inner primer, BIP—involved in the forma-
tion of two terminal inverted repeats in the nucleotide
sequence of the amplicons. The second pair of prim-
ers—outer primers F3 and B3—is involved in amplifi-
cation only at the first stages; therefore, their concen-
tration is significantly lower than that of inner primers
[10]. Due to sequential annealing of inner and outer
primers, at the initial stages of the LAMP reaction the
amplicon forms two types of dumbbell-shaped starting
structures (Fig. 1), each having two single-stranded
loops and one annealing site for the complementary
inner primer. To accelerate amplification, the devel-
opers of the method suggested using the third pair of
loop primers—loop forward, LF, and loop backward,
LB—the annealing sites of which are also located in
the loop regions of the starting structures between the
F1/B1 and F2/B2 sites [22]. However, it should be
taken into account that the probability of detecting
annealing sites of loop primers directly depends on the
length of the corresponding loops of the starting struc-
tures. For some sets of “core” primers, which is a
combination of inner and outer primers [23], only one
loop primer can be designed, while for others, none. It
is for this reason that not every test system can be sup-
plemented with loop primers.

The amplification process based on the LAMP
method occurs under isothermal conditions (60–
65°C) and usually takes no more than 15–30 min; at a
high concentration of the target nucleic acid, the reac-
tion can reach a plateau in 5–7 min. Instead of ther-
mal denaturation of the DNA molecule, the LAMP
reaction uses the strand-displacement activity of a
large fragment of the Bst DNA polymerase of Geoba-
cillus stearothermophilus (Bst LF). Meanwhile, contin-
uous annealing of inner and loop primers is due to the
single-stranded state of the corresponding annealing
sites and their constant steric accessibility for primers.
At a temperature of 65°C, which is optimal for the Bst
LF enzyme, the DNA double helix becomes locally
 BIOORGANIC CHEMISTRY  Vol. 48  No. 6  2022
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Fig. 1. Molecular models of the starting structures formed in the LAMP reaction based on the DAT primer set (Table 1). Mod-
eling of the DNA structure was performed at a temperature of 65°C, concentration of sodium ions, 50 mM, and magnesium ions,
8 mM, using the mFold and RNAComposer software. The tertiary (left) and secondary (right) structures of amplicons are shown.
The secondary structure of the amplicons shows all annealing sites for inner and loop primers, as well as their complementary
regions. The length of the nucleotide sequence is 176 nt, GC-content: 55%. (a) Starting structure F, named due to the presence
of an annealing site (F2c) for the FIP primer; (b) starting structure B with annealing site (B2c) for the BIP primer. 
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denatured due to the effect of DNA “breathing” [24,
25], facilitating primer annealing at the initial stages.
The strand-displacement activity of Bst LF allows the
release of a previously synthesized DNA strand, which
hybridizes to itself via complementary regions and
forms a new DNA synthesis initiation point. The
resulting starting structures, after annealing of the
appropriate inner primer, can repeatedly serve as a
template for the synthesis of a complementary version
of themselves without the need for the original nucleic
acid added to the reaction mixture. Thus, the LAMP
method is a biochemical chain reaction in which the
number of amplicons increases exponentially.

The rapid accumulation of DNA products in the
LAMP method is provided mainly by the nucleotide
sequences of inner and loop primers. When visualized
in an agarose gel, a set of amplicons of different
lengths forms a characteristic pattern in the form of a
regular “ladder,” smoothly turning into a “smear” of
high-molecular-weight amplification products (Fig. 2).
During the LAMP reaction, up to 10 μg of DNA is
formed per 25 μL of the reaction mixture, which is
approximately two orders of magnitude higher than
the total yield of PCR [26]. Therefore, when handling
the contents of test tubes after the LAMP reaction,
one should be aware of the possible contamination of
the laboratory and reagents.

An interesting feature of the LAMP reaction is that
the amplicon does not necessarily include a nucleo-
tide sequence f lanked by primers. While in PCR the
forward and reverse primers always f lank the region of
the gene selected for amplification, in the case of
LAMP, there can be no nucleotide between the F1 and
B1 sites. With this configuration of inner primers,
fragments of the original target gene are retained only
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
in the annealing sites of the loop primers (regions
between F1 and F2, as well as between B1 and B2). In
this regard, it should be emphasized that the LAMP
method is of little use for genetic engineering and is
largely adapted for diagnostics.

Since the same nucleotide sequence is repeatedly
present in the composition of amplicons of different
lengths [27, 28], the analysis of melting curves can be
used as a characteristic of the specificity of the reac-
tion, tracking the melting temperature (Tm) of the
resulting amplification product, which, after having
been measured, is reproducible for a particular set of
primers. The presence of at least one restriction site
out of primer sequences in the amplicon makes it pos-
sible to obtain only one band with a characteristic
molecular weight in the agarose gel [9] and thus eval-
uate the specificity of the reaction. Any deviations in
the number of peaks of melting of the LAMP reaction
products, in the Tm value obtained, in the regularity of
the “ladder” of amplicons in the agarose gel, or in the
number of bands after the treatment of the product
DNA with restriction endonucleases, indicate the
presence of background nonspecific amplification in
the reaction mixture, the reasons for which will be
considered below.

OLIGONUCLEOTIDE PRIMERS

The determining factor for high specificity and
sensitivity of detection in amplification methods is the
design of oligonucleotide primers. The LAMP
method based on the synchronous operation of 4–6
primers requires special attention to their sequences. If
we consider LAMP as a multiplex reaction of several
pairs of primers, then the effect of various thermody-
ol. 48  No. 6  2022



1162 SHIRSHIKOV, BESPYATYKH

Fig. 2. Visualization of LAMP reaction products based on the DAT primers using agarose gel electrophoresis [20]. (a) Charac-
teristic “ladder” of amplification reaction products with typical periodicity of molecular weight (bp). M, DNA molecular mass
marker (MassRuler DNA Ladder Mix, ThermoFisher Scientific, Lithuania); N, no template control; (1–3) reaction with the
genomic DNA of different bacterial strains of Dickeya solani as a template; (4–9) reactions with the addition of genomic DNA of
the Pectobacterium spp., found on potatoes together with D. solani, as a template; (b) Histogram of DNA band localization and
molecular weights of amplification products (bp) calculated using the Vision-Capt (Vilber Lourmat, France) software. 
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namic characteristics of primers, such as the stability
of hybridization of growing 3' ends and the predisposi-
tion of primers to dimerization, becomes obvious.
Under conditions of constant enzymatic activity of Bst
LF, dimerization of the 3' ends of the primers pro-
motes their elongation and, consequently, the appear-
ance of a new nucleotide sequence in the primers.
Extended primers can unpredictably affect the effi-
ciency and specificity of the reaction. Therefore, when
signs of nonspecific background amplification are
detected, a shift of the annealing sites of problematic
primers by several nucleotides helps to reduce or elim-
inate complementarity in putative dimers in some
cases [29]. The applicability of this approach to reduce
background amplification has been experimentally
shown; however, when evaluating potential dimers,
one should keep in mind the existence of complemen-
tarity not only between the A·T and G·C pairs, which
are usually predicted in silico, but also the noncanoni-
cal nucleotide pairs which thermodynamically con-
tribute to primer hybridization [30].

The standard primer configuration for the LAMP
reaction, consisting of core and loop primers, has been
revised over time, and new types of primers have
appeared.

(1) Stem primers (stem forward, StF, and stem
backward, StB), whose annealing sites are located in
the interval between the F1 and B1 sites [31]. Primers
of this type, as in the case of loop primers, strongly
depend on the length of the nucleotide sequence
flanked by the F1 and B1 sites.

(2) Swarm primers F1S/B1S, which anneal to the
F1c/B1c sites [32]. Note that identical annealing sites
were later used by other authors for primers called
RUSSIAN JOURNAL OF
FC/RC [33]. Decreasing the distance between the
F2/B2 and F1/B1 annealing sites can significantly
decrease nonspecific background amplification and
increase analytical sensitivity [33]. The advantage of
the swarm primers is that their annealing sites do not
need to be searched for separately, because they coin-
cide with the annealing sites of the inner primers.

As one can see, modification of the primer archi-
tecture and physical distance between their annealing
sites are additional parameters in the optimization of
the specificity or sensitivity of the method. Also, each
additional pair of primers increases the multiplexity of
the reaction and requires a preliminary in silico check
for compatibility with other oligonucleotides to
exclude possible dimers.

Evolution of the LAMP method in relation to the
composition of primers, apparently, occurs not only
along the path of creating new types of primers. In a
recent work, the authors managed to carry out ampli-
fication based only on the inner primers without add-
ing the outer primers, while the rest of the composi-
tion of the reaction mixture remained unchanged [34].

The selected target and amplicon, being in the sin-
gle-stranded state at some stages of the reaction,
should not contain undesirable secondary structures
at the primer annealing sites that reduce the efficiency
of amplification. The main contribution to the forma-
tion of secondary structures is made by the uneven
distribution of the GC-content and, consequently, a
local increase in Tm in such DNA regions. Prediction
of the secondary and tertiary structures of single-
stranded nucleic acids (both RNA and DNA) can be
carried out upon approaching the optimal tempera-
ture and magnesium ion concentrations for Bst LF
 BIOORGANIC CHEMISTRY  Vol. 48  No. 6  2022
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using the mFold (http://www.unafold.org) [35] and
RNAComposer (http://rnacomposer.ibch.poznan.pl)
web services [36]. Thus, each potential primer set and
its physicochemical properties should be carefully
tested using bioinformatics methods.

Difficulties in the design and compatibility of dif-
ferent sets of primers are perhaps the most important
disadvantage of the LAMP method, which compli-
cates the development of multiplex test systems [37–
40]. Considering these features, it should be noted that
today the best option for LAMP diagnostics is a test
system consisting of no template control, a positive
control based on plasmid DNA or armored RNA, and,
finally, an optimized reaction mixture.

Many criteria for screening targets in the genome
and selecting primers for LAMP have been formalized
in programming languages, which has led to the cre-
ation of new highly efficient tools for solving various
problems of molecular diagnostics. To simplify the
design of LAMP primers, several convenient web ser-
vices have been created; they allow a preliminary anal-
ysis of potential target genes, and then use the infor-
mation obtained to design primers with the required
parameters. Among these services are the PrimerEx-
plorer (http://primerexplorer.jp/e) [10] by a Japanese
company Eiken Chemical Co. LTD, as well as the
LAMP Primer Design Tool (https://lamp.neb.com)
[13] of an American company New England Biolabs
(NEB). These programs make it possible to obtain
candidate primer sets for the nucleotide sequence of
interest, have options for sorting primers by GC-con-
tent and other physicochemical parameters (for exam-
ple, by the thermodynamic stability of the 3' ends or
the risk of dimerization). Despite the similarities
between these web services, PrimerExplorer has some
advantages. For example, it provides a number of
unique possibilities for the design of primers with
varying degrees of specificity for homologous nucleo-
tide sequences. The service allows you to manually
select those nucleotides that, when located at the ends
of the primers, will increase their specificity for a par-
ticular taxon. If such nucleotide positions are in the
middle of the primer sequence, this will lead to an
increase in the tolerance of the test system, i.e., primer
annealing will be more efficient despite differences in
the nucleotide sequences of closely related target
genes.

In the scientific literature, primer design tech-
niques are often found, when, after selecting a target
gene, homologous genes in all strains of the target
pathogen are analyzed, and then multiple alignment is
performed to determine conservative regions without
polymorphisms [41, 42]. In this approach, however,
some areas of the multiple alignments that are identi-
fied as conservative but may not actually contain spe-
cies-specific nucleotides. Thus, in the process of
primer design, it is necessary to include sequences of
closely related orthologous genes in the multiple align-
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
ment in order to supplement the conserved primer
regions with only species-specific nucleotides that are
not present in the orthologous genes.

To eliminate the need to manually map multiple
alignments, we developed the MorphoCatcher pro-
gram [43] and online service (http://morpho-
catcher.ru) [44]. This service allows extracting infor-
mation about the localization of taxon-specific nucle-
otides from multiple alignment and selecting the most
polymorphic compared to orthologues region of the
target gene. The performance of the service is limited
only by multiple alignment algorithms, so it is useful at
the stage of both screening individual orthologous
genes and analysis of multiple alignment of complete
viral genomes.

Recently, there has been a trend to combine primer
design and screening tools with international data-
bases of human virus genomes as part of the global
GISAID initiative (https://www.gisaid.org) [45],
which has led to the emergence of high-performance
analytical services, such as COVID-19 CG
(https://covidcg.org) [46] and Primer Monitor Tool
(https://primer-monitor.neb.com) [47]. Over time,
primer design algorithms for LAMP will become more
user-friendly, take into account the many thermody-
namic parameters of oligonucleotides, their secondary
and tertiary structure, and also search for suitable tar-
gets for diagnostics based on up-to-date data from
around the world.

ENZYMES FOR THE LAMP METHOD

Historically, the first and most frequently used
enzyme in LAMP technology was a large fragment of
DNA polymerase I from the thermophilic bacterium
Geobacillus stearothermophilus (previously, the species
was assigned to the Bacillus genus [48, 49], which is
now reflected in the name of the enzyme). The Bst LF
enzyme has 5'→3' polymerase, strand displacement,
and reverse transcriptase activities, but lacks 5'→3'
exonuclease activity [50, 51]. Over time, homologues
of Bst LF were developed with point substitutions in
the amino acid sequence, which increased the proces-
sivity, thermal stability, and reverse transcriptase
activity of the enzyme at temperatures >65°C [13, 52].

The use of the technology of oligonucleotide
aptamers [53] allows for reversible inhibition of the
polymerase activity of Bst polymerase at room tem-
perature, which increases the specificity of reactions
based on the Bst 2.0 WarmStart enzyme (NEB, USA)
[13, 23]. Thus, Bst polymerase homologues currently
exist that are compatible with the hot start amplifica-
tion format widely used in modern PCR applications.
While Taq polymerase is reversibly inactivated by the
TP7 antibody [54], which dissociates during the first
stage of DNA denaturation, specific oligonucleotide
aptamers are used to inhibit the Bst polymerase; they
dissociate from the enzyme at temperatures >45°C [13].
ol. 48  No. 6  2022
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Further studies have shown that DNA polymerases
from other prokaryotes and viruses are also applicable
to the LAMP method. Examples include a thermo-
stable OmniAmp DNA polymerase with reverse tran-
scriptase activity of the PyroPhage 3173 bacteriophage
from the hot springs of Yellowstone National Park [55,
56], as well as a large fragment of DNA polymerase I
from a soil bacterium Ureibacillus thermosphaericus [57].

When using RNA molecules as a template, as in the
case of the PCR method, it is necessary to include a
reverse transcription step in the amplification protocol
and add one of the following enzymes to the reaction
mixture:

(1) Reverse transcriptase from myeloblastosis-
associated satellite virus (MAV), the origin of which is
often erroneously attributed to the avian myeloblasto-
sis virus (AMV) [58].

(2) Moloney murine leukemia virus (MMLV)
reverse transcriptase [59].

(3) Hot start reverse transcriptase WarmStart RTx
(NEB, USA), which have activity at 65°C [13].

As an alternative, DNA polymerase Bst 3.0 (NEB,
USA) with strong revertase activity can be used for test
systems with an RNA target [13].

When using these reverse transcriptases in the
LAMP method, it is important to keep in mind their
differences in processivity, stability, and the tempera-
ture range of activity, which does not always overlap
with the temperature optimum of Bst polymerase [59].
Thus, when AMV/MAV and MMLV reverse transcrip-
tases are combined with the LAMP method, there is a
need for two temperatures for reverse transcription and
amplification itself, which makes the very concept of
the isothermal test somewhat contradictory since, in
this case, it will require a programmable thermostat or a
thermal cycler. In this regard, the use of reverse tran-
scriptases capable of performing RNA-dependent
DNA synthesis at the temperature optimum of the
DNA polymerase used is justified [13, 60].

In some diagnostic tasks, when pathogen identifi-
cation with a low taxonomic resolution is acceptable
[47], the approach is justified, aimed at reducing the
specificity of the test system to nucleotide polymor-
phisms in the target gene. The mismatch-tolerant
amplification was first shown for PCR [61], and after
some time, this approach was adapted for LAMP [62].
The technique involves the use of two polymerases in
the reaction mixture: classical Bst polymerase and
DNA polymerase with 3'→5' exonuclease activity. The
second enzyme removes all mismatched bases from
the growing ends of primers. Such a modification of
the LAMP method has already found application in
the development of test systems for detection of den-
gue virus [62] and SARS-CoV-2 coronavirus [63].

Other enzymes successfully adapted for the LAMP
method include the UvrD helicase [64, 65], which can
reduce the background amplification, as well as ura-
cil-DNA glycosylase [66], which is used in PCR tech-
RUSSIAN JOURNAL OF
nology to prevent contamination by amplification
products.

NEW DNA POLYMERASES
The era of the search for new wild-type enzymes to

solve urgent problems of biotechnology is gradually
fading into the past. Modern methods of engineering
enzymology and methods for predicting the tertiary
structure of proteins, which allow achieving changes
in their activity with the help of single modifications of
the amino acid sequence, come to the fore [67–69].
The use of such approaches helped to design thermo-
stable homologues of Bst LF, which tolerate heating up
to 90°C for 2 min, surpassing the existing commercial
enzymes by this criterion (Table 2) [70–72]. The sta-
bility of the tertiary structure of Bst LF homologues
can be useful for both rapid protocols of direct ampli-
fication based on thermal lysis of pathogen mem-
branes [73] and creation of dry reaction mixtures using
lyophilization or vacuum drying protocols [74, 75]. In
addition, the rational design of Taq polymerase
opened up a new area of application for this enzyme in
isothermal amplification (Table 2). Thus, methods of
directed evolution [81, 82] become essential tools for
adapting known and new enzymes to a wide range of
highly specialized problems of molecular diagnostics.

Interestingly, the search for strand-displacing
DNA polymerases is possible not only in the genomes
of the inhabitants of geothermal springs, but also
among Arctic microorganisms. DNA polymerase
from a marine psychrophilic bacterium Psychrobacil-
lus sp. (PB polymerase) with an optimum activity at
25–37°C is the example. It requires only one modifi-
cation (Table 2) to be compatible with the LAMP
method [57]. Nevertheless, in its native form, low-
temperature PB polymerase can become the basis for
test systems that use the heat of the human body as a
source of constant temperature. Prototypes of such
test systems based on the RPA (recombinase poly-
merase amplification) method were developed for the
diagnosis of phytopathogenic viruses [83]. The search
for other DNA polymerases with a low temperature
optimum of activity can lead to the development of
amplification methods that do not require heating
devices, which may be required when organizing
mobile diagnostic stations.

Thus, an ideal DNA polymerase for LAMP ampli-
fication, apparently, should combine several proper-
ties at once: the strong strand displacement activity,
high rate of DNA synthesis and processivity of the
enzyme, the presence of reverse transcriptase activity,
and the absence of exonuclease activity, as well as
increased resistance to inhibitors of amplification.

OPTIMIZATION OF AMPLIFICATION
When developing and optimizing LAMP-based

assays, an important step is the screening of primers
 BIOORGANIC CHEMISTRY  Vol. 48  No. 6  2022
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Table 2. Modifications of the amino acid sequence of DNA polymerases enhancing their applicability in LAMP

Enzyme Modification Effect observed Refs.

PB D422A Increasing thermal stability at 65°C  [57]

Bst LF T493N
A552G

Increasing thermal stability and the possibility to increase the reaction tem-
perature to 73°C

 [71]

Taq G46D Decrease of the 5'→3' exonuclease activity  [76–78]

K738F
A743F

Appearance of strand displacement activity and the possibility of application 
in LAMP reaction

D732N Increase of the processivity and amplification speed, appearance of strand 
displacement and reverse transcriptase activity

 [79]

D119A
D119N

Decrease of the 5'→3' exonuclease activity

E507K Acceleration of polymerase activity and increase of the resistance to blood-
associated inhibitors

 [80]
without background amplification and false positive
response in no template control. In this case, the
influence of a particular factor or component of the
reaction mixture must be controlled both by the
amplification signal and by its specificity. When the
amplification signal is generated the fastest, the con-
tribution of background amplification may go unno-
ticed. In the case of intercalating dyes, it can only be
detected by melting curve analysis of the final amplifi-
cation product.

Optimization of LAMP amplification includes
determination of the incubation temperature for the
reaction (Fig. 3a) and the required concentration of
magnesium ions (Fig. 3b), as well as selection of the
concentrations of all primer pairs that are planned to
be included in the reaction mixture (Fig. 4). The use of
various amplification enhancers, commonly applied
in PCR optimization, as additional components of the
reaction mixture is also acceptable when working with
the LAMP method. For each new component of the
reaction mixture, it is necessary to demonstrate its
positive effect on the amplification efficiency. For
example, by adding guanidine hydrochloride to the
buffer, the LAMP reaction can be significantly accel-
erated and the sensitivity of primers for detecting RNA
or DNA can be increased [84]. An example of an addi-
tive producing a negative effect on the rate of the
LAMP reaction is betaine, which lowers the melting
point of G·C pairs [85] and inhibits nonspecific and
specific amplification, which is confirmed by some
authors and our observations (Fig. 5) [23, 86].

When developing multicomponent reaction mix-
tures that require finding a balanced combination of
all reagents, there is a way to significantly reduce the
number of necessary experiments to find the optimal
values of factors that affect the efficiency of amplifica-
tion. To do this, it is necessary to design experiments
using the method of orthogonal arrays, the principle
of which was originally proposed by the Japanese engi-
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
neer Genichi Taguchi to optimize production pro-
cesses and control product quality [87, 88]. When
applied to amplification methods, the Taguchi
orthogonal array will contain information on the min-
imum number of combinations of various factors,
which allows a small number of experimental tests to
most widely assess the landscape of optimal values of
each factor of interest by measuring the signal-to-
noise ratio.

The design of experiments based on the classical
factorial array in the presence of five optimization fac-
tors (for example, temperature and four components
of the reaction mixture) in three different variable val-
ues prescribes to experimentally test 243 (35) combi-
nations. The Taguchi method allows for a decrease of
the number of necessary experiments to 27. The math-
ematical model created on the basis of the dispersion
analysis of experimental data makes it possible to
determine the optimal values of the factors, as well as
to calculate the percentage contribution of each factor
to the amplification efficiency [89]. Despite the obvi-
ous advantages of this approach in the development of
test systems, the Taguchi method is used undeservedly
rarely.

DETECTION OF AMPLIFICATION
The LAMP method proved to be compatible with

detection methods previously used in PCR, such as
agarose gel electrophoresis and real-time amplifica-
tion detection with intercalating dyes [9]. In order to
identify suitable intercalating dyes (for example, some
dyes of the SYTO family, EvaGreen, etc.), a series of
comparative studies of their inhibitory effect on the
LAMP reaction was carried out [90, 91]. Later, for
LAMP detection, a technique was proposed based on
labeling of inner and loop primers for subsequent visu-
alization of the amplification product using lateral
f low immunochromatographic assays [92, 93]. Due to
ol. 48  No. 6  2022
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Fig. 3. Effect of the temperature (a) and magnesium ion concentration (b) on the speed (left) and specificity (right) of the LAMP
reaction based on the DAT primer set. RFU, relative f luorescence units. Each optimization factor was tested in three technical
repeats (n = 3). Amplification curves are given in a logarithmic scale. Fluorescence signals were measured using a CFX96 Touch
(Bio-Rad, USA) thermal cycler and EvaGreen (Biotium, USA) intercalating dye. The melting curves of the final amplicons only
in the case of elevated temperature (66°C) and magnesium ion concentration (10 mM) allow one to notice specificity change
amplification by the appearance of minor peaks or the shift of the main melting peaks. No template controls are shown in gray. 
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Fig. 4. Effect of the loop primers to the reaction mixture on the speed (left) and specificity (right) of the LAMP reaction. CP,
core primers (FIP, BIP, F3, and B3); LF, forward loop primer; LB, backward loop primer; LP, forward and backward loop prim-
ers. (a) Amplification curves in a logarithmic scale. Each loop primer at a concentration of 0.8 mM is capable of accelerating
amplification; therefore, when two primers are added, a pronounced synergistic effect on the reaction speed is observed. (b) Melting
curves of the final amplicons with identical Tm, indicating that the level of specificity is retained with an increase in the reaction speed. 

102
0 5 10 15 20 25 30

(а)

R
F

U

Time, min

(b)

–500
65 70 75 80 85 90 95

–
d

(R
F

U
)/

d
T

T, °C

2000

1500

1000

500

0

Primers
СР
СP + LF
СP + LB
СP + LP
the peculiarities of the reaction, fundamentally new
methods of visual detection were developed for
LAMP, which are currently not available in PCR
technology. Let us consider these detection methods
in more detail.

The first qualitative sign of a positive LAMP reac-
tion was found to be the formation of a white insoluble
RUSSIAN JOURNAL OF
precipitate of magnesium pyrophosphate at the bot-
tom of the test tubes. It was proposed to evaluate the
dynamics of the increase in the turbidity of the reac-
tion mixture using portable thermostats specially
designed for this purpose [26]. Thus, an additional
sign of the positive LAMP reaction was a decrease in
the concentration of free magnesium ions in the reac-
tion mixture.
 BIOORGANIC CHEMISTRY  Vol. 48  No. 6  2022
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Fig. 5. Effect of betaine on the speed (left), as well as the specificity and melting point (right) of the amplification products in the
LAMP reaction. (a) Amplification curves in a logarithmic scale. With an increase in the concentration of betaine, inhibition of
the reaction is observed. (b) Melting curves of the final amplicons. There is a gradual decrease in Tm of the amplification products
with an increase in the concentration of betaine in the reaction mixture. 
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Visualization of the LAMP reaction using magne-
sium is based on the divalent metal ion indicators,
which, when the concentration of free ions decreases,
can change the color of the reaction mixture in visible
or UV light [94, 95]. Historically, the first such metal
indicator was calcein [10], whose action requires the
addition of manganese ions to the reaction mixture. A
little later, the hydroxynaphthol blue dye (Fig. 6d),
which is widely used for mobile diagnostics and does
not require additional modifications of the reaction
mixture composition, was introduced [96]. Recently,
the eriochrome black T indicator has been gaining
popularity, especially in the LAMP detection in
microfluidic chips [74, 97]. Another metal indicator,
known as acid chrome blue K, was also successfully
tested for LAMP detection [98].

An alternative method for detecting LAMP is based
on the use of various pH-sensitive dyes that change
color when the reaction mixture is acidified during
DNA synthesis. This group of indicators includes phe-
nol red, cresol red, neutral red, and metacresol purple
[99]. Recently, the use of xylenol orange [100] and
some fluorescein derivatives [101] for LAMP detec-
tion was shown.

When using the dye indicators described above, we
are dealing with indirect detection of amplification,
since the by-products of the LAMP reaction, magne-
sium pyrophosphate and hydrogen ions, play an
important role in their operation. Therefore, the pres-
ence of various interfering substances (for example,
divalent metal ions) in the sample or an inappropriate
sample pH may cause the LAMP reaction mixture to
change color prior to amplification. Thus, even atmo-
spheric carbon dioxide can have a negative effect on
the shelf life of reagents based on phenol red, acidify-
ing a weakly buffered reaction mixture [102].

Berberine [103], crystal violet [104], malachite
green [105], and methyl green [106] are indicators that
change their color in response to an increase in the
concentration of amplified DNA. Summing up, we
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note that the use of any type of visual detection in clin-
ical diagnostics requires the most objective estimates
of color changes based on the spectrophotometric
analysis [84, 102].

An urgent task is still an improvement of ways for
direct detection of LAMP using a special structure of
primers labeled with a f luorophore and a f luorescence
quencher [12]. The absence of 5'→3' exonuclease
activity in Bst LF makes it difficult to use TaqMan
probes, as well as molecular beacons [107, 108] in the
LAMP method for real-time detection of amplifica-
tion. The TaqMan technology works in LAMP with
some background amplification in no template con-
trols [109] while molecular beacons are characterized
by extremely low specificity [110]. Therefore, labeling
inner primers with a f luorophore seems to be the opti-
mal solution to the problem of direct detection [37].

LAMP IN QUANTITATIVE ANALYSIS

The advantage of quantitative analysis of nucleic
acids based on PCR is that the doubling of the number
of amplicons under optimized reaction conditions,
under which the amplification efficiency is ~100%, is
strictly related to the thermal cycling steps and occurs
in each new cycle [111]. In the LAMP reaction, the
kinetic parameters of primer annealing and elongation
can vary greatly, since they are determined by the ther-
modynamic properties of the primers and the target
gene region being amplified. Thus, the high efficiency
of the LAMP reaction contributes to a decrease in the
resolution of the test system on samples with slight dif-
ferences in the concentration of the target nucleic acid
[112]. Paradoxically, the LAMP method can be simul-
taneously characterized as a very sensitive method
with a low detection limit, on the one hand, and a
method with poor resolution with respect to estima-
tion of the number of copies of the target in samples
with less than a 10-fold difference in the starting con-
centration of nucleic acid. This is largely due to the
ol. 48  No. 6  2022
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Fig. 6. Analytical sensitivity of the DAT primer set in the concentration range of 4 × 100–4 × 105 copies of D. solani genomic
DNA during the LAMP reaction. (a) Amplification curves in a logarithmic scale; (b) melting curves of the final amplicons; and
(c) standard curve with visualization of the linear dynamic range and the limit of detection. The amplification efficiency was
99.4%, R2 = 0.948. (d) Visualization of LAMP by hydroxynaphthol blue. N, no template control; (1–6) reactions with the addi-
tion of genomic DNA in descending order of concentration. At the bottom of test tubes with positive reactions (1–5), a precipitate
of magnesium pyrophosphate is visible. The limit of detection (40 cp/rxn) based on hydroxynaphthol blue is the same as that
obtained in the real-time detection format. 
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fact that it takes only a few minutes to pass through the
entire linear dynamic range of the LAMP reaction
(Fig. 6c) [112]. While the values of the PCR threshold
cycles can be recalculated with a sufficiently high
accuracy into the number of copies of the target gene,
in the case of the threshold time values in LAMP, we
can reliably distinguish only a 10-fold difference in the
concentrations of the target nucleic acid. In this
regard, the applicability of the LAMP method for
real-time quantitative diagnostics seems to be rather
controversial, despite the proposed mathematical
models of amplification kinetics [27, 113]. Does this
mean that the LAMP method is absolutely inapplica-
ble for the quantitative analysis?

To understand the answer to this question, one
should consider the LAMP technology in the light of
the digital PCR, the most advanced method for the
quantitative analysis of nucleic acids [114, 115]. The
essence of digital PCR is that the standard reaction
mixture is divided into thousands of individual micro-
reactions, each of which may contain either no or sin-
gle copies of target genes. In this case, target detection
occurs at the limit of detection since the multitude of
individual microreactions eliminates possible differ-
ences in the concentrations of the target gene in each
of them. Therefore, this makes it possible to use any
RUSSIAN JOURNAL OF
sensitive amplification method for nucleic acid detec-
tion, among which the LAMP method should be con-
sidered [116].

Thus, the LAMP method can compete with PCR
in digital amplification format. First, the simplest
resistive heating element is sufficient for the LAMP
reaction, so the cost of developing an accurate and
high-speed thermal cycler can be safely deducted from
the cost of a device for a digital LAMP. Secondly, the
high yield of the LAMP reaction in combination with
bright intercalating dyes can provide a higher f luores-
cence intensity of individual microreactions with a
positive signal, which will allow them to be more accu-
rately distinguished from microreactions with a nega-
tive signal. Perhaps, the digital LAMP will not have
significant advantages only at the stages of develop-
ment and production of chips necessary for generating
droplets of the reaction mixture in oil [117] or inside
individual microreactors [74].

CONCLUSIONS

The flexibility of isothermal amplification meth-
ods, with the ability to fine-tune each reaction com-
ponent, is one of the driving characteristics that has
contributed to the emergence of a huge number of
 BIOORGANIC CHEMISTRY  Vol. 48  No. 6  2022
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modifications of the LAMP method. Today, many of
them claim to be the “gold standard” for mobile diag-
nostics [118, 119]. The unpretentiousness of isother-
mal amplification to the temperature source and com-
patibility with the dry format of the reaction mixture
opens up broad prospects for the LAMP method.
There are many different portable platforms to per-
form the LAMP reaction that were produced thanks to
the efforts of Russian scientific groups as well. They
include:

(1) Mobile thermostats for 0.2-mL tubes with
real-time detection of the amplification signal [13,
65, 120, 121].

(2) Microfluidic lab-on-a-chip platforms with
compartments for nucleic acid isolation, LAMP, and
amplicon detection using a lateral f low test [122].

(3) Disposable chips with many microreaction
chambers and special cartridges for the LAMP reac-
tion mixture, which allow analyzing amplification
results using a smartphone [74, 97, 123].

At present, the detection of single nucleotide poly-
morphisms has not become the main advantage of
LAMP, as planned by the developers of the method
[21]. Nevertheless, an original LAMP-based strategy
for allele-specific detection has been proposed
employing two oligonucleotide probes, each of which
represents half of the starting structure [124]. Anneal-
ing of such probes on a single nucleotide polymor-
phism leads to probe ligation and the formation of a
complete starting structure that triggers the LAMP
reaction only if the desired nucleotide substitution is
present in the target gene. Perhaps the development of
this particular amplification method will help in the
adaptation of the LAMP method to research in the
field of genetic diseases.

Features of the starting structures and the architec-
ture of LAMP primers served as an important starting
point in the development of other methods of isother-
mal amplification [33, 125]. Some results seem very
promising for implementation in the LAMP method
in order to increase its sensitivity to nucleotide poly-
morphisms. In particular, the DNA-binding protein
MutS from T. aquaticus is of particular interest, which
became the basis for the detection of nucleotide poly-
morphisms in one of the asymmetric methods of iso-
thermal amplification [126]. Improvement of primer
design algorithms and rational inclusion of modified
nucleotides, such as LNA and PNA, in their sequence
[127, 128] can increase the storage stability of primers
and lead to the emergence of more specific allele-spe-
cific LAMP methods.

The COVID-19 pandemic served as an important
impetus for the development of the LAMP method,
inspiring researchers to improve express sample
preparation techniques [129, 130], develop direct
amplification assays that do not require isolation and
purification of nucleic acids [131, 132], optimize alter-
native DNA polymerases and reverse transcriptases
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[60], and create new detection methods based on var-
ious CRISPR-Cas nucleases [133–136]. It was in the
recent years that large-scale testing of LAMP technol-
ogy in clinical practice began [19, 102, 137].

All these studies can contribute to the gradual
implementation of the LAMP method into the health-
care system as an inexpensive, specific, and rapid way
to conduct screening of large populations [138]. Many
difficulties are on its way to the field of molecular
diagnostics, arising from the widespread implementa-
tion of PCR in diagnostic laboratories and the domi-
nant position of PCR in legal documents governing
this area in medicine and agriculture. It can be
expected that it is the economic factor that will play an
important role in the intensity of measures to imple-
ment LAMP technology in many countries of the
world.

Thus, the LAMP method has become in many
ways a revolutionary solution in the field of mobile
molecular diagnostics, creating a whole galaxy of new
methods for detecting nucleic acid amplification. In the
future, LAMP technology has every chance of becom-
ing a full-fledged alternative to PCR in the field of
molecular diagnostics of pathogens, and new modifica-
tions of LAMP will certainly help this interesting ampli-
fication method find its unique scope of application.
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